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Recent studies have demonstrated that neural stem cells and
other progenitors are present in the adult CNS. Details of their
properties, however, remain poorly understood. Here we
examined the properties and control mechanisms of neural
progenitors in the adult rat spinal cord at the molecular level.
Adult and embryonic progenitors commonly expressed various
homeodomain-type (Pax6, Pax7, Nkx2.2, and Prox1) and basic
helix-loop-helix (bHLH)-type (Ngn2, Mash1, NeuroD1, and
Olig2) transcriptional regulatory factors in vitro. Unlike their
embryonic counterparts, however, adult progenitors could not
generate specific neurons that expressed markers appropriate
for spinal motoneurons or interneurons, including Islet1, Lim1,
Lim3, and HB9. Cells expressing the homeodomain factors
Pax6, Pax7, and Nkx2.2 also emerged in vivo in response to
injury and were distributed in unique patterns in the lesioned
spinal cord. However, neither the expression of the neurogenic

bHLH factors including Ngn2, Mash1, and NeuroD1 nor sub-
sequent generation of new neurons could be detected in injured
tissue. Our results suggest that signaling through the cell-
surface receptor Notch is involved in this restriction. The ex-
pression of Notch1 in vivo was enhanced in response to injury.
Furthermore, activation of Notch signaling in vitro inhibited
differentiation of adult progenitors, whereas attenuation of
Notch signals and forced expression of Ngn2 significantly en-
hanced neurogenesis. These results suggest that both the
intrinsic properties of adult progenitors and local environmental
signals, including Notch signaling, account for the limited re-
generative potential of the adult spinal cord.
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Multipotential neural stem cells serve as the origin of diverse cell
types during development of the CNS (McKay, 1997; Rao, 1999).
During embryogenesis, neural stem cells progressively generate
various types of progenitors, which are, in turn, fated to differ-
entiate into neurons and glia in a spatially and temporally regu-
lated manner.

In contrast to these cellular dynamics during development, it
has long been believed that most of the progenitors for neurons
and glia disappear after the perinatal stage, and hence the adult
CNS is incapable of significant self-repair or regeneration. Many
lines of recent studies have revealed, however, that neural pro-
genitors remain in the adult CNS (Temple and Alvarez-Buylla,
1999; Gage, 2000). In particular, neural stem cells, which have
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been defined by their ability of long-term self-renewal and mul-
tipotentiality, have been identified in the periventricular areas all
along the rostrocaudal axis (Weiss et al., 1996). Neural stem cells
and other types of progenitors are also present in some non-
periventricular regions (Palmer et al., 1995, 1999; Marmur et al.,
1998; Kondo and Raff, 2000). Adult spinal cord also contains
progenitors for neurons and glia (Weiss et al., 1996; Kehl et al.,
1997; Shihabuddin et al., 1997, 2000; Johansson et al., 1999;
Horner et al., 2000). However, the precise locations and details of
the heterogeneity of adult progenitors in each region still remain
poorly understood (Morshead and van der Kooy, 2001).

Furthermore, despite that neural progenitors remain in multi-
ple regions, continuous neurogenesis has been detected in only a
few, restricted areas in the adult CNS (Temple and Alvarez-
Buylla, 1999; Gage, 2000). If endogenous progenitors could be
recruited to generate functional neurons in many other areas,
they might represent a dormant capacity for repairing the dam-
aged CNS (Svendsen and Smith, 1999; Horner and Gage, 2000).
To pursue such a possibility, it is essential to understand in detail
the properties and behavior of adult neural progenitors. It is also
important to elucidate the mechanisms that control the differen-
tiation of neural progenitors in the adult CNS.

As a first step to address these issues, here we examined the
molecular properties and control mechanisms of neural progeni-
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tors in the adult rat spinal cord both in vitro and in vivo. We show
that adult and embryonic progenitors commonly expressed vari-
ous homeodomain-type and basic helix-loop-helix (- HLH)-type
transcription factors in vitro. Cells expressing specific homeodo-
main factors also emerged and transiently proliferated in vivo in
response to injury. However, neither production of new neurons
nor the expression of neurogenic bHLH factors could be detected
in injured tissue. Our results suggest that signaling through the
cell-surface receptor Notch may be involved in this restriction.
We show that attenuation and/or bypass of Notch signaling by a
dominant-negative form of the Notch ligand Delta-like-1 (DII1)
and the neurogenic bHLH factor Ngn2 could stimulate the gen-
eration of neurons from adult progenitors. Thus, this study pro-
vides an important clue to enable recruitment of the latent re-
generative potential of endogenous neural progenitors to repair
the damaged spinal cord.

MATERIALS AND METHODS

Primary cultures. Young adult male Sprague Dawley rats (6—7 weeks of
age and weighing 180-220 gm) were used in all experiments. Adult rats
were killed with diethyl ether, and the dorsal part of the spinal cord was
exposed by laminectomy. The segments between the fourth thoracic (T4)
and sacral levels were removed as a columnar tissue block, and the medial
and lateral parts of the parenchyma were separated using a microscalpel.
The position of the dorsal horn, visible under the microscope, was used
as a landmark (Fig. 14). The resultant tissues were cut into small pieces
and dissociated by incubation with 0.1% (w/v) trypsin (Sigma, St. Louis,
MO), 0.67 mg/ml hyaluronidase (Sigma), and 0.1 mg/ml DNase I (Roche,
Basel, Switzerland), with aeration with 95% O,-5%CQO,, at 37°C for 30
min as described previously (Weiss et al., 1996). Subsequently, trypsin
was neutralized with 0.7 mg/ml ovamucoid (Sigma), and the resultant
tissue suspension was triturated mechanically to yield a single cell sus-
pension. The cells were filtered through a sterile nylon mesh (40 pm;
Becton Dickinson, Franklin Lakes, NJ) and placed on top of 2 ml of fetal
bovine serum (Sanko-junyaku, Tokyo, Japan) in a test tube. The sample
was centrifuged at 80 X g at room temperature for 5 min, and viable cells
were recovered as a pellet below the serum cushion. Numbers of viable
cells were determined by staining with Trypan blue (Sigma). The spinal
cord was also isolated from embryonic day 13.5 (E13.5) rat embryos.
Dissociated cell suspensions were prepared as described above, except
that the fractionation with a serum cushion was omitted.

Primary culture was performed according to Weiss et al. (1996), with
some modifications. Floating culture was performed by using dishes
coated with poly [2-hydroxy-ethyl methacrylate] (1.6 mg/cm?; Sigma) to
prevent cell attachment (Torii et al., 1999). The cells were seeded at a
density of 3-5 X 10° viable cells/ml in a growth medium [1:1 mixture of
a DMEM and F-12 medium (Life Technologies, Rockville, MD) sup-
plemented with the B-27 culture supplement (Life Technologies), 20
ng/ml bovine fibroblast growth factor 2 (FGF2) (Roche), 20 ng/ml mouse
epidermal growth factor (EGF) (Roche), 2 ug/ml heparin (molecular
mass of 3000; Sigma), 1 mg/ml bovine serum albumin (Sigma), 100 U/ml
penicillin (Banyu Pharmaceutical Co. Ltd., Tokyo, Japan), and 100
wng/ml streptomycin (Meiji Seika, Tokyo, Japan)]. The medium was
replaced with fresh medium twice per week. At day 14 in vitro, floating
cell aggregates, called neurospheres, were collected and dissociated with
0.1% (w/v) trypsin. Subsequently, dissociated adult cells were main-
tained and passaged every week. Embryonic neurospheres were passaged
every 3—4 d. All of the results presented here were obtained by using the
secondary neurosphere cultures.

In some experiments, the following peptide factors were added to the
culture medium: mouse sonic hedgehog (Shh) (100-500 ng/ml; Gen-
zyme, Minneapolis, MN), human bone morphogenetic protein 4 (BM P4)
(10 ng/ml; Genzyme), all-trans retinoic acid (0.5 um; Sigma), human
brain-derived neurotrophic factor (BDNF) (50 ng/ml; Sigma), human
neurotrophin-3 (NT-3) (50 ng/ml; Sigma), and human glial-derived neu-
rotrophic factor (GDNF) (1 ng/ml; Peprotech, London, UK).

Retrovirus infection. Recombinant retroviruses were used for lineage-
tracing studies and gene transfer in cultures of adult neural progenitors.
The replication-defective recombinant retrovirus vector pMX-IRES-
EGFP (herein termed pMXIG) expresses green fluorescence protein
(GFP) (Morita et al., 2000). To examine the fate of individual neural
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Figure 1. Expression of specific transcription factors in neural progeni-
tors of the adult and embryonic spinal cord in vitro. A, Schematic diagram
showing tissue preparations of the adult spinal cord. The lateral and
medial parts of the parenchyma were separated by using the position of
the dorsal horn as a landmark. The solid lines indicate the preparation of
lateral parenchyma, whereas the striped lines indicate the medial part. B,
C, Phase-contrast pictures of single neurosphere-like cell aggregates de-
rived from the adult lateral parenchyma (B) and from the E13.5 embry-
onic spinal cord (C). D-K, Immunofluorescence pictures showing the
expression of Pax6 (D, H), Nkx2.2 (E, I), Ngn2 (F, J), HB9 (G), and
Olig2 (K) in cultures of embryonic (D-G) and adult (H-K) spinal cord
progenitors ( green, arrows; D-F, H-J, DAPO; G, K, DAP2). In H and I,
Pax6 and Nkx2.2 (green) were double-stained for nestin (red), whereas
coexpression of Olig2 ( green) and O4 (red) was shown in K. Pictures in
D'-K’ show nuclear staining with bis-benzimide in the same fields shown
in D-K, respectively. Scale bars: (in C) B, C, 50 um; (in G, K") D-K', 20 um.

progenitors, secondary neurospheres were seeded onto poly-D-lysine
(PDL) (100 pg/ml; Sigma)-coated chambers and incubated with pMXIG
virus in the presence of 4 ug/ml hexadimethrine bromide (polybrene;
Sigma) on the day of plating. Infection was performed at low frequency
(10-15 GFP-positive clones/10* total cells per well and 15-20 GFP-
positive clones/cm?) to yield discrete clusters of labeled cells in mono-
layer culture. During the subsequent culture period, distribution of
GFP-labeled cells in each well was monitored under the microscope to
confirm the clonality of individual clusters. This method allowed us to
identify individual GFP-labeled clusters as clones derived from single
progenitors. Four days after infection, the cell-type composition of
GFP-positive clones (representing the progeny of single infected cells)
was analyzed by immunostaining.

Complementary DNAs encoding truncated forms of mouse Notchl
[termed Notch1-A; amino acid residues 1704-2531 (GenBank accession
number Z11886)] and mouse Delta-like 1 [DIl1-A, amino acid residues
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1-582 (GenBank accession number NM007865)], and the full-length rat
Ngn2 were engineered by PCR. The resultant cDNA fragments were
cloned into pMXIG. The primary neurospheres derived from the whole
spinal cord were dissociated by trypsin, and the cells were infected with
recombinant viruses. Subsequently, the cells were maintained in floating
culture for 1 week. During this culture period, ~5-10% of the cells
expressed GFP. The resultant secondary neurospheres were dissociated
by trypsin, seeded onto PDL-coated chambers, and incubated for 2 d in
the growth medium without FGF2 and EGF. The pMXIG virus without
c¢DNA inserts was used as the control.

Spinal cord transection. Adult rats were anesthetized with 50 mg of
ketamine (Ketalar, 50 mg/ml; Sankyo Co. Ltd., Tokyo, Japan) and 5
mg of xylazine (Rompun, 20 mg/ml; Bayer, Leverkusen, Germany) per
kilogram of body weight. Laminectomy was performed between the T9
and T11 segments, and the spinal cord was transected at the T10 level
with microscissors (Miura et al., 2000). 5-Bromo-2'deoxyuridine
(BrdU) (50 mg/kg; Sigma) dissolved in 0.9% sterile saline was injected
intraperitoneally every 2 hr. The control rats received BrdU for 48 hr
before being killed, whereas injured rats were labeled for a maximum
of 3 d after transection. One to 7 d after surgery, rats were killed and
fixed by intracardial perfusion of 4% (w/v) paraformaldehyde
(Chiyoda-junyaku, Tokyo, Japan) in PBS. The tissue was cryopro-
tected with sucrose and embedded into OCT compound (Tissue-Tek,
Torrance, CA).

Antibodies and immunostaining. Affinity-purified rabbit polyclonal
antibodies (pAbs) against nestin (diluted 1:1000; Nakafuku and Na-
kamura, 1995), Prox1 (1:2000; Torii et al., 1999), Olig2 (1:3000), Mash1
(1:5000; Takebayashi et al., 2000), and Notch1 (1:2000; Shawber et al.,
1996) were described previously. In some experiments, biotin-
conjugated anti-Olig2 antibody was used for double-staining. Anti-
Neurogenin2 (Ngn2; 1:5000) and anti-Pax6 (1:1000) rabbit pAbs were
prepared by immunization with synthetic oligopeptides that corre-
spond to the N-terminal and C-terminal amino acid sequences of rat
Ngn2 and Pax6, respectively. Antibodies against the following antigens
were generous gifts: microtubule-associated protein 2 (M AP2) (rabbit
pAb; 1:4000; from Dr. Y. Thara, University of Tokyo, Tokyo, Japan)
and the M-phase-specific phosphorylated form of vimentin (pVim)
[mouse monoclonal antibody (mAb), clone 4A4; 1:50; from Dr. M.
Inagaki, Aichi Cancer Center, Nagoya, Japan (Kamei et al., 1998)].
Mouse mAbs against nestin (Rat401; 1:500), 160 kDa subunit of
neurofilament (NF160) (2H3; 1:50), Pax7 (PAX7; 1:100), Nkx2.2
(74.5A5; 1:100), Isletl (39.4DS5; 1:100), Lim1 (4F2; 1:100), Lim3
(67.4E12; 1:100), and HB9 (81.5C10; 1:100) were obtained from the
Developmental Studies Hybridoma Bank of the University of Iowa
(Iowa City, IA). Other antibodies were purchased from commercial
sources: BrdU (mouse mAb; 1:200; Becton Dickinson, Franklin Lakes,
NJ), BrdU-peroxidase-conjugated (mouse mAb; 1:5; Roche), NeuroD1
(goat pAb; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), MAP2
(mouse mAb, clone HM2; 1:100; Sigma), p-tubulin type III (TulJ1)
(mouse mAb; 1:5000; Babco, Richmond, CA), NeuN (mouse mAb;
1:50; Chemicon, Temecula, CA), glial fibrillary acidic protein (GFAP)
(mouse mAb, clone G-A-5; 1:1000; Sigma) (rabbit pAb; 1:1000; Chemi-
con), NG2 (rabbit pAb; 1:2000; Chemicon), O4 (mouse IgM mAb;
1:20; Roche), and choline acetyltransferase (ChAT) (rabbit pAb;
1:1000; Chemicon).

Indirect immunocytochemistry of cultured cells was performed as
described previously (Torii et al., 1999). Immunoreactive cells were
visualized by staining with appropriate sets of secondary antibodies
conjugated with fluorescein isothiocyanate (1:100; Amersham Pharmacia
Biotech, Buckinghamshire, UK), Alexa Fluor 488 (1:400; Molecular
Probes, Eugene, OR), Texas red (1:100; Amersham Pharmacia Biotech),
and aminomethylcoumarine acetate (1:50; Jackson ImmunoResearch,
West Grove, PA). To count cell numbers, cell nuclei were stained with 1
ung/ml bis-benzimide (Molecular Probes). Coronal cryosections (10-um-
thick) of the proximal site of the rostral aspect of the injured spinal cord
were subjected to immunostaining. Staining was visualized with a com-
bination of colorimetric substrates for peroxidase (ImmunoPure Cobalt/
Nickel-Enhanced Diaminobenzidine Substrate Kit; Pierce, Rockford,
IL) and alkaline phosphate (AP Substrate Kit IV; Vector Laboratories,
Burlingame, CA) (Torii et al., 1999). Some sections were counterstained
with methyl green before mounting.

Statistical analysis. Quantitative results were expressed as mean = SD
(n = 3-5) and statistically analyzed by unpaired ¢ test where necessary.
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Table 1. The expression of various transcription factors in cultures of
the adult and embryonic spinal cord

Marker-positive cells (% of total cells)

Adult parenchyma

Marker E13.5 embryo Medial Lateral
DAPO Pax6 59+1.1 1.6 £0.2 1.2+0.2
Pax7 6.6 = 0.6 <0.01 <0.01
Nkx2.2 25*1.0 12.0 = 0.2 11.7 £ 0.3
Ngn2 23x05 1.2x0.0 1.2 +0.1
Mashl 1.3 +£0.1 0.8 0.1 0.7 0.1
NeuroD1 1.8 0.6 14+02 1.1 +£0.2
Prox1 88+13 10.2 = 0.6 10.6 = 0.7
Olig2 125 +1.2 413 *+34 448 = 2.6
DAP2 MAP2 85*08 9.7*12 49+ 0.6
Isletl 1.2+0.2 <0.01 <0.01
Lim3 0.9 +0.2 <0.01 <0.01
HB9 03 *=0.1 <0.01 <0.01
Liml 1.0 0.3 <0.01 <0.01

The secondary neurosphere-forming cells from adults (medial and lateral paren-
chyma) and E13.5 embryos were dissociated by trypsin and seeded onto PDL-coated
chambers. Two hours (DAPO0) and 2 d (DAP2) after plating, the cells were subjected
to immunostaining. The percentages of immunopositive cells in the total cells are
shown as mean = SD (n = 3-5).

RESULTS

Expression of specific transcription factors in adult
progenitors in vitro

The developing spinal cord is composed of multiple types of
progenitors, and they express many different regulatory molecules
(Tanabe and Jessell, 1996; Rao, 1999). Little attention has been
paid, however, to the heterogeneity of adult progenitors at the
molecular level. We first addressed this issue by examining the
expression of various regulatory molecules in vitro. Tissues from
the adult and embryonic spinal cord were subjected to primary
cultures, and proliferative progenitors were enriched in the pres-
ence of FGF2 and EGF. The parenchyma of the adult spinal cord
was divided into the medial and lateral parts to characterize
potential regional heterogeneity (Fig. 1A4). Proliferative cells
were recovered as cell aggregates, with a morphology resembling
that of so-called neurospheres (Fig. 1B,C) (Gritti et al., 1996;
Weiss et al., 1996). These neurosphere-forming cells could be
maintained by repeated passages for at least 8 weeks (data not
shown). We used the secondary neurospheres as the source of
proliferative progenitors.

Pax6, Pax7, and Nkx2.2 are homeodomain transcription factors
that define the regional specificity of neural progenitors in the
developing spinal cord (Tanabe and Jessell, 1996). The expres-
sion of these molecules was recapitulated in a subset of embryonic
progenitors (Fig. 1D,E, Table 1). Pax6-positive (Pax6") and
Nkx2.2* cells were also detected in cultures of adult progenitors
(Fig. 1H,1, Table 1). Although few cells expressed Pax7 in sepa-
rate cultures of the medial and lateral parenchyma, some Pax7
cells could be detected in cultures of the whole spinal cord (data
not shown).

Nkx2.2 is expressed not only in multipotential progenitors
but also in a subset of oligodendrocytes (Xu et al., 2000).
Consistently, a fraction (~20%) of Nkx2.2" cells expressed
NG2, a marker for adult glial progenitors (Dawson et al., 2000;
Horner et al., 2000; McTigue et al., 2001) (data not shown).
Other than these glial cells, many Pax6 * and Nkx2.2 " cells in
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adult neurospheres (~65 and 50%, respectively) expressed
nestin (Fig. 1H,I). Nestin is abundantly expressed in, but not
specific for, undifferentiated progenitors (Lendahl et al., 1990).
However, only ~5% of nestin ™ cells coexpressed markers for
neurons and glia, such as TuJ1, MAP2, GFAP, NG2, and O4,
in our cultures (data not shown). Thus, the properties of
Pax6 " and Nkx2.2* cells in adult cultures resembled those of
embryonic neural progenitors.

In the developing spinal cord, the bHLH-type transcription
factors Ngn2 and Mashl are expressed in subsets of neural
progenitors, whereas NeuroD1 and Proxl are specifically ex-
pressed in differentiating neurons (Lee et al., 1995; Torii et al.,
1999; Nieto et al., 2001). Cells expressing these molecules were
detected in both adult and embryonic neurospheres (Fig. 1F,J,
Table 1). The bHLH factor Olig2 is expressed in cells of the
oligodendrocyte lineage (Lu et al., 2000; Takebayashi et al., 2000;
Zhou et al., 2000). Many adult cells expressing Olig2 were de-
tected, and the majority of O4™" oligodendrocytes were Olig2 ™
(Fig. 1K). Cells expressing the above molecules could be identi-
fied in cultures of both the medial and lateral parenchyma. These
results support the idea that adult neurosphere-forming cells are
composed of heterogeneous progenitor subtypes at the molecular
level.

Inability of adult progenitors to generate specific
neuronal subtypes

In the developing CNS, distinct progenitors generate different
subtypes of neurons (Tanabe and Jessell, 1996). Accordingly,
multiple neuronal subtypes have been identified in cultures of the
embryonic spinal cord (Richards et al., 1995; Dutton et al., 1998;
Kalyani et al., 1998; Chow et al., 2000). Here we examined the
specificity of neuronal subtypes in cultures of adult progenitors at
the molecular level. Isletl, Lim3, and HB9 are specifically ex-
pressed in spinal motoneurons, whereas Lim1 is a marker for a
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" intact DA DAI2 DAI3 DAI7
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Figure 2. Induction of Pax6 and increase
in cell division in the ependymal layer after
injury. A-/, Immunostaining of the periven-
tricular region with anti-Pax6 (A-C), anti-
BrdU (D-F), and anti-pVim (G-I) anti-
bodies (brown). The expression of Pax6 was
detected in the ependymal layer of the in-
jured (DAI2, B; DAI7, C), but not intact
(A), spinal cord. BrdU"* and pVim™
ependymal cells were very rare in the intact
spinal cord (D, G). Their numbers tran-
siently increased at DAI2 (E, H) and re-
turned to the normal levels at DAI7 (F, I).
Arrows in B-I indicate immunopositive
cells, and the arrowheads in B and C show
Pax6 ™" cells in the periventricular region.
The insets in B and H show Pax6 (brown)—
nestin (blue) and BrdU (brown)-pVim
(blue) double-positive cells (arrows), re-
spectively. Scale bar (in I), 50 pwm. J-L,
Parallel changes of the expression of Pax6
and proliferative response in the ependy-
mal layer. Changes of the numbers of
Pax6 ™ (J), BrdU™ (K), and pVim™ (L)
ependymal cells per 10 um transverse sec-
tion, proximal (<1 mm; open bars) and dis-
tal (>2 mmy; filled bars) to the lesion, were
quantified. The results are shown as
mean * SD (n = 3-5).

subtype of interneurons (Tanabe and Jessell, 1996). Cells ex-
pressing these markers were detected in cultures of embryonic
progenitors (Fig. 1G, Table 1). In contrast, no expression of these
markers could be detected in adult neurospheres, although sig-
nificant fractions of the cells differentiated into MAP2 " neurons
(Table 1). Neuronal differentiation was also detected by staining
of TuJ1, NF160, and NeuN (data not shown). Various extracel-
lular stimuli, such as Shh, BM P4, and retinoic acid, regulate the
differentiation of specific neurons during development (Tanabe
and Jessell, 1996). However, no expression of specific molecular
markers was induced by these soluble factors in adult cultures.
The neurotrophic factors BDNF, NT-3, and GDNF also failed to
induce cells to express markers for motoneurons and interneu-
rons. The expression of ChAT, a marker for motoneurons, could
not be detected in cultures of adult progenitors (data not shown).
Thus, unlike their embryonic counterparts, progenitors in the
adult spinal cord appear to lack the ability to generate specific
neuronal subtypes in vitro.

Expression of specific transcription factors in vivo

The precise locations of distinct progenitor subtypes in vivo
remain unknown. We next attempted to address this issue by
using specific molecular markers.

In the intact spinal cord, ependymal cells expressed none of the
molecular markers described above at detectable levels. Cell
divisions of ependymal cells are also very rare (Fig. 24,D,G).
However, after transection injury, many ependymal cells began to
express Pax6 (Fig. 2B). Concomitantly, labeling with BrdU de-
tected dividing ependymal cells (Fig. 2E) (Beattie et al., 1997,
Johansson et al., 1999; Namiki and Tator 1999). The expression of
pVim (Kamei et al., 1998) also indicated cell divisions in the
ependymal layer (Fig. 2H). Increases in the numbers of Pax6 *,
BrdU ", and pVim " cells were detected 1 d after injury (DAI1)
and were most prominent at DAI2-DAI3 (Fig. 2J-L). The in-
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duction of Pax6 and proliferation of ependymal cells were more
prominent proximal (<1 mm) than distal (>2 mm) to the lesion
(Fig. 2J-L). In addition, both changes were transient, almost
disappearing by DAI7 (Fig. 2C,F,I). Thus, the expression of Pax6
closely paralleled the proliferative response of ependymal cells. A
few Pax6™ cells were also detectable adjacent to the ependyma
(Fig. 2B,C, arrowheads). These cells may reflect migration of
dividing ependymal cells, as suggested in previous studies (Jo-
hansson et al., 1999; Namiki and Tator 1999). As shown previ-
ously (Frisen et al., 1995; Johansson et al., 1999; Namiki and
Tator 1999), injury enhanced the expression of nestin in the
ependymal layer, and Pax6 ~ ependymal cells coexpressed nestin
(Fig. 2B, inset). However, no expression of transcription factors
other than Pax6, including Pax7, Nkx2.2, Ngn2, Mash1, NeuroD1,
Prox1, and Olig2 was detected in, or adjacent to, the ependymal
layer (data not shown).

As described above, cells expressing various regulatory mole-
cules could be detected in cultures of both the medial and lateral
parts of the parenchyma. Thus, we next examined whether any
parenchymal cells express specific transcription factors in vivo.

Olig2 and Nkx2.2 were expressed in subsets of glia and their
progenitors in vitro. NG2 ™ glial progenitors remain in the adult
spinal cord and proliferate in response to injury (Dawson et al.,
2000; Horner et al., 2000; McTigue et al., 2001). Consistently,
some Olig2 " and Nkx2.2* cells became BrdU " in the lesioned
parenchyma (Fig. 34,C), and 15-20% of these cells were NG2 *
(Fig. 3B,D). Only a minor percentage (~5%) of the cells coex-
pressed Nkx2.2 and Olig2 (Fig. 3D, inset), suggesting that they
may constitute distinct populations among NG2* cells in vivo.
However, the majority of Nkx2.2" cells in the lesioned paren-
chyma were NG2 negative (NG27), and a significant fraction
(~10%) of Nkx2.2™" cells coexpressed nestin (Fig. 3E). Further-
more, Pax6 " and Pax7 " cells, which were not detectable in intact
tissue, emerged after injury. Some of these cells became BrdU ™
(Fig. 3F and data not shown), and the majority (~90%) were
nestin* (Fig. 3G,H). The expression of nestin is known to be
induced in both astrocytes and NG2 ™ cells in the injured spinal
cord (Frisen et al.,, 1995; Namiki and Tator, 1999). However,
some of the above transcription factor-expressing cells did not
express markers for neurons or glia, such as TuJ1, MAP2, GFAP,
and NG2.

We further examined the spatial distribution patterns of tran-
scription factor-expressing cells. Many Nkx2.2 ™" cells resided in
the intact parenchyma (71.7 = 7.6 cells per section; n = 3), and
their number increased at DAI2 (173.7 = 14.8 cells per section;
n = 3). The NG2~ population among Nkx2.2™ cells was mainly
present in the white matter but became detectable throughout the
spinal cord after injury (Fig. 37,J). A similar distribution pattern
was found for Nkx2.2 -nestin™ cells (Fig. 3K). In contrast,
Pax6 ™" cells were specifically detected in the lateral aspect of the
parenchyma at DAI2 (Fig. 3L) (16.3 = 3.1 cells per section; n =
3). These Pax6 ™ cells emerged distant from the central canal.
Thus, it is unlikely that migration of ependymal cells could
account for all, if any, of these parenchymal Pax6 * cells. One day
later (DAI3), the number of Pax6™ cells significantly increased
(43.0 = 2.0 cells per section; n = 3), and they became detectable
in the medial parenchyma (Fig. 3M). Unlike Pax6 " cells, Pax7 *
cells was specifically detected around the dorsal horn (Fig. 30).
Their number and distribution pattern did not significantly
change between DAI2 and DAI3 (Fig. 3P) (23.0 = 5.0 and 29.3 =
1.2 cells per section at DAI2 and DAI3, respectively; n = 3).
Later after injury (DAI7), a few cells expressing Pax6 and Pax7
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Figure 3. Emergence of cells expressing various transcription factors in
the lesioned parenchyma. A-H, The parenchyma of the injured spinal
cord (4-E, G, H, DAI2; F, DAI3) was stained with antibodies against
Olig2 (4, B), Nkx2.2 (C-E), Pax6 (F, G), and Pax7 (H). The cells
expressing specific transcription factors (4, C, F, blue; B, D, E, G, H,
brown) were double-stained with anti-BrdU (4, C, F, brown), anti-NG2 (B,
D, blue), and anti-nestin (E, G, H, blue) antibodies. The arrows indicate
double-positive cells. The inset in D indicates that Nkx2.2 " (brown) and
Olig2 * (blue) cells are distinct populations. I-Q, Distribution of
Nkx2.2*-NG~ (I, J), Nkx2.2 *-nestin* (K), Pax6 * (L-N), and Pax7*
(O-Q) cells in the spinal cord: I, the intact spinal cord; J-L, O, DAI2; M,
P, DAI3; N, Q, DAI7. Each dot indicates the position of a cell with the
respective antigenic phenotype in a representative section. Essentially
identical results were obtained in three independent sections. Scale bars:
(in H) A-H, 20 um; (in Q) I-Q, 500 pwm.

remained, but their numbers significantly decreased (Fig. 3N, Q)
(7.0 = 1.0 and 6.3 = 0.6 cells per section for Pax6 and Pax7,
respectively; n = 3). The number of Nkx2.2 " cells also decreased
at DAI7 (124.7 = 7.5 cells per section; n = 3). These results
demonstrated that cells expressing specific transcription factors
emerge in vivo in response to injury.

Inhibition of neurogenesis by Notch signaling

The above results suggest that endogenous progenitors can re-
spond to injury in vivo. Nevertheless, production of new neurons
has not been detected in the injured spinal cord (Johansson et al.,
1999; Namiki and Tator 1999). No BrdU * cells that coexpressed
the neuronal marker TuJ1 could be detected in our injury model
as well (data not shown). This is in clear contrast to the fact that
adult progenitors can generate new neurons when isolated free
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from their in vivo environment and cultured in vitro. Thus, a next
important issue is to elucidate the mechanisms for this restriction
in vivo.

An important clue to address this issue at the molecular level is
the expression of bHLH factors in adult progenitors. During
development, various bHLH factors, such as Ngn2, Mashl, and
NeuroD1, play essential roles in generating neurons from multi-
potential progenitors (Ma et al., 1996; Torii et al., 1999; Nieto et
al., 2001; Sun et al., 2001). As described above, adult progenitors
could also express these factors in vitro. In contrast, we found that
no cells expressing these factors emerged in the lesioned spinal
cord (data not shown). Thus, the expression of neurogenic bHLH
factors in vivo appears to be suppressed by certain environmental
signals, which could account for the restricted neurogenesis in
injured tissue. One of the possible mechanisms for this suppres-
sion is the signaling through the cell-surface receptor Notch. The
Notch receptor mediates local environmental signals that inhibit
differentiation of neurons during development (Nye et al., 1994;
Wang and Barres, 2000), and this action of Notch is attributable
to the inhibition of some bHLH factors, including Ngn2 and
Mash1 (Ma et al., 1996; de la Pompa et al., 1997). Thus, we sought
to examine whether Notch signaling plays any role in regulating
neural progenitors in the adult spinal cord.

First, we examined the expression of Notchl, a member of the
Notch receptor family expressed in the developing spinal cord
(Weinmaster, 1997). Notchl expression has been detected in the
ependymal layer in the forebrain (Johansson et al., 1999). In the
adult spinal cord, the expression of Notchl was detected not only
in the ependyma but also in the parenchyma (Fig. 44 and data
not shown). Importantly, its expression level was significantly
enhanced in the injured tissue, and strong staining signals were
detected in cell nuclei (Fig. 4B,D.E, arrows). It has been shown
that the nuclear localization of Notchl is indicative of activation
of Notch signaling (Sestan et al., 1999; Redmond et al., 2000). In
the lesioned parenchyma, 10.7 + 1.4% (n = 3) of the total BrdU *
cells detected at DAI2 were immunopositive for Notchl (Fig. 4D,
arrow), and these Notchl *-BrdU * cells were scattered in the
spinal cord (Fig. 4F). Many of these Notchl * cells coexpressed
nestin (Fig. 4E). However, the enhancement of Notchl expres-
sion was transient and reduced at DAI7 in both the ependyma
and parenchyma (Fig. 4C and data not shown). The expression of
Nocthl was also detected in neurosphere cultures of adult pro-
genitors; 11.0 = 0.9% (n = 3) of the cells in neurospheres were
Notchl ™, and many of them coexpressed nestin (Fig. 4G). These
results support the idea that Notch signaling operates in vivo in
the adult spinal cord.

We next examined the role of Notch signaling in vitro by
genetically manipulating adult progenitors with the GFP-
expressing recombinant retrovirus pMXIG (Morita et al., 2000).
Retrovirus preferentially infects actively dividing cells, and there-
fore a recombinant virus-mediated gene expression system al-
lowed us to examine the effects of genes of interest on prolifera-
tive progenitors. When neurosphere-forming cells were plated on
PDL-coated chambers and subsequently infected with pMXIG
virus at a low frequency, clonal progeny of individual progenitors
could be identified as discrete clusters of GFP-expressing cells
(for details, see Materials and Methods). Analyses of the cell-type
composition of these GFP* clones demonstrated that ~5% of
progenitors were bipotential, generating both MAP2 ™ neurons
and GFAP™ astrocytes (Fig. 4M). Other clones, ~25% of the
total clones examined, generated only either neurons or astro-
cytes, and the remaining clones contained only nestin * cells (data
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Figure 4. Involvement of Notch signaling in the regulation of adult
neural progenitors. A-F, The expression of Notchl in vivo. Notchl*
ependymal cells (brown, arrows) are present in the intact (A) and injured
(DAI2, B; DAI7, C) spinal cord. D and E show Notchl (blue)-BrdU
(brown) (D, arrow) and Notchl (brown)-nestin (blue) (E, arrow) double-
positive cells, respectively, in the lesioned parenchyma (DAI2). F depicts
the distribution of Notchl *~BrdU * cells in the injured spinal cord as
shown in Figure 3/-Q. G, The expression of Notchl ( green) in nestin ™
(red) cells (arrow) in cultures of adult progenitors. H-M, Retrovirus-
mediated gene expression in adult neural progenitors in vitro. H shows
pMXIG retrovirus-directed expression of GFP (green) in adult
neurosphere-forming cells. In /-L, GFP-labeled progeny was double-
stained with nestin (1), TuJ1 (J), GFAP (K), and O4 (L) (red, arrows) in
monolayer cultures. In M, clonal progeny of a single GFP ( green)-labeled
progenitor was stained with MAP2 (red) and GFAP (blue). This clonal
cluster of GFP " cells contained both MAP * neurons (arrowheads) and
GFAP ™" astrocytes (arrow). Scale bars: (in C) A-C, 50 pum; (in E, L, M)
D, E, G-M, 20 um; F, 500 pum.

not shown). Consequently, when adult progenitors were infected
as a mixture (Fig. 4H), 2 and 28% of the total GFP™ progeny
differentiated into neurons and glia, respectively (Fig. 4J-L),
whereas 21% remained nestin * (Fig. 41, Table 2). Approximately
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Table 2. Modulation of neuronal and glial differentiation by Notch
signaling

Marker-positive cells (% of total GFP™ cells)

Marker Control Notchl-A DIl1-A Ngn2
Nestin 205*+23 82.7 + 6.2* 6.9 +29* 10.4 = 2.6%
Tull 1.7+03 0.5 =04 4.1+ 0.8* 239 = 1.7*
GFAP 12.8 = 2.0 2.3 = 04* 33 14* 11219
04 15.6 =25 4.4 x 1.5% 16.1 £2.8 13.6 = 1.0

The primary neurosphere-forming cells were infected with recombinant pMXIG
retroviruses. The resultant secondary neurospheres were dissociated by trypsin,
seeded onto PDL-coated chambers, and cultured in the growth medium without
FGF2 and EGF. Two days after plating, the cell-type composition of GFP™" cells
(representing the progeny of infected cells) was analyzed by immunostaining. The
pMXIG virus without cDNA insert was used as the control. The percentages of
immunopositive cells in the total GFP* cells are shown as mean + SD (n = 3-4).
(*p < 0.05 when compared with the infection with the control virus.)

half of the GFP™ cells expressed neither nestin nor neuronal—
glial cell markers, which probably included transient progenitor
populations that expressed various regulatory molecules, such as
Ngn2 and Mashl as described above. Thus, in culture of adult
progenitors, not all cells fully differentiated into neurons or glia
as described in previous studies (Gritti et al., 1996; Weiss et al.,
1996).

To manipulate Notch signaling in adult progenitors, we de-
signed two recombinant retroviruses. Notchl-A is a truncated
form of the Nocthl receptor, which lacks its large extracellular
domain and thereby exhibits a ligand-independent signaling ac-
tivity (Weinmaster, 1997). DIl is one of the ligands for the
Notchl1 receptor. Its truncated fragment termed DI11-A, in which
most of the intracellular domain is deleted, acts as a dominant-
negative form and inhibits ligand-dependent activation of Notch
signaling (Weinmaster, 1997). Complementary DNAs encoding
Notch1-A and DII1-A were cloned into pMXIG, and expressed in
adult neurospheres. Subsequently, spheres were dissociated and
plated on monolayer to induce differentiation of neurons and glia.

When the cells were infected with Notch1-A virus, the percent-
ages of both neurons and glia among the total GFP * cells became
significantly lower than the control levels, and instead, >80% of
the cells remained nestin * (Table 2). As described above, the
majority of nestin ™ cells did not coexpress markers for neurons or
glia under our culture conditions, and hence nestin "—~GFP * cells
in Notchl-A virus-infected cultures displayed the properties of
undifferentiated progenitors. Thus, constitutive activation of
Notch signaling appeared to keep adult progenitors undifferenti-
ated, thereby inhibiting differentiation of both neurons and glia.

Conversely, infection with DII1-A virus, which is thought to
inhibit endogenous Notch signaling, significantly increased the
percentage of TuJ1 ™" neurons (Table 2). In this respect, DII1-A
had an effect opposite to that of Nocthl-A, supporting the idea
that Notch signals inhibit neurogenesis in adult progenitors. In-
terestingly, the fraction of GFAP™ astrocytes among the total
DIl1-A-infected progeny was significantly decreased compared
with that in the control virus-infected culture. Although Notch is
also implicated in differentiation of oligodendrocytes (Wang et
al., 1998), the percentage of oligodendrocytes remained un-
changed in our cultures.

These results demonstrated that activation and inhibition of
Notch signaling selectively decrease the percentage of astrocytes.
This apparent discrepancy can be explained by the idea that
Notch signaling regulates the differentiation of adult progenitors
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at two distinct steps. If Notch signals could block the differenti-
ation of progenitors before a step of lineage commitment, gener-
ation of both neurons and glia might be inhibited. Such an early
differentiation step of multipotential progenitors has been delin-
eated by the expression of neurogenic bHLH factors, such as
Ngn2 and Mash1 (Torii et al., 1999; Nieto et al., 2001). Consistent
with this idea, Notch1-A decreased the percentage of Ngn2 ™ cells
(1.2 = 0.1 and 0.4 = 0.2% of the total GFP " cells in control and
NotchlA virus-infected cultures, respectively, at DAPO; n = 3;
p < 0.01), and conversely, DII1-A increased the fraction of Ngn2 *
cells (3.3 = 0.4%; n = 4; p < 0.01) in culture of adult progenitors.
In addition, recent studies have shown that Notch signaling also
plays a role in a subsequent lineage-commitment step. At this late
step, activated Notchl has been proposed to promote the gener-
ation of astrocytes at the expense of neurons (Chambers et al.,
2001; Tanigaki et al., 2001). Our data are consistent with this idea
in that DII1-A probably attenuates Notch signaling at both early
and late steps, and therefore the final outcome of its effect is an
increase in the fraction of neurons with a concomitant decrease in
that of astrocytes. Similar effects of Notch1-A and DII1-A viruses
were observed in culture of embryonic progenitors (data not
shown), suggesting that the mode of action of Notch signaling is
common for adult and embryonic progenitors.

The above results collectively demonstrated that Notch signal-
ing plays an important role in regulating neurogenesis from adult
progenitors. We noticed, however, that the net production of new
neurons was still low (<5% of the total progeny), even when
Notch signals were attenuated by DII1-A. This weak effect may be
attributable to incomplete block of Notch signaling by DII1-A, or
alternatively, additional mechanisms may also limit the neuro-
genic potential of adult progenitors. In line with the latter idea,
infection of DII1-A virus markedly decreased the percentage of
nestin * cells, but this decrease did not lead to a comparable
increase in the percentage of differentiated neurons. Thus, the
majority of adult progenitors could not fully differentiate into
neurons or astrocytes, although they lost the expression of nestin.
This limited differentiation of adult progenitors could be related
to the fact that the percentage of cells expressing neurogenic
bHLH factors was low in culture of adult progenitors.

Thus, we next asked whether forced expression of Ngn2 could
augment the neurogenic potential of adult progenitors. As ex-
pected, Ngn2 had a potent neurogenic activity, and infection with
Ngn2 virus led to a marked (>10-fold) increase in the percentage
of neurons among the total GFP* progeny (Table 2). The per-
centages of astrocytes and oligodendrocytes remained unchanged
in Ngn2 virus-infected cultures. Thus, Ngn2 selectively stimulated
the generation of neurons from adult neural progenitors. Sun et
al. (2001) have reported recently that the Ngn2-related bHLH
factor Ngnl also promotes neurogenesis from embryonic
progenitors.

These results of in vitro studies, together with the specific
expression of Notchl in vivo, suggest that Notch signaling is one
of the mechanisms that restrict production of new neurons in the
injured spinal cord. Furthermore, the limited ability to express
neurogenic bHLH factors could also account, at least in part, for
the restricted neurogenic potential of adult neural progenitors.

DISCUSSION

Molecular properties of adult neural progenitors

Here we demonstrated that neural progenitors from the adult and
embryonic spinal cord express many common transcription fac-
tors in vitro. These molecules regulate multiple aspects of neuro-
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genesis during development. Pax6, Pax7, and Nkx2.2 play impor-
tant roles in specifying regional identity of progenitors (Tanabe
and Jessell, 1996), whereas Ngn2, Mashl, NeuroD1, Prox1, and
Olig2 regulate differentiation of neurons and glia (Lee et al,
1995; Ma et al., 1996; Torii et al., 1999; Nieto et al., 2001). Thus,
our results suggest the common control mechanisms for adult and
embryonic progenitors.

Neural stem cells are present in both the adult and embryonic
spinal cord (Weiss et al., 1996; Kalyani et al., 1997; Johansson et
al., 1999; Shihabuddin et al., 2000). We also identified bipotential
progenitors in our cultures, although it was not determined
whether these cells possessed the properties of bona fide stem
cells. In addition to these multipotential progenitors, the embry-
onic spinal cord contains multiple progenitor subtypes (Rao,
1999), and they express distinct regulatory molecules in vivo
(Tanabe and Jessell, 1996). Such specific gene expression in vivo
can be recapitulated in vitro (Nakagawa et al., 1996; Zappone et
al., 2000). Thus, our results suggests that the adult spinal cord also
contains many distinct progenitor subtypes. Such heterogeneity
of adult progenitors has been suggested in previous studies (Kehl
et al., 1997; Shihabuddin et al., 1997; Horner et al., 2000), and our
results support this idea at the molecular level.

Despite such a similarity, we also found an important difference
between the properties of adult and embryonic progenitors. Dur-
ing development, distinct progenitor subtypes give rise to differ-
ent neuronal subtypes (Tanabe and Jessell, 1996). In contrast,
progenitors in the adult spinal cord did not generate neurons
expressing specific molecular markers in vitro. Extracellular sig-
nals acting during development, such as Shh, BMP, and retinoic
acid, did not induce specific neurons. A recent study, however, has
shown that adult progenitors can generate some specific neurons
when exposed to distinct environments in vivo (Shihabuddin et
al., 2000). Thus, certain extrinsic cues may regulate their prop-
erties, although the nature of such cues remains unknown. Addi-
tional studies are needed to explore the mechanisms underlying
the generation of specific neuronal subtypes from adult
progenitors.

Expression of specific transcription factors in vivo in
the adult spinal cord

The heterogeneity of adult progenitors in vivo still remains elu-
sive. We attempted to address this issue by using specific molec-
ular markers. We detected significant numbers of Pax6 *, Pax7 ",
and Nkx2.2" cells in the injured spinal cord. These cells were
distributed in distinct patterns in the lesioned spinal cord. Such
differential patterns may suggest that distinct cell types reside at
different locations. Alternatively, some dormant cells may be
scattered in the intact spinal cord, and they may express specific
genes depending on their locations after injury. Whichever is the
case, some cells in the adult spinal cord appear to respond to
tissue damage, acquiring some of the characteristics of embryonic
neural progenitors. One week after injury, however, only a few
Pax6™ and Pax7 " cells remained in injured tissue, and the
number of Nkx2.2™ cells was also decreased. Thus, they emerged
only transiently and may have differentiated, died, or stopped
gene expression late after injury. This transient nature of their
responses may be related to the limited regenerative potential of
the adult spinal cord.

These observations, together with other recent studies, suggest
that heterogeneous progenitor subtypes reside in the adult CNS
(Temple and Alvarez-Buylla, 1999; Rao, 1999; Gage, 2000). How-
ever, a lack of definitive markers still hampers precise determi-
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nation of their identities and distribution in vivo. For instance, a
recent study has proposed that GFAP ™ cells are neural stem cells
in the forebrain (Doetsch et al., 1999). Furthermore, cells ex-
pressing markers for oligodendrocyte progenitors acquire the
properties of stem cells in vitro (Palmer et al., 1999; Kondo and
Raff, 2000). These observations suggest that cells expressing
markers for glial cells may behave as stem cells or other neural
progenitors under certain circumstances. In light of this idea, no
specific markers are so far available that can distinguish distinct
functional properties of different subtypes of neural progenitors.
It also remains undetermined whether ependymal cells, or other
cell types in the periventricular region, are stem cells (Morshead
and van der Kooy, 2001). We found that ependymal cells in the
adult spinal cord expressed Pax6 and nestin in response to injury.
Thus, ependymal cells may display at least some aspects of the
phenotypes of neural progenitors under certain circumstances.
However, definitive determination of the growth and differentia-
tion potential of ependymal cells and also of transcription factor-
expressing cells that we detected in the parenchyma must await
additional detailed studies. Molecular markers we reported here
will be of use to further characterize heterogeneous progenitor
subtypes in the adult spinal cord.

Notch signaling and restricted neurogenesis in the
adult spinal cord

Despite the presence of neural progenitors, no production of new
neurons has been detected in either the intact or injured spinal
cord (Johansson et al., 1999; Namiki and Tator, 1999; Horner et
al., 2000). Furthermore, neural progenitors could not differentiate
into neurons when transplanted back into the spinal cord (Chow
et al., 2000; Shihabuddin et al., 2000). Thus, de novo neurogenesis
appears to be tightly restricted by the environment in vivo.

Here we suggest that Notch signaling may be involved in this
restriction. We found that the expression of the Notch1 receptor
was enhanced in vivo in response to injury. Furthermore,
dominant-active Notch1 inhibited differentiation of adult progen-
itors in vitro. During development, Notch blocks neurogenesis by
inhibiting the expression of various bHLH factors, including
Ngn2 (Ma et al,, 1996; de la Pompa et al., 1997). Likewise,
activated Notch1 decreased the number of Ngn2 * cells in culture
of adult progenitors, and moreover, no expression of Ngn2 could
be detected in vivo in injured tissue. Conversely, the generation of
neurons from adult progenitors could be enhanced by attenuation
of Notch signals by the dominant-negative Notch ligand DII1 and
by forced expression of Ngn2.

A number of recent studies have demonstrated that Notch
signaling regulates differentiation of neural progenitors at multi-
ple steps during development (for review, see Wang and Barres,
2000). Our results are consistent with this idea, and we speculate
that, like embryonic cells, adult progenitors undergo differentia-
tion into neurons and glia through successive steps. Our data
suggest that, during such sequential processes, Notch signaling
inhibits an early differentiation step of progenitors, whereas it acts
to promote astrogenesis at a later step. The early action of Notch
probably involves the suppression of neurogenic bHLH factors,
such as Ngn2, whereas it is currently unknown how Notch regu-
lates differentiation of glia at a later step. Attenuation of Notch
signals by DIl1-A may had enhanced neurogenesis at the expense
of astrogenesis. Alternatively, DII1-A may have supported the
selective survival of neurons, thereby simply decreasing the rela-
tive ratio of astrocytes. Furthermore, forced expression of Ngn2
did not affect the differentiation of astrocytes, although it showed
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a much stronger effect on the generation of neurons than that of
DIl1-A. It is also not known why neither DII1-A nor Ngn2
affected the generation of oligodendrocytes. Thus, the actions of
Notch signaling and neurogenic bHLH factors in adult progeni-
tors appears to be more complex than previously thought and
must await additional intensive studies.

In any case, the above results collectively suggest that Notch
signaling is one of the mechanisms that restrict production of
neurons from adult progenitors. In the adult spinal cord, neural
progenitors are thought to be surrounded by many mature cells.
Although lack of appropriate antibodies currently precludes iden-
tification of ligand-expressing cells, mature neurons and glia may
express Notch ligands and inhibit differentiation of neurons from
endogenous progenitors. Notch signaling may also be involved in
regulating astrogenesis from adult progenitors in vivo. If adult
progenitors could bypass Notch-dependent inhibition of an early
differentiation step under certain conditions, Notch signals may
selectively stimulate astrogenesis in injured tissue. Such a possi-
bility has been suggested in recent studies (Frisen et al., 1995;
Johansson et al., 1999; Namiki and Tator, 1999; Horner et al.,
2000).

In conclusion, our findings provide an important clue toward
realizing the possibility of repairing the damaged spinal cord by
activating the latent regenerative potential of endogenous neural
progenitors (Svendsen and Smith, 1999; Horner and Gage, 2000).
Our results suggest that both the intrinsic properties of adult
progenitors and the in vivo environment in the adult spinal cord
limit significant regeneration of damaged tissues. We suggest that
some strategies to modulate Notch signaling will be important to
generate new neurons from endogenous progenitors in vivo. At-
tenuation of Notch signaling and/or forced expression of neuro-
genic bHLH factors may enable selective enhancement of neu-
rogenesis in injured tissue. Such strategies may also block excess
glial scar formation by inhibiting differentiation of astrocytes.
Furthermore, we will need to overcome the inability of adult
progenitors to generate specific neuronal subtypes. Thus, combi-
natorial applications of many different strategies may be neces-
sary to facilitate significant structural and functional repair of the
damaged adult spinal cord.
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