Stem cell factor stimulates neurogenesis in vitro and in vivo
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Cerebral ischemia stimulates neurogenesis in proliferative zones of the rodent forebrain. To iden-
tify the signaling factors involved, cerebral cortical cultures prepared from embryonic mouse brains
were deprived of oxygen. Hypoxia increased bromodeoxyuridine (BrdU) incorporation into cells that
expressed proliferation markers and immature neuronal markers and that lacked evidence of DNA
damage or caspase-3 activation. Hypoxia-conditioned medium and stem cell factor (SCF), which
was present in hypoxia-conditioned medium at increased levels, also stimulated BrdU incorpora-
tion into normoxic cultures. The SCF receptor, c-kit, was expressed in neuronal cultures and in neu-
roproliferative zones of the adult rat brain, and in vivo administration of SCF increased BrdU label-
ing of immature neurons in these regions. Cerebral hypoxia and ischemia may stimulate
neurogenesis through trophic factors, including SCF.

J. Clin. Invest. 110:311-319 (2002). doi:10.1172/JCI1200215251.

Introduction

The adult vertebrate brain retains the capacity for neu-
rogenesis, which resides largely in selected regions that
harbor neuronal precursor cells throughout life. These
include the subventricular zone (SVZ), especially that
portion adjacent to the most rostral parts of the later-
al ventricles (1-3), and the subgranular zone (SGZ) of
the hippocampal dentate gyrus (DG) (4). Some reports
suggest that additional regions, such as the cerebral
neocortex, may also generate new neurons in the adult,
but this is disputed (5).

Understanding the signals that trigger neuronal pro-
liferation in the brain in vivo could assist the develop-
ment of cell-replacement therapy for neurological dis-
orders such as stroke. Efforts to identify these signals
have been aided by the ability to grow neuronal precur-
sor cells in vitro. Several factors can stimulate neuroge-
nesis in such systems, including EGF (6), FGF-2 (7), and
brain-derived neurotrophic factor (BDNF) (1). In addi-
tion, some studies have shown that cultured progenitor
cells (8-10) or tissue explants containing axons that
project to neuroproliferative zones (11) release factors
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into conditioned medium that can regulate neurogen-
esis. In some cases, administration or overexpression of
neurotrophic factors can enhance neurogenesis in neu-
roproliferative zones of the adult brain in vivo (12-15).

In addition to its role in development, neurogenesis
also occurs in response to cerebral injury, including exci-
totoxic damage (16, 17), seizures (18), and oxidative
stress-induced apoptosis (19). We have focused on the
ability of cerebral ischemia to stimulate neurogenesis
because of its potential implications for stroke recovery
and treatment. In a previous study (20), we found that
focal ischemia caused by occlusion of the middle cere-
bral artery (MCA) in the rat for 90 minutes increased the
incorporation of BrdU in the SGZ and SVZ bilaterally.
Cells labeled with bromodeoxyuridine (BrdU) coex-
pressed proliferating cell nuclear antigen (PCNA) and
the immature neuronal marker doublecortin. Other
reports indicate that global cerebral ischemia triggers
neurogenesis in the SGZ (21, 22), that focal cerebral
ischemia induces neurogenesis in peri-infarction cortex
(23,24), and that FGF-2 may be responsible for the pro-
liferation and differentiation of neuronal progenitor
cells in DG after focal ischemia (17). However, the bio-
logical basis of hypoxia- or ischemia-induced neuroge-
nesis remains poorly understood.

To address this issue, we used embryonic mouse cere-
bral cortical cultures enriched in cells of neuronal lin-
eage and deprived of oxygen to simulate ischemia (25).
The embryonic age at which cultures are prepared
(embryonic day 16-17 [E16-17]) corresponds to a peri-
od of active cortical neurogenesis (26). Our results indi-
cate that hypoxia induces neurogenesis in mouse cor-
tical cultures and that this effect is mediated by
secreted factors such as stem cell factor (SCF), which
stimulates neurogenesis in cortical cultures and in SVZ
and SGZ in vivo.

Methods
Cell culture and in vitro hypoxia. Cerebral cortical cultures
were prepared from 16-day Charles River CD1 mouse
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embryos as described (27), except that Neurobasal medi-
um containing 2% B,7 supplement, 2 mM glutamate,
and 1% penicillin and streptomycin (Life Technologies
Inc., Rockville, Maryland, USA) was used (28). After 4
days, one-half of the medium was replaced with Neu-
robasal medium containing 2% B,7, and experiments
were conducted at 6-7 days. Cultures were placed in
modular incubator chambers (Billups-Rothenberg, Del
Mar, California, USA) for 0-24 hours at 37°C in humid-
ified 95% air/5% CO; (control) or humidified 95%
N,/5% CO, (hypoxia), then returned to normoxic con-
ditions for the remainder, if any, of the 24 hours (25).

Focal cerebral ischemia. Focal ischemia was induced in
280- to 300-g adult male Sprague-Dawley rats by intra-
luminal occlusion of the MCA with a suture as previ-
ously described (20, 29). The suture was left in place for
90 minutes and then withdrawn, and rats were sacri-
ficed 1 week later.

BrdU labeling. BrdU (50 pg/ml; Sigma-Aldrich, St.
Louis, Missouri, USA) was added to cultures 20 minutes
prior to the onset of exposure to hypoxia for 0 to 24
hours, and cultures were processed for immunostaining
as described (30). For in vivo studies, BrdU was admin-
istered intraperitoneally, as reported previously (20).

BrdU-immunopositive cell counts. BrdU-positive cells in
culture were counted in five fields per well (center and
at 3, 6,9, and 12 o’clock). In brain sections, BrdU-pos-
itive cells were counted in five to seven 50-um coronal
sections per animal, spaced 200 um apart, by a
researcher blinded to the experimental conditions,
using a Nikon E300 epifluorescence microscope
equipped with a Magnifire digital color camera (Chip-
Coolers Inc., Warwick, Rhode Island, USA). Cells con-
taining densely brown-stained nuclei with clear mor-
phology were considered BrdU positive. Results were
expressed as BrdU-positive cells per field or section.

Assays of DNA strand breaks. DNA single- and double-
strand breaks were detected by DNA polymerase
I-mediated biotin-dATP nick translation (PANT)
labeling, Klenow labeling, or TUNEL, as described
previously (31, 32).

Immunocytochemistry. Cell cultures (30) and brain sec-
tions (20) were processed for immunocytochemistry as
described previously. Primary Ab’s were: mouse mono-
clonal anti-BrdU (2 pg /ml, Roche, Indianapolis, Indiana,
USA); sheep polyclonal anti-BrdU (25 ug/ml; BIODE-
SIGN International, Saco, Maine, USA); mouse mono-
clonal anti-neuronal nuclear antigen (1:200; anti-NeuN),
mouse monoclonal anti-PCNA (1:100), mouse mono-
clonal anti-CD11b (1:50), mouse monoclonal anti-
CD146 (1:50), goat polyclonal anti-vimentin (1:40), and
rabbit polyclonal anti-SCF (1:100) (Chemicon Interna-
tional, Temecula, California, USA); mouse monoclonal
anti-microtubule-associated protein-2 (1:100; anti-
MAP-2), mouse monoclonal anti-glial fibrillary acidic
protein (1:400; GFAP), and rabbit polyclonal anti-
fibronectin (1:400) (Sigma-Aldrich); rabbit polyclonal
anti-phospho-histone H3 (1:150; Upstate Biotechnolo-
gy Inc., Lake Placid, New York, USA); rat monoclonal

anti-embryonic nerve cell adhesion molecule (1:100;
anti-E-NCAM) (BD Transduction Laboratories, San
Diego, California, USA); mouse monoclonal anti-CDC47
(1:100; Lab Vision Corporation, Fremont, California,
USA); affinity-purified goat polyclonal anti-Neuro D
(1:100; Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA); mouse monoclonal anti-nestin (1:400)
and, anti-c-kit (1:100) (BD PharMingen, San Diego, Cal-
ifornia, USA); and rabbit polyclonal Ab against cleaved
(17-20 kDa) caspase-3 (1:250; New England Biolabs Inc.,
Beverly, Massachusetts, USA). Secondary Ab’s were:
FITC-conjugated goat anti-mouse IgG, FITC-conjugat-
ed rabbit anti-rat IgG, and FITC-conjugated rabbit anti-
rabbit IgG (1:200; Vector Laboratories, Burlingame, Cal-
ifornia, USA), and FITC-conjugated pig anti-goat IgG,
rhodamine-conjugated rat-absorbed donkey anti-mouse
IgG, rhodamine-conjugated rat-absorbed donkey anti-
rabbit IgG, and rhodamine-conjugated rat-absorbed
donkey anti-sheep IgG (1:200; Jackson ImmunoResearch
Laboratories Inc., West Grove, Pennsylvania, USA). DAPI
(4',6-diamidine-2-phenylindole dihydrochloride; Vector
Laboratories) was used to counterstain nuclei, and fluo-
rescence signals were detected as described (20). Controls
included omitting or preabsorbing the primary or omit-
ting the secondary Ab.

Retroviral infection. Humanized Renilla reniformis green
fluorescent protein (hrGFP) was cloned downstream of
the viral promoter of the pFB retroviral vector (Strata-
gene, La Jolla, California, USA). The vector was pro-
duced by transiently transfecting NIH 3T3 cells with
two additional vectors expressing gag-pol and vesicular
stomatitis virus G envelope protein. The pFB-hrGFP
supernatant containing 4.9 X 107 or greater infectious
virus particles was filtered through a 0.45-um filter and
frozen at -80°C. Ten microliters of retroviral super-
natant was added to each well of four-well plates con-
taining neuron cultures in 500 pl of medium, incubat-
ed at 37°C for 2 days, and then for 24 hours in
normoxic or hypoxic conditions. GFP-expressing cells
were detected with a Nikon E300 microscope with exci-
tation at 470 and emission at 505 nm.

Hypoxia-conditioned medium. Medium (500 pl/well)
was collected from normoxic or hypoxic cultures on
four-well plates, pipetted into the sample reservoir of a
Microcon YM-100 centrifugal filter device (Millipore
Corp., Bedford, Massachusetts, USA) that had been
spin rinsed with medium and centrifuged according to
the manufacturer’s instructions. Constituents with rel-
ative molecular mass (M,) greater than 100,000 were
recovered by rinsing with 500 pl of medium, and con-
stituents with M, less than 100,000 were transferred to
a YM-50 filter device and the same steps repeated. Suc-
cessive fractions were collected by applying the filtrates
to YM30,YM10, and YM3 filter devices. Fractions (500
ul/well of a four-well plate) were added immediately to
normoxic cultures together with BrdU, and in some
cases pFB-hrGFP, for 24-72 hours.

Cell viability. Cell viability was assayed by incubating
cells with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
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zolium bromide (MTT) (5 mg/ml; Sigma-Aldrich) at
37°C for 2 hours. Medium was removed, and cells were
solubilized with DMSO and transferred to 96-well
plates. Absorbance at 570 nm was measured in a Cyto-
fluor 4000 plate reader (PerSeptive Biosystems, Fram-
ingham, Massachusetts, USA). Results were expressed as
a percentage of control absorbance measured in nor-
moxic cultures after subtracting background absorbance
measured in freeze-thawed cultures.

Western blotting. Blotting was performed as described
previously (27); in some experiments, protein from
1.5-2.0 ml of culture supernatant was concentrated
using a Microcon YM-3 centrifugal filter device (Mil-
lipore Corp.). The primary Ab’s were: rabbit poly-
clonal anti-SCF, mouse monoclonal anti-EGF, rabbit
polyclonal anti-TNF-a. and rabbit polyclonal
anti-FGF-2 (1:500; Chemicon International) and rat
monoclonal anti-B-NGF (1:500, BD PharMingen).
The secondary Ab’s were: horseradish peroxidase-con-
jugated anti-mouse or anti-rat (for monoclonal pri-
mary) or anti-rabbit (for polyclonal primary) IgG
(1:3,000; Santa Cruz Biotechnology Inc.). Differences
in SCF protein expression on Western blots were
quantified using a GS-710 calibrated imaging densit-
ometer and Quantity One software (Bio-Rad Labora-
tories Inc., Hercules, Califoria, USA).

RT-PCR. Total RNA was isolated from cultured

Intraventricular administration of SCF. Adult male
Sprague-Dawley rats were anesthetized with 4% isoflu-
rane in 70% N,O/30% O, and implanted with an
osmotic minipump (Alzet 1003D; Alza Corporation,
Mountain View, California, USA). The cannula was
placed in the right lateral ventricle 4.0 mm deep to the
pial surface, +0.8 mm anteroposterior relative to breg-
ma, and 1.3 mm lateral to the midline. Each rat was
infused for 3 days with 1 ul/h of either human recom-
binant SCF (1 pg/ml; R&D Systems Inc., Minneapolis,
Minnesota, USA) in artificial cerebrospinal fluid (aCSF;
128 mM NaCl, 2.5 mM KCl, 0.95 mM CaCl,, 1.99 mM
MgCL) (n = 6); SCF (1 pg/ml) plus anti-c-kit Ab (10
Hg/ml) in aCSF (n = 4) or aCSF alone (n = 5). BrdU (50
mg/kg; Sigma-Aldrich) was dissolved in saline and
given intraperitoneally, twice daily at 8-hour intervals,
for 3 consecutive days, and rats were killed 1 week later.
BrdU-positive cells were characterized by double-label-
ing with anti-NeuN and Neuro D Ab’s as described
(20). Confocal images were obtained with a Nikon PCN
2000 confocal microscope system.

Data analysis. Quantitative data were expressed as mean
plus or minus SEM from at least three experiments.
ANOVA and Student ¢ test were used for statistical analy-
sis, with P values less than 0.05 considered significant.

neurons using TRIzol reagent (Life Technologies a Bright field Calbindin Calbindin/DAPI

Inc.) according to the manufacturer’s instruc-
tions. RT-PCR was performed using the follow-
ing primers: FGF-2 forward primer, 5'-AGAGC-
GACCCACACGTCAAAC-3' (160-181) and FGF-2
reverse primer, 5'-CCAACTGGAGTATTTCCGT-
GACC-3' (366-344) designed from mouse FGF-2
(GenBank accession number M30644) and SCF
forward primer, 5'-CGGGAATCCTGTGACTGAT-
AATG-3' (236-258) and SCF reverse primer, 5'-
TGTCAGATGCCACCATAAAGTCC-3' (605-627)
designed from mouse SCF (GenBank accession b
number M57647). Rat B-actin sense and anti-
sense primers were used as controls for deter-
mining the quantity of RNA. PCR products were
separated on 3% agarose gels using 100-bp lad-
der DNA standards as a size reference.

Figure 1

Hypoxia increases BrdU incorporation in cerebral cortical
cultures. (a) Cortical cultures were stained with Ab’s
against the indicated markers and counterstained withthe €
nuclear stain DAPI (blue). (b) The percentage of cells
expressing each marker is shown, indicating that most cells
at this stage in culture are immature neurons. (c) Cultures
were treated with BrdU and deprived of oxygen for up to 24
hours, and BrdU was visualized by immunocytochemistry
and quantified by cell counting. (d) The hypoxia-induced
increase in BrdU incorporation was reduced by the cell
cycle inhibitors aphidicolin, cytosine arabinoside, and
hydroxyurea. Data shown are representative fields (a) or
mean + SEM, n = 3 (b-d).
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Hypoxia induces BrdU incorporation into uninjured cells that coex-
press markers of proliferating cells and of immature, but not mature,
neurons. Cerebral cortical cultures were treated with BrdU, exposed
to hypoxia for 8 hours, and labeled with an Ab against BrdU and
another marker, and nuclei were counterstained with DAPI. Most
cells incorporating BrdU showed no evidence of DNA damage as
assayed by PANT labeling (a), Klenow labeling (b), or TUNEL (c), or
of caspase activation measured with an Ab against the 17- to 20-kDa
caspase-3 cleavage product (d). BrdU incorporation colocalized with
the cell proliferation markers PCNA (e) and phospho-histone-H3 (f),
with retroviral infectivity reported by a GFP-expressing vector (g), and
with the “replication-licensing” protein CDC47 (h). As shown in g,
not all pFB-hrGFP-infected cells incorporated BrdU, which may be
related to differences in labeling efficiency between the two markers.
BrdU incorporation also colocalized with nestin (i) and to a large
extent with E-NCAM (j), but not with the mature neuronal markers
NeuN (k) and MAP-2 (l). Data are representative fields from at least
three experiments per row.

Results

Hypoxia induces neurogenesis in neuronal cultures from mouse
cerebral cortex. In previous studies of in vitro hypoxia we
used cortical cultures maintained for 10-19 days, which
contained greater than 90% mature neurons. To deter-
mine the cellular composition of 6- to 7-day cultures,
immunocytochemistry was performed using cell
type-specific markers. As shown in Figure 1, a and b,
most cells expressed markers associated with immature
neurons — Hu, E-ENCAM, and BII tubulin. Smaller per-
centages of cells expressed the neuroepithelial cell
marker nestin, the mature neuronal marker calbindin,
or the immature neuronal marker Neuro D. Some cells
expressed both mature and immature neuronal mark-
ers, suggesting an intermediate stage of differentiation.

To determine if hypoxia stimulates BrdU incorpora-
tion, BrdU was added, and 20 minutes later cultures
were placed in 95% N,/5% CO; for up to 24 hours.
Under these conditions, the number of BrdU-labeled
cells increased by 4 hours and was maximal (~5 times
control) at 8 hours (Figure 1c). To evaluate the possi-
bility that BrdU labeling was due to DNA repair rather
than replication, BrdU-labeled hypoxic cultures were
assessed for DNA damage using the Klenow fragment
of DNA polymerase I, PANT labeling, and TUNEL (31,
32). DNA damage was detectable in only approximate-
ly 20% of BrdU-labeled cells after 8 hours of hypoxia
(Figure 2, a-c), and little overlap was seen between
BrdU labeling and immunoreactivity for the 17- to 20-
kDa cleavage product of activated caspase-3 (Figure
2d), which is associated with hypoxic neuronal death in
these cultures (33). To investigate further whether
BrdU labeled primarily dividing cells in our cultures,
hypoxia was induced in the presence of the cell cycle
inhibitors aphidicolin, cytosine arabinoside, and
hydroxyurea. Each cell cycle inhibitor reduced BrdU
incorporation into hypoxic cultures by up to approxi-
mately 60-80% (Figure 1d), consistent with the major-
ity of BrdU labeling being associated with cell division.

BrdU labeling also colocalized with several markers
of cell proliferation, including PCNA (Figure 2e), a cell
cycle-dependent nuclear protein that acts in concert
with DNA polymerase- and helps to regulate the
fidelity of DNA replication (34); phospho-histone-H3
(Figure 2f), a marker of mitotic chromosome conden-
sation (35); a green fluorescent protein-expressing
retroviral vector (pFB-hrGFP) that infects dividing cells
(Figure 2g); and the “replication-licensing” protein
CDC47 (Figure 2h) (36).

To determine the identity of the BrdU-labeled cells,
cultures were examined for coexpression of two mark-
ers expressed by neuroepithelial precursor cells or
immature neurons, nestin (37) and E-NCAM (38), and
two markers expressed by mature neurons, NeuN and
MAP-2. Most BrdU-labeled cells coexpressed nestin and
E-NCAM, but not NeuN or MAP-2 (Figure 2, i-1). This
is additional evidence that BrdU incorporation is not
simply due to DNA damage and repair, because DNA
damage affects mature as well as immature neurons
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(39). BrdU labeling was also absent from the rare (~1%)
GFAP-immunopositive cells in these cultures.

Hypoxia-induced neurogenesis is mediated by a soluble factor
that can transfer neuroproliferative activity to normoxic cul-
tures. Focal cerebral ischemia induces BrdU incorpora-
tion in neuroproliferative zones remote from the site of
injury (20), suggesting that brain lesions may release dif-
fusible factors that can stimulate neurogenesis. If such
factors also mediate hypoxia-induced neurogenesis in
our cultures, it should be possible to transfer neuro-
proliferative activity via hypoxia-conditioned medium
(HCM). To test this possibility, cultures were exposed to
hypoxia for up to 24 hours, and HCM was removed and
transferred to normoxic cultures. BrdU was added, and
cultures were maintained under normoxic conditions
for up to 72 hours (Figure 3a). As predicted, HCM stim-
ulated an increase in BrdU incorporation into normox-
ic cultures (Figure 3b). Like hypoxia-induced BrdU
labeling, HCM-induced labeling colocalized with mark-
ers of cell proliferation and of immature but not mature
neurons (Figure 3, d-f). Therefore, HCM can transfer
the effect of hypoxia to normoxic cells.

Hypoxia-induced proliferative activity is associated with select-
ed HCM fractions. To identify factors in HCM responsible
for stimulating BrdU incorporation in our cultures,
HCM was fractionated according to molecular weight by
centrifugal filtration, and fractions were tested for their
effects on cell viability and cell proliferation in normox-
ic cultures. Higher-molecular-weight (especially 30-50
kDa) fractions stimulated BrdU incorporation and
increased the number of dividing (pFB-hrGFP infectible)
cells in normoxic cultures (Figure 3b). However, when
HCM and HCM fractions were boiled and then added to
cultures, there was no difference in BrdU incorporation
across treatments (P = 0.148, ANOVA).

Neither whole HCM nor 30-kDa or greater fractions
reduced the number of viable cells in cultures meas-
ured by MTT absorbance, but the 10- to 30-kDa frac-
tion killed most cells by 72 hours and the 3- to 10-kDa
and less than 3-kDa fractions killed almost all cells by
24 hours (Figure 3c). The toxic factors in these frac-
tions do not appear to include excitatory amino acids
because L-glutamate did not reduce cell viability and
glutamate antagonists failed to inhibit the toxicity of
30-kDa or lower HCM fractions (not shown).

Candidate mediators of hypoxia-induced neurogenesis
include SCF and FGF-2. Because maximal proliferative
activity was associated with the 30- to 50-kDa fraction
of HCM, because many growth factors fall within this
range, and because several of these have been implicat-
ed in neurogenesis, we screened a series of growth fac-
tors for increased expression in hypoxic neuronal cul-
tures. These included EGF, FGF-2, BDNF, nerve growth
factor, IGF-I, TNF-o, TGF-0, glial cell line-derived neu-
rotrophic factor, and SCF. SCF and FGF-2 protein and
mRNA levels were increased in hypoxic cultures (Figure
4,a b, and d). Elevated levels of SCF in HCM were also
demonstrable by Western blotting of concentrated
supernatants from centrifuged cultures (Figure 4c).

Because FGF-2 has been implicated previously in
ischemia-induced neurogenesis (17), we focused our
attention on SCF (also known as Steel factor, kit ligand,
or mast cell growth factor), a secreted glycoprotein that
migrates with an apparent molecular weight of 30-35
kDa (40). Mice with mutations in SCF or its receptor,
c-kit, show amastocytosis, amelanocytosis, and sterility,
providing evidence for the involvement of SCF in
hematopoiesis, melanogenesis, and gametogenesis (41).
SCF is also expressed in peripheral (42, 43) and central
(44-46) neurons, has neurotrophic effects (47-49), and
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Figure 3

HCM transfers hypoxic stimulation of neurogenesis to normoxic cul-
tures. Cerebral cortical cultures were exposed to normoxia or hypoxia
for 8 hours, medium was removed, and normoxia-conditioned control
medium (none), whole HCM (all), or HCM fractions were added to
normoxic cultures, together with BrdU and, in some cases, pFB-hrGFP,
for 24-72 hours (a). Incubation for 72 hours with HCM fractions of
more than 30 kDa increased the number of cells showing BrdU incor-
poration and GFP fluorescence (b). HCM fractions of less than 30 kDa
had no effect on BrdU or pFB-hrGFP labeling, but reduced cell viabil-
ity at 24-72 hours as measured by MTT absorbance (c). To charac-
terize BrdU-labeled cells, cultures were exposed to hypoxia for 8 hours,
medium was removed, and HCM was added to normoxic cultures,
together with BrdU, and in some cases, pFB-hrGFP (d) for 72 hours.
Some cultures were also stained with Ab’s against nestin (e) or MAP-2
(f). BrdU incorporation colocalized with pFB-hrGFP infectivity and
with nestin, but not MAP-2 immunostaining. Data are mean + SEM,
n =3 (b), mean values that varied by less than 10%, n = 3 (c), or repre-
sentative fields from three experiments (d-f).
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Hypoxia induces expression of SCF and FGF-2 in vitro. Cerebral corti-
cal cultures were exposed to hypoxia for up to 24 hours, and cellular
expression of growth factors and cytokines was measured by Western
blotting (a), which showed increased expression of SCF and FGF-2 at
4-24 hours. SCF expression was quantified by computer densitometry
(b). SCF levels were also increased after the indicated periods of hypox-
ia (h) in culture supernatants (c). Enhanced expression of SCF and
FGF-2 was due to transcriptional activation, because RT-PCR showed
increases in SCF and FGF-2 mRNA levels (d). Data are representative
blots from three experiments (a, ¢, d) or mean + SEM, n = 3 (b).

an increase of approximately 40% in MTT absorbance,
consistent with an increase in the number of viable
cells in culture. FGF-2 also stimulated BrdU incorpo-
ration (Figure 5b), but the effects of maximally effec-
tive concentrations (10 ng/ml) of SCF and FGF-2 were
not additive (Figure 5¢). When HCM was treated with
Ab’s against SCF or FGF-2, stimulation of BrdU label-
ing was reduced by approximately 40%, but the effects

V]

regulates neurosecretory function (50). Moreover, SCF
mutations are associated with abnormal development
of sensory neurons (51) and defects in hippocampus-
dependent learning (52). Finally, traumatic brain injury
can increase neuronal SCF expression (53). However,
SCF has not been implicated in neurogenesis.

If SCF contributes to the neuroproliferative effect of
HCM, then a similar effect should be achieved by treat-
ing normoxic cultures with SCF alone. When SCF was
added to cultures for 24 hours at concentrations com-
parable to those found in circulating blood and those
associated with half-maximal effects of SCF in in vitro
colony-forming assays (2-9 ng/ml) (40), we observed
an increase of approximately 75% in the number of
cells labeled with BrdU (Figure 5a). We also observed

of the two Ab’s were not additive (Figure 5d). Anti-SCF
preferentially reduced BrdU labeling stimulated by the
30- to 50-kDa fraction of HCM, consistent with the M,
value for SCF (30-35 kDa), whereas anti-FGF-2 was
more effective in inhibiting the effect of the 10- to 30-
kDa fraction of HCM, consistent with the M, value for
FGF-2 (17.2 kDa).

The effects of SCF, including its effects on neurons,
are mediated through the c-kit receptor tyrosine kinase
(54), and embryonic cortical neurons express c-kit in
culture (46). To confirm that c-kit was expressed in our
cultures, immunocytochemistry was performed with
Ab’s against SCF and against c-kit. In normoxic cul-
tures, most cells expressed c-kit, while a more restrict-
ed population of cells expressed high levels of SCF (Fig-
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ure 6a). After 8 hours of hypoxia, however, most cells
expressed both c-kit and SCF (Figure 6b).

SCF stimulates neurogenesis in vivo. To evaluate if SCF
acts as a neuroproliferative factor in the brain in vivo,
we first examined if c-kit is expressed in neuroprolifer-
ative zones. As shown in Figure 6, c-j, c-kit was
expressed in both SVZ and SGZ. Moreover, the number
of c-kit-expressing cells increased in the ipsilateral
hemisphere after cerebral ischemia induced by MCA
occlusion. The presence of c-kit in SVZ and SGZ and its
upregulation after ischemia are compatible with the
involvement of SCF in stimulation of neurogenesis
after cerebral ischemia.

To test whether SCF can stimulate neurogenesis in vivo,
adult rats were treated with SCF (infused into the right
lateral ventricle) and BrdU (injected intraperitoneally) for
3 days, and sacrificed 1 week later. As shown in Figure 7,

Figure 7

Intraventricular SCF stimulates BrdU incorporation in SGZ and SVZ
invivo. (a) Brain sections through SGZ and SVZ were immunostained
with anti-BrdU Ab 1 week after intraventricular infusion of SCF or
aCSF vehicle (n = 6). Compared with aCSF (control), SCF increased
the number of BrdU-positive cells in SGZ and SVZ. Proliferation was
more pronounced on the cannula side, as compared with the con-
tralateral side. (b) BrdU-labeled cells in SGZ (top) and SVZ (bottom)
were counted in control brain (n = 6) and both ipsilateral (cannula
side) and contralateral to SCF infusion (n = 6). In some experiments,
SCF was infused together with anti-c-kit Ab (n = 4). Bars (left to
right) represent control; SCF-treated, cannula side; SCF-treated, con-
trol side; and SCF- and anti-c-kit-treated, cannula side. BrdU-posi-
tive cells were increased in SVZ on both the infused and contralater-
al sides and in SGZ on the infused side.The effect of SCF was partially
blocked by coadministration of anti-c-kit Ab (*P < 0.05, Student
ttest). (c) Rat brain sections through SGZ, obtained 1 week after SCF
infusion, were double-labeled for BrdU (red) and NeuN or Neuro D
(green). Merged images show that BrdU labeling colocalized with
Neuro D and, in some cases, NeuN. Data shown are representative
fields from the number of experiments given above (a and c), or
mean t SEM (n = 3) (b).

Figure 6

The c-kit expression in vitro and in SVZ and SGZ of normal and
ischemic rat brain in vivo. Normoxic cerebral cortical cultures
(a) and cultures deprived of oxygen for 8 hours (b) were
stained with Ab’s against c-kit and SCF and with DAPI. Brain
sections through SVZ (c-f) and SGZ of DG (g-j) were also
immunostained with an Ab against c-kit, which was visualized
with DAB. c-kit was expressed in SVZ (c and e) and SGZ (g and
i) of normal brain (Con), and expression was increased 24
hours after MCA occlusion (Isch) in the ipsilateral SVZ (d and
f)and SGZ (h andj). (¢, d, g, and h) x200. (e, f, i, and j) X400
(HP). Data are representative fields from at least three exper-
iments per panel.

aand b, the number of BrdU-immunopositive cells

J in SVZ and SGZ increased after SCF administra-
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tion, especially ipsilateral to the infusion. The
increase in BrdU labeling was abolished by coad-
ministration of an anti-c-kit Ab, suggesting that
the effect of SCF was mediated through c-kit.
To identify cells targeted to proliferate by SCF, sec-
tions from SGZ of SCF- and BrdU-treated rat brains 1
week after treatment were immunostained for BrdU
and for markers of mature (NeuN) and immature
(Neuro D) neurons (Figure 7c). These double-label
studies showed that most BrdU-immunopositive cells
coexpressed Neuro D and a few cells expressed NeuN.
Therefore, SCF appears to stimulate proliferation of
cells of neuronal lineage in vivo, most of which exhibit
an immature neuronal phenotype at 1 week.
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Discussion

Cerebral ischemia stimulates neurogenesis both local-
ly (21-24) and at a distance (17, 20, 55) and may even
have the capacity to direct the fate of hematopoietic
stem cells toward a neuronal phenotype (56). One way
such lesion-derived signaling might occur is through
the release of trophic factors from injured tissue.

To begin to identify factors that might contribute
to ischemia-induced neurogenesis, we modeled cere-
bral ischemia in neuronal cultures from embryonic
mouse cerebral cortex. Hypoxia stimulated the incor-
poration of BrdU into cells that coexpressed pheno-
typic markers of proliferating cells and immature
neurons, suggesting that they are dividing cells that
might have the capacity to develop into mature, func-
tional neurons. Next we transferred proliferative
activity to normoxic cultures with HCM. Its effect was
similar to that of hypoxia and was associated prefer-
entially with HCM constituents of 30 kDa or greater.
Among several possible mediators tested, SCF and
FGF-2 were both upregulated in hypoxia-treated cul-
tures, and both increased BrdU incorporation. Al-
though synergistic effects of SCF and FGF-2 have
been described in myeloid progenitor cells (57), the
effects of SCF and FGF-2 were not additive in our cul-
tures, which could imply that they act through a
shared signal transduction pathway. Alternatively,
one of these growth factors could act through effects
on the other: for example, SCF increases FGF-2
expression in mast cells (58) and FGF-2 increases SCF
expression in several murine cell lines (59).

SCF produces biological effects by activating c-kit,
leading to receptor homodimerization and autophos-
phorylation and stimulating signal transduction path-
ways involving phosphatidylinositol-3-kinase, Src,
JAK/STAT, and Ras-Raf-MAP kinase (54). In hematopoi-
etic cells, SCF and c-kit regulate a variety of develop-
mental events, including cell proliferation, survival, and
differentiation (60). An effect of SCF alone is insufficient
to explain the neuroproliferative effects of hypoxia and
HCM in our cultures, because the maximal percentage
increase in BrdU incorporation observed with SCF was
less than that seen with hypoxia or HCM and because
neuroproliferative effects were associated with several
HCM fractions and with FGF-2.

Several pitfalls can beset studies of this sort (39).
First, BrdU can label cells undergoing DNA repair, but
we did not find evidence of DNA damage by PANT
labeling, Klenow labeling, or TUNEL in most BrdU-
labeled cells. In addition, BrdU labeling colocalized
with other markers of cell proliferation, including
PCNA, phospho-histone-H3, and CDC47 (36). Finally,
BrdU immunoreactivity correlated with retroviral
infectivity. Another issue is whether proliferating cells
that express neuronal markers are necessarily destined
to become neurons or simply exhibit ectopic expression
of such markers as part of an injury response. The
BrdU-labeled cells we studied in vitro expressed both
nestin and E-NCAM, which suggests that they were

neuroepithelial precursors or immature neurons.
Whether they eventually would have expressed mature
neuronal markers like NeuN and MAP-2, or electro-
physiological neuronal properties if exposed to the
proper combination and sequence of instructive signals
in vivo, or achieve functional integration into an
ischemic brain remains to be determined.

To address whether SCF stimulates neurogenesis in
vivo, we examined whether (a) c-kit is expressed in neu-
roproliferative zones of the brain, (b) c-kit expression
in SVZ and SGZ is altered after ischemia, (c) adminis-
tration of SCF increases BrdU incorporation in SVZ
and SGZ, and (d) cells in which SCF stimulates BrdU
incorporation are of neuronal lineage. In all four cases,
our results were affirmative, supporting a role for SCF
in ischemia-induced neurogenesis in vivo.

The ability of an ischemic brain lesion to stimulate
the proliferation of neuronal precursors invites specu-
lation as to the possible role of such proliferation in
functional recovery from stroke and the possibility
that augmentation of neurogenesis, perhaps by the
administration of one or more trophic factors, might
have therapeutic potential. These issues are important
because, although some degree of spontaneous recov-
ery after stroke is the norm, the molecular and cellular
mechanisms underlying recovery are poorly under-
stood and existing treatment for stroke is generally
applicable to only a small percentage of cases, or is lim-
ited in efficacy. Endogenous mechanisms of neuro-
protection from ischemia, including mechanisms of
neurogenesis, may hold clues for the development of
improved therapy.
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