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Although a number of growth factors have been shown to be involved in neurogenesis, the role of inflammatory cytokines remains
relatively unexplored in the normal brain. Here we investigated the effect of interferon gamma (IFN�) in the regulation of neural
precursor (NP) activity in both the developing and the adult mouse brain. Exogenous IFN� inhibited neurosphere formation from the
wild-type neonatal and adult subventricular zone (SVZ). More importantly, however, these effects were mirrored in vivo, with mutant
mice lacking endogenous IFN� displaying enhanced neurogenesis, as demonstrated by an increase in proliferative bromodeoxyuridine-
labeled cells in the SVZ and an increased percentage of newborn neurons in the olfactory bulb. Furthermore, NPs isolated from IFN� null
mice exhibited an increase in self-renewal ability and in the capacity to produce differentiated neurons and oligodendrocytes. These
effects resulted from the direct action of IFN� on the NPs, as determined by single-cell assays and the fact that nearly all the neurospheres
were derived from cells positive for major histocompatibility complex class I antigen, a downstream marker of IFN�-mediated activation.
Moreover, the inhibitory effect was ameliorated in the presence of SVZ-derived microglia, with their removal resulting in almost complete
inhibition of NP proliferation. Interestingly, in contrast to the results obtained in the adult, exogenous IFN� treatment stimulated
neurosphere formation from the embryonic brain, an effect that was mediated by sonic hedgehog. Together these findings provide the
first direct evidence that IFN� acts as a regulator of the active NP pool in the non-inflammatory brain.

Introduction
New neurons are constitutively generated throughout life from
the endogenous pool of neural precursors (NPs) in the stem cell
niches of the adult brain [i.e., subventricular zone (SVZ) and
hippocampus]. This process is highly modulated by both intrin-
sic programs and extrinsic factors in these neurogenic niches
(Lledo et al., 2006; Ninkovic and Götz, 2007). Moreover, the
interactions between NPs and their cellular environment, includ-
ing astrocytes, endothelial cells, and microglia, play an important
role in neurogenesis (Song et al., 2002; Fuchs et al., 2004; Shen et
al., 2004; Walton et al., 2006). Multiple factors function in con-
cert to decide NP fate under both normal and pathological con-
ditions. A series of stimulatory factors have been shown to
regulate neurogenesis in either the SVZ or the hippocampus,
including brain-derived neurotrophic factor (Chen et al., 2007),
erythropoietin (Shingo et al., 2001), epithelial growth factor
(EGF) (Reynolds et al., 1992), basic fibroblast growth factor
(bFGF) (Murphy et al., 1990; Richards et al., 1992; Leker et al.,
2007), and heparin growth factor (Kokuzawa et al., 2003). How-
ever, factors such as bone morphogenetic proteins (Shou et al.,

1999), ephrin A2 (Holmberg et al., 2005; Jiao et al., 2008), and
nitric oxide (Packer et al., 2003), which exert a negative effect,
have been found to be equally important for the maintenance of
the stem cell pool. Balancing these factors is important not only
for regulating normal homeostasis in the neurogenic niche but
also for adjusting the equilibrium under pathological conditions
to mediate brain repair.

Similarly, inflammatory responses appear to have stimulatory
and/or inhibitory effects on the activation of endogenous NPs
(Nakatomi et al., 2002; Mokrý et al., 2003; Monje and Palmer,
2003; Wiltrout et al., 2007), which are believed to be associated
with microglial activation (Ekdahl et al., 2003; Monje et al., 2003;
Liu et al., 2007). It has been suggested that the balance between
secreted molecules with proinflammatory and anti-inflammatory
actions determines whether neurogenesis is promoted or inhib-
ited (Ekdahl et al., 2009). Proinflammatory cytokines, such as
interleukin-6 and interleukin-1�, released from activated microglia,
are anti-neurogenic (Vallières et al., 2002; Monje et al., 2003; Koo
and Duman 2008), whereas anti-inflammatory cytokines, such as
interleukin-4, induce microglia to secrete insulin-like growth
factor-1 (IGF-1), thereby promoting neurogenesis (Butovsky et al.,
2006).

Interferon gamma (IFN�), a “proinflammatory” cytokine, is a
major player in the pathology of the neuroinflammatory re-
sponse, during which it is released from activated microglia (Li et
al., 2001; Bogdan and Schleicher, 2006). By mimicking the in-
flammatory scenario in vivo, Butovsky et al. (2006) have shown
that cultured microglia exposed to lysophosphatidic acid and
stimulated with IFN� support neurogenesis. Nevertheless, to
date, no evidence exists to demonstrate that IFN� plays a role in
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neurogenesis in the non-inflammatory brain, although it has
been shown that low levels of IFN� can be produced by astro-
cytes, fibroblasts, and cerebrovascular endothelial cells under
normal conditions (Rady et al., 1995; De Simone et al., 1998; Wei
et al., 2000). In the present study, we therefore investigated the
effect of IFN� on NP activity and neurogenesis. Our results reveal
that IFN� has a major regulatory effect on NP activity in both the
developing and the adult mouse brain.

Materials and Methods
Animals. Embryonic day 12 (E12), postnatal day 2 (P2), and adult (3– 4
month old) C57BL/6 mice were used in this study. IFN��/� mice were
backcrossed over 10 generations to the C57BL/6 background by The
Jackson Laboratory. Enhanced green fluorescent protein (eGFP)– colony
stimulating factor 1 receptor (cfms) transgenic mice, in which the cfms
promoter drives expression of eGFP in cells of macrophage lineage, were
kindly provided by Professor David Hume (Institute for Molecular Bio-
science, The University of Queensland, Brisbane, Queensland, Austra-
lia). Bax-deficient (Bax�/�) mice were maintained on a C57BL/6
background (Sun et al., 2004). Sibling animals were collected and indi-
vidually genotyped by PCR as described previously (Knudson et al.,
1995). All experiments were conducted according to the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes and
with approval from the University of Queensland Animal Ethics
Committee.

Total RNA isolation, cDNA synthesis, and quantitative PCR. Total RNA
was isolated from E12 mesencephalon and telencephalon and P2 and
adult SVZ using TriZol RNA isolation reagent (Invitrogen) according to
the instructions of the manufacturer. Reverse transcription was per-
formed to synthesize cDNA using the superscript II system (Invitrogen).
Quantitative PCR (Q-PCR) was performed using a Platinum SYBR
Green Q-PCR Supermix UDG kit (Invitrogen). Q-PCR primers were
designed to amplify regions of the IFN� gene and its receptor, with each
primer set designed to amplify a product of �200 bp. The PCR program
was 50°C for 2 min and 94°C for 2 min, followed by 45 cycles of 94°C for
30 s, 60°C for 30 s, and 72°C for 30 s. All gene amplification was stan-
dardized to an 18S ribosomal RNA control, and no reverse transcription
controls were also run with the 18S primers to ensure that there was no
amplification from genomic DNA. Gene expression was quantified as fold
differences. Each sample was tested in triplicate, and data from three inde-
pendent experiments were used to calculate the means and SDs. The primer
sequences were as follows: IFN� forward, 5�-aagacaatcaggccatcagc-3�; IFN�
reverse, 5�-ttcctgaggctggattccgg-3�; IFN� receptor forward, 5�-cctggcctg-
gagatcaggag-3�; and IFN� receptor reverse, 5�-ccgtatgtttcgtatgtagg-3�.

Neurosphere culture. The mesencephalon and telencephalon of E12
mice or the SVZ or olfactory bulbs of P2 and adult brains were dissected
in HEPES-buffered minimum essential medium (HEM), consisting of
minimum essential medium (Invitrogen), supplemented with 16 mM

HEPES (Sigma-Aldrich) and 100 U/ml penicillin/streptomycin (Invitro-
gen). The tissues were minced and digested with 0.05% trypsin–EDTA
(Invitrogen) and incubated at 37°C for 7 min, followed by the addition of
0.014% (w/v) trypsin inhibitor (type I-S from soybean; Sigma-Aldrich)
dissolved in HEM. They were then centrifuged at 700 rpm for 7 min, after
which the pellets were resuspended in 200 �l of 0.1 M PBS and triturated
into a single-cell suspension. The cells were washed with EGF � FGF
(E � F) medium containing mouse NeuroCult neural stem cell (NSC)
basal medium, mouse NeuroCult NSC proliferation supplements (Stem-
Cell Technologies), 2% bovine serum albumin (Roche), 2 �g/ml heparin
(Sigma-Aldrich), 20 ng/ml purified mouse receptor grade EGF (BD Bio-
sciences), and 10 ng/ml recombinant bFGF (Roche). They were then
filtered through a 40 �m cell filter (BD Biosciences), plated in 96-well
plates, and cultured in E � F medium in a humidified incubator at 37°C.
Recombinant murine IFN� (Millipore Bioscience Research Reagents)
was added into the E � F medium at different doses as appropriate. Sonic
hedgehog (Shh) (R & D Systems) at a concentration of 5 nM was used in
some neurosphere cultures from E12 neural cells as indicated. A specific
inhibitor of Shh, cyclopamine (Toronto Research Biochemicals), was
used at 5 �M. The number and size of the SVZ neurospheres were deter-

mined 7 d after plating, whereas olfactory bulb neurospheres were as-
sessed after 10 d.

For clonal assays, primary SVZ cells were diluted in E � F medium
with or without 50 ng/ml IFN� and plated into 20 96-well plates (one cell
per well). The next day, after microscopic confirmation, five representa-
tive wells per plate containing a single cell were marked, and the neuro-
spheres were counted after 10 d. For the clonal assay of primary
neurosphere cells, the primary neurospheres were dissociated into a
single-cell suspension, and the resultant cells were plated in 96-well plates
at one cell per well in 200 �l of medium, with or without 50 ng/ml IFN�.
The resultant secondary neurospheres were counted after 7 d.

For the limiting dilution assay, adult SVZ cells were plated at reducing
densities in 96-well plates in 200 �l of E � F medium, with or without 50
ng/ml IFN�. Cells were plated at 640, 320, 160, 80, 40, 20, 10, 5, and 1 cell
per well. After 7 d in vitro, the number of wells that did not contain
neurospheres was quantified. The data were then log transformed and
plotted against plating density. A linear regression was performed and a
straight line fitted to the data.

To confirm that IFN�-induced inhibition of neurosphere formation
was not attributable to an increase in cell death, primary neurosphere
cultures were also performed using Bax�/� mice that lack programmed
cell death. The SVZ was dissected from the Bax-deficient animals and
their wild-type littermates, and neurospheres were cultured as described
above. Furthermore, to ensure that no cell death occurs when Bax�/�

SVZ cells are cultured in vitro, primary neurospheres were collected from
both Bax�/� and wild-type mice and dissociated into a single-cell sus-
pension. The cells were then cultured at a density of 2.5 � 10 4 cells in a
T25 flask in E � F medium, with or without 50 ng/ml IFN�, for 4 d. These
secondary neurospheres were then enzymatically dissociated into a
single-cell suspension, and viable cell concentration was determined
by staining triplicate samples with trypan blue and counting using a
hemocytometer.

Long-term passaging of IFN� �/� and IFN� �/� neurospheres. Adult
SVZ cells from IFN��/� and IFN��/� mice were cultured through mul-
tiple passages using the neurosphere assay as described previously (Bull
and Bartlett, 2005). The primary neurospheres generated from IFN��/�

and IFN��/� SVZ were collected and enzymatically dissociated to gen-
erate a single-cell suspension. This was considered as passage zero (P0).
At each passage, cells originating from IFN��/� and IFN��/� neuro-
spheres were replated into six-well plates at a cell density of 15,000 cells in
5 ml of E � F medium, with or without 50 ng/ml IFN�.

Differentiation of primary neurospheres. Neurospheres established
from the SVZ of age-matched IFN��/� and IFN��/� mice were plated
onto glass coverslips coated with poly-L-ornithine (Sigma) and laminin
(natural mouse; Invitrogen) in neurosphere differentiation medium
containing mouse NeuroCult NSC basal medium, mouse NeuroCult
NSC proliferation supplements, and 1% fetal calf serum (FCS). To quan-
titatively analyze the multipotentiality of the neurospheres, individual
IFN��/� and IFN��/� neurospheres between 180 and 200 �m in diam-
eter were selected. Because of the smaller size of IFN�-treated neuro-
spheres, neurospheres ranging from 70 to 100 �m in diameter were
selected from both IFN�-treated cultures and non-IFN�-treated cul-
tures. Neurospheres were allowed to differentiate for 8 d in a 5% CO2/
37°C tissue culture incubator. The differentiated neurospheres were then
analyzed for the acquisition of differentiation markers by immunohisto-
chemistry, as described below.

Immunohistochemistry of differentiated neurospheres. To assess the dif-
ferentiation potential of undissociated neurospheres, coverslips contain-
ing the neurospheres were rinsed gently with PBS and fixed with 4%
paraformaldehyde (PFA) for 20 min at room temperature (RT). The
neurospheres were then rinsed three times with PBS to remove the PFA,
and the fixed neurospheres were incubated in blocking solution (5% FCS
and 5% normal goat serum in PBS) for 1 h at 37°C. The blocking solution
was removed, and the coverslips were incubated overnight at 4°C with
anti-O4 antibody (diluted 1:30 in blocking solution; mouse anti-O4 IgM
hybridoma) (Bansal et al., 1988) to specifically label oligodendrocytes.
The neurospheres were rinsed three times with PBS, after which they
were incubated with Alexa Fluor 488-conjugated goat anti-mouse IgM
(diluted 1:1000 in blocking solution; Invitrogen) for 30 min at 37°C. The
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neurospheres were then rinsed three times with PBS and permeabilized
by incubating for 1 h in blocking solution containing 0.1% Triton X-100,
after which the blocking solution was replaced with fresh solution con-
taining a mix of anti-�III-tubulin mouse IgG monoclonal antibody (di-
luted 1:2000; Promega) and rabbit anti-bovine glial fibrillary acidic
protein (GFAP) polyclonal antibody (diluted 1:500; Dako) and incu-
bated overnight at 4°C. The neurospheres were rinsed in PBS and then
incubated for 30 min at 37°C in blocking solution containing a mix of
Alexa Fluor 568-conjugated goat anti-mouse antibody (1:1000; Invitro-
gen) and Alexa Fluor 488-conjugated anti-rabbit antibody (1:1000; In-
vitrogen). After washing with PBS, the slides were coverslipped with
fluorescence mounting medium (Dako).

To count the number of �III-tubulin-, O4-, and GFAP-positive cells in
differentiated neurospheres, size-matched differentiated neurospheres
were selected. At least eight fields of view per neurosphere were randomly
chosen at the 400� magnification, and only cells with several processes
stained for O4 were counted as O4-positive oligodendrocytes. �III-
Tubulin-, O4-, and GFAP-positive cells were counted from the same
field. Data were expressed as the percentage of cells positive for each
marker among the total number of labeled cells.

Induction of major histocompatibility complex class I antigen with IFN�.
Single-cell suspensions of E12 mesencephalon and telencephalon and
adult SVZ were induced to express major histocompatibility complex
class I (MHCI) antigen by short-term incubation in E � F medium
containing 10 ng/ml IFN�, a protocol shown not to affect the level of
neurosphere formation. As a control, the same number of cells was also
incubated with E � F medium alone. Twenty-four hours after incuba-
tion, single-cell suspensions were labeled by a direct immunofluores-
cence method as outlined below. At least three experiments were
performed.

Isolation of MHCI-positive and -negative cells by fluorescence-activated
cell sorting. MHCI-positive cells were labeled with a fluorescein isothio-
cyanate (FITC)-conjugated mouse anti-mouse H-2K b monoclonal anti-
body, which exclusively recognizes the H-2K b MHCI alloantigen (clone
AF6-88.5; BD Biosciences), at a concentration of 1 �g/ml for 60 min at
RT. After the incubation, the single-cell suspensions were washed with 5
ml of PBS. Propidium iodide was added to the final wash to label dead
cells. The cells were then resuspended in E � F medium and sorted on a
FACSVantage cell sorter (BD FACSVantage SE Diva option). Gates were
selected to exclude cell debris, clumps, and dead cells. The parameters for
separating FITC–H-2K b-positive (MHCI-positive) from FITC–H-2K b-
negative (MHCI-negative) populations were then determined by com-
paring the fluorescence profiles of cells incubated in the presence of 10
ng/ml IFN� with those of non-IFN�-treated cells. When isolation of
MHCI-positive cells from the eGFP– cfms transgenic mice brain was
required, a fluorescein R–phycoerytherin (PE)-conjugated mouse anti-
mouse H-2K b monoclonal antibody (clone AF6-88.5; BD Biosciences) at
a concentration of 1 �g/ml was used. Two negative controls were in-
cluded. One control was cells incubated in parallel with experimental
samples but without FITC–H-2K b staining, and the other was cells
stained with mouse isotype IgG2� (1 �g/ml; Millipore Bioscience Re-
search Reagents). Because MHCI-positive cells were mainly found in the
samples treated with IFN� and not in those treated with E � F medium
alone, the positive and negative populations at the different ages were
only sorted from the sample treated with IFN�, and plated into 96-well
plates containing 200 �l of E � F medium. To estimate the actual num-
ber of cells per well, cells in three representative wells per population were
counted 4 h after plating. The resultant neurospheres were counted after
incubation for 7 d.

Isolation of eGFP-negative cells from SVZ of eGFP– cfms transgenic mice
by fluorescence-activated cell sorting. The SVZ of eGFP– cfms mice was
dissected and triturated into a single-cell suspension as described above.
Cells were divided into two fractions: one remained unsorted, whereas
the remaining cells were divided into eGFP-positive and eGFP-negative
populations by fluorescence-activated cell sorting (FACS) after exclud-
ing cell debris and clumps. The sorted eGFP-negative cells and unsorted
cells were cultured in E � F medium, with or without 50 ng/ml IFN�. The
cells were then plated at 2000 cells/200 �l per well in 96-well plates. The

resultant primary neurospheres were counted 7 d after plating, with the
experiments being performed three times.

Bromodeoxyuridine injection. To assess cell proliferation in the SVZ of
the IFN��/� and IFN��/� brains, mice of each genotype (n � 3) were
given a single intraperitoneal injection of 100 mg/kg bromodeoxyuridine
(BrdU) (Sigma) and perfused 1 h after injection. To assess neurogenesis
in the olfactory bulb, five injections spaced every 2 h were administered
to mice of each genotype (n � 4) 4 weeks before they were killed. For
assessment of migration of proliferating cells along the rostral migratory
stream into the olfactory bulb, two injections of BrdU 4 h apart were
given 3 d before the animals (n � 3 per genotype) were killed.

Tissue processing and immunohistochemistry. Animals were perfused
transcardially with PBS, followed by cold 4% PFA in PBS. The brains
were then removed and postfixed overnight by immersion in 4% PFA in
PBS at 4°C. After postfixation, the brains were cryoprotected by incuba-
tion overnight in 30% w/v sucrose in PBS until they sank. They were
subsequently embedded in OCT compound (Tissue-Tek; Sakura Fine-
technical) and frozen in an ethanol bath on dry ice. Coronal or sagittal
sections (40 �m) were then cut using a microtome.

For coronal SVZ, sections were processed for BrdU immunohisto-
chemistry. Coronal olfactory bulb sections were processed for BrdU and
neuronal-specific nuclear protein (NeuN) double immunohistochemis-
try. The sections were pretreated with 0.2% Triton X-100 in PBS for 2 h
at RT, followed by DNA denaturation with 2N HCl for 30 min at 37°C.
The sections were then washed in PBS and incubated in blocking solution
containing 10% normal goat serum (NGS) and 1% bovine serum albumin
(Invitrogen) in PBS for 60 min at RT, followed by incubation overnight at
4°C with biotin-labeled BrdU (1:100; Invitrogen) or biotin-labeled BrdU
and mouse anti-NeuN (1:100; Millipore Corporation) in PBS containing 1%
NGS, 1% BSA, and 0.2% Triton X-100. The sections were next rinsed in PBS
three times for 10 min and subsequently incubated for 1 h at RT with sec-
ondary antibody, either streptavidin, cyanine 3 (Cy3) conjugate (1:500; GE
Healthcare) or streptavidin, Cy3 conjugate (1:500; GE Healthcare) and Alexa
Fluor 488-conjugated goat anti-mouse IgG (1:500; Invitrogen) and 4�-6-
diamidino-2-phenylindole (DAPI) (1:1000; Sigma-Aldrich) diluted in
blocking solution. After a final rinse with PBS, the slides were coverslipped
with mounting medium (Dako) and examined using a Carl Zeiss fluores-
cence microscope.

To quantitatively analyze the number of BrdU-positive cells in the
SVZ, sections were viewed at 400� magnification on a fluorescence mi-
croscope (Carl Zeiss). Images were captured using a digital camera linked
to a computer running Axioscope version 4.6 (Carl Zeiss). BrdU-positive
SVZ cells were counted in sections taken at four evenly spaced rostrocau-
dal intervals at 0.26, 0.50, 0.74, and 0.98 mm relative to bregma. For
quantitation of the migration, BrdU-positive cells were counted in olfac-
tory bulb sections taken at six evenly spaced intervals per genotype. To
determine the percentage of newborn neurons in IFN��/� and IFN��/�

olfactory bulbs, �500 BrdU-positive cells were randomly chosen from
the granular cell layer (GCL) of eight olfactory bulbs per genotype. These
cells were then scored positive or negative for NeuN, and data were
expressed as the percentage of NeuN-positive cells in the total number of
BrdU-positive cells.

Colabeling for polysialic acid-neural cell adhesion molecule, GFAP, and
DAPI along the SVZ–rostral migratory stream– olfactory bulb axis. Sagittal
brain sections (40 �m thickness) were blocked with PBS containing 10%
NGS and 0.2% Triton X-100 for 2 h and then incubated overnight at 4°C
with mouse monoclonal anti-polysialic acid-neural cell adhesion mole-
cule antibody (1:300; Millipore Corporation) and rabbit polyclonal anti-
GFAP antibody (1:1000; Dako). After washing with PBS, the sections
were incubated with Alexa Fluor 488-conjugated goat anti-mouse IgM
(1:500; Invitrogen) and Alexa Fluor 568-conjugated goat anti-rabbit IgG
(1:500; Invitrogen) and DAPI (1:1000) for 2 h at RT. Sagittal sections
0.875 mm lateral to bregma were chosen for image processing.

Cresyl violet histochemistry for Nissl substance. Frozen coronal sections
(10 �m) of the olfactory bulb from IFN��/� and IFN��/� mice were
prepared using a cryostat. Nissl substance was revealed by cresyl violet
staining. IFN��/� and IFN��/� tissue sections were processed simulta-
neously to ensure equivalent staining intensity. OCT was first removed
by rinsing the slides under running tap water. The sections were then
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stained with cresyl violet acetate (0.05% adjusted to pH 4.3 with glacial
acetic acid; ICN Biochemicals) for 8 min, followed by rinsing with tap
water for 1 min. The sections were then placed in 95% ethanol for 1 min,
followed by two 1-min washes in 100% ethanol. The sections were finally
incubated in xylene for 10 min and then mounted using mounting me-
dium (Dako). The cells in the olfactory bulb sections were counted at the
median level of the olfactory bulb (4.24 mm relative to bregma) from
both IFN��/� and IFN��/� mice (n � 3 in both cases). Cell counts were
performed using Axioautomeasure software within Axioscope version 4
(Carl Zeiss). Approximately 100 glomeruli were chosen from mice of
each genotype, and the total number of periglomerular layer cells per
glomerulus counted.

Measurement of weight and size of olfactory bulb. The olfactory bulbs of
IFN��/� and IFN��/� mice were dissected and then weighed and mea-
sured separately. Comparisons of olfactory bulb weights and sizes were
made between genotypes using the Student’s t test.

Data analysis. Data analysis was performed using Prism software (ver-
sion 4.0c; GraphPad Software). Results were expressed as mean � SE
unless otherwise stated. Statistical significance was determined using
one-way ANOVA or Student’s t tests as appropriate. The level of signif-
icance was set at p � 0.05.

Results
IFN� and IFN� receptor mRNAs are expressed in neurogenic
areas of the brain
To determine whether IFN� and its receptor are normally ex-
pressed in the neurogenic areas of the brain during development
and adulthood, we first determined the mRNA levels of IFN� and
its receptor in E12 brain and in the SVZ of P2 and adult animals
using Q-PCR. IFN� mRNA was not detectable in the E12 brain
but was expressed at significant levels in the SVZ at P2 and at
slightly lower levels in the adult SVZ (Fig. 1A). IFN� receptor
mRNA was detected at significant levels at all stages examined
(Fig. 1B).

IFN� inhibits P2 and adult NP activity in vitro
Given that both IFN� and its receptor are expressed in the P2 and
adult SVZ, we investigated whether exogenous IFN� could regu-
late the formation of primary neurospheres from freshly isolated
cells grown in the presence of EGF and FGF. Our results revealed
that IFN� treatment of P2 SVZ cells decreased neurosphere for-
mation at all doses examined, with a reduction ranging from 50%
at 1 ng/ml to 70% at 100 ng/ml (Fig. 2A). In addition, treatment
of cells isolated from the SVZ of adult animals with 1 ng/ml IFN�
caused a significant inhibition in neurosphere formation (Fig.
2A). At 50 ng/ml IFN�, there was an �50% decrease in neuro-
sphere frequency (Fig. 2A), an effect that reached a plateau at 100
ng/ml. We also found that IFN� treatment resulted in a signifi-
cant decrease in the size of neurospheres formed by the adult SVZ
cells (Fig. 2B). These results suggested that IFN� affects the pro-

liferation rate of the precursor progeny, as well as the frequency of
neurosphere formation.

To determine whether the reduction in neurosphere forma-
tion observed in response to IFN� was attributable to a reduction
in proliferation rather than an increase in cell death, we used
Bax�/� mice, which have been reported to lack programmed cell
death (Sun et al., 2004). When neurosphere formation from
Bax�/� and wild-type control SVZ cells cultured with or without
50 ng/ml IFN� were compared, we observed a similar reduction
in primary neurosphere formation with IFN� treatment in both
cases (Fig. 2C). Moreover, we also found that the total number of
cells in the SVZ was equally decreased after IFN� treatment in the
Bax�/� and wild-type mice (Fig. 2D), suggesting that the reduc-
tion of precursor activity by IFN� was not influenced by Bax
deletion and was not attributable to precursor cell death.

IFN� acts directly on a precursor population
To test whether IFN� acts directly on a precursor population, we
plated SVZ cells at limiting dilutions. The limiting dilution anal-
ysis revealed that the reduction in neurosphere numbers was con-
sistent at all cell densities tested from both the control group and
the IFN�-treated group (Fig. 2E) (control, r � 0.97; IFN�, r �
0.94), indicating that the inhibitory effect of IFN� was probably
not attributable to paracrine factors released in response to IFN�
treatment. To directly test this, we examined the effects of IFN�
on the NPs at a single-cell level. Adult SVZ cells were plated at
clonal density (one cell per well, which was confirmed by micro-
scopic observation, as described in Materials and Methods) and
cultured with or without 50 ng/ml IFN�. Under these conditions,
we found a 63% reduction in the frequency of primary neuro-
sphere formation after IFN� treatment (Fig. 2F). To test whether
this effect was also exerted on the precursors generated in neuro-
spheres, we dissociated primary neurospheres and cultured the
resultant cells at clonal density. In this case, IFN� induced an
even stronger inhibitory effect, with 94% reduction in secondary
neurosphere formation (Fig. 2F). These results indicate that
IFN� acts directly on primary and passaged adult precursors at
the single-cell level.

Because it has been shown previously that IFN� treatment can
induce MHCI expression on NPs in the developing brain (Bailey
et al., 1994; Yin et al., 2008), we predicted that the direct action of
IFN� on NPs should result in the majority of the precursors
expressing MHCI. To determine what proportion of NPs express
MHCI at different developmental stages, cells from E12 brain and
adult SVZ were treated with or without 10 ng/ml IFN� for 24 h,
this short-term treatment being insufficient to significantly affect
the number of neurospheres generated in the presence of IFN�
(data not shown). The MHCI-positive cells were then labeled
using FITC-conjugated H-2K b antibody and sorted into MHCI-
positive or MHCI-negative fractions based on their fluorescence
intensity. In the absence of IFN�, H-2k b-positive cells were rarely
detected (Fig. 3A,C); after IFN� treatment, however, a signifi-
cant proportion of cells expressed H-2k b, the percentage becom-
ing smaller with age (Fig. 3B,D).

After sorting, the neurosphere-forming cells were found to be
predominantly in the MHCI-positive population at both ages
examined (Fig. 3E). The MHCI-positive precursors represented
98% of the total neurosphere-forming units at E12 and 68% in
the adult. These findings further support the notion that the NPs
are directly activated by IFN�.

Figure 1. Quantitative PCR detection of IFN� mRNA (A) and its receptor mRNA (B) in E12
brain and P2 and adult SVZ. Relative expression was standardized to 18S mRNA amplification for
each sample. IFN� expression is expressed as fold difference relative to adult sample. IFN�
receptor expression is expressed as fold difference relative to E12 sample.

Li et al. • IFN� Regulates Neural Precursor Activity J. Neurosci., July 7, 2010 • 30(27):9038 –9050 • 9041



Microglia modulate the inhibitory
effect of IFN� on adult NPs
Given that it has been shown previously
that microglia are also activated by IFN�
(Streit et al., 1999), leading to the release
of factors such as cytokines, which poten-
tially exert an effect on NP activity (Na-
kanishi et al., 2007), we next investigated
the effect of microglia on the proliferation
of NPs in the presence or absence of IFN�.
To confirm that IFN� can activate micro-
glia in the adult SVZ, we first assessed
MHCI expression on these microglia us-
ing eGFP– cfms mice, in which the micro-
glia have been shown previously to be
labeled with eGFP (Sasmono et al., 2003).
The results revealed that 84% of cells
expressing a high level of eGFP were
MHCI positive (Fig. 4 A) 24 h after IFN�
treatment, whereas in the control, this
value was only 23%. To determine
whether microglia influence the effect of
IFN� on NPs, we then removed the
eGFP-positive cells from the SVZ popu-
lation by cell sorting and assessed the
neurosphere formation of the remain-
ing eGFP-negative cell population com-
pared with that of unsorted cells.
Culturing the eGFP-negative cells in E �
F medium containing IFN� resulted in a
much greater decrease in neurosphere
formation compared with that observed
in unsorted cells (89 vs 54%) (Fig. 4B).
This result indicates that microglia may
protect at least a subpopulation of adult
neurosphere-forming cells from the in-
hibitory effects of IFN� and suggests that
almost all NPs are regulated by IFN�.

Endogenous IFN� expression regulates
the number of neurosphere-forming
cells found in the P2 and adult SVZ
To examine whether endogenous IFN� has
a similar effect on postnatal and adult NP
activity in vivo to that observed in vitro in the
presence of exogenous IFN�, we compared
the frequency of neurospheres formed from
IFN��/� and IFN��/� mice. This revealed
that the number of neurospheres formed
from P2 IFN��/� SVZ cells was threefold
higher than that from IFN��/� cells when
cultured in E � F alone (Fig. 5A). The
IFN��/� neurospheres were also significantly larger than the
IFN��/� neurospheres (IFN��/�, 143 � 4 �m in diameter, n � 74
neurospheres; IFN��/�,112�4�m,n�78neurospheres;p�0.001).
Similarly, we found that SVZ cells from adult IFN��/� mice exhibited a
more than twofold increase in neurosphere frequency compared with
those from adult IFN��/� mice when cultured in E�F alone (Fig. 5B).
The IFN��/� neurospheres were also significantly larger than the
IFN��/� neurospheres (IFN��/�, 173 � 4 �m, n � 66 neurospheres;
IFN��/�, 140 � 3 �m, n � 64 neurospheres; p � 0.001).

As expected, both IFN��/� and IFN��/� cells from P2 and adult
mice were sensitive to exogenous IFN�. When grown in the presence

of exogenous IFN�, the number of IFN��/� and IFN��/� neu-
rospheres decreased by 5.6-fold and 4.7-fold, respectively (Fig.
5A,B), and the neurospheres were significantly smaller (P2:
IFN��/�, 143 � 4 �m, n � 74 neurospheres vs 83 � 2 �m, n �
91 neurospheres; IFN��/�, 112 � 4 �m, n � 78 neurospheres vs
78 � 2 �m, n � 20 neurospheres; p � 0.001 in both cases; adult:
IFN��/�, 173 � 4 �m, n � 66 neurospheres vs 119 � 3 �m, n �
55 neurospheres; IFN��/�, 140 � 3 �m, n � 64 neurospheres vs
105 � 3 �m, n � 68 neurospheres; p � 0.001 in both cases).
Overall, these results are consistent with endogenous IFN� in the
SVZ exerting an inhibitory effect in situ.

Figure 2. Effects of IFN� on the activity of P2 and adult NPs. A, Inhibitory effects of IFN� on P2 and adult SVZ cells at
different doses. B, Size distribution of primary neurospheres formed from adult SVZ cells. IFN�-treated SVZ cells generated
smaller primary neurospheres than those cultured without IFN�. C, A similar decrease in neurosphere formation was
observed after IFN�-treatment of Bax knock-out (BaxKO) and wild-type (WT) mice. D, Cell viability in the SVZ from Bax
knock-out mice was similar to that from wild-type mice. E, Limiting dilution assay of adult primary SVZ cells treated with
or without 50 ng/ml IFN�. Cells were plated at densities ranging from 1 to 640 cells per well. The reduction in neurosphere
numbers was consistent at all cell densities tested from both the control group and the IFN�-treated group. F, Inhibitory
effects of IFN� on primary and secondary neurosphere formation using a clonal assay. IFN� treatment induced 63 and 94%
reduction in neurosphere formation from the primary adult SVZ cells and neurosphere-forming cells compared with the
control, respectively. Data were normalized to percentage of control. sc, SVZ cells; nsfc, neurosphere-forming cells. *p �
0.05, ***p � 0.001.
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Adult IFN��/� mice have increased self-renewal of precursor
cells in the SVZ
One of the key criteria for defining stem cells is their ability to
self-renew over an extended period of time. We first investigated
the effects of endogenous IFN� on the self-renewal ability of
precursors from the adult IFN��/� and IFN��/� SVZ by deter-
mining the capacity of primary neurospheres to produce second-

ary neurospheres. We found a more than
twofold increase in the frequency of sec-
ondary neurospheres derived from cells
isolated from IFN��/� primary neuro-
spheres compared with cells isolated
from IFN��/� neurospheres (Fig. 5C).
Although the frequency of secondary
neurospheres gives some indication of
the increased self-renewal of cells isolated
from the IFN��/� mice, it is only long-
term passaging that addresses the ques-
tion of extensive self-renewal capacity. In
this respect, we found that the number of
IFN��/� neurospheres increased expo-
nentially with passaging, supporting the
idea that the increased frequency ob-
served at the secondary passage was sus-
tained over this period. In contrast, the
number of their IFN��/� counterparts
began to plateau after two passages (Fig.
5D). Strikingly, in the presence of 50
ng/ml IFN�, both IFN��/� and IFN��/�

neurospheres could only be passaged one
or two times (Fig. 5D), and the number of
secondary neurospheres formed by both
IFN��/� and IFN��/� cells was reduced
by 	90% (Fig. 5C), far greater than the
decrease observed for primary neuro-
spheres (Fig. 5B), again indicating the
ability of IFN� to actively inhibit NP
activity.

In addition to increased self-renewal
capacity, the size of the IFN��/� neuro-
spheres was much larger than that of the
IFN��/� neurospheres at each passage.
For example, at passage 6, the average of
diameter was 160 � 12 �m for IFN��/�

neurospheres (n � 80 neurospheres) (Fig.
5E) and 89 � 2 �m for IFN��/� neuro-
spheres (n � 85 neurospheres; p �
0.0001) (Fig. 5F).

Adult IFN��/� mice have increased
numbers of proliferating cells in the
SVZ
Having shown that IFN� negatively regu-
lates the number of precursors in the adult
SVZ, we next examined whether this was
reflected by an increased number of mi-
totically active cells in the IFN��/� mice.
Both IFN��/� and IFN��/� mice were
given one intraperitoneal injection of
BrdU 1 h before they were killed, and the
resultant labeling was analyzed. The re-
sults revealed a significantly increased
number of BrdU-positive cells along the

lateral wall of the lateral ventricles at all levels of the IFN��/� SVZ
analyzed (Fig. 6A,B,E) compared with the number observed in
the IFN��/� SVZ (Fig. 6C–E). We also tested intraventricular
infusion of IFN� but found that inflammatory infiltrates into the
parenchyma were evident on the infused side of the IFN�-treated
mice compared with controls (data not shown). Unfortunately,
this infiltration, which was primarily located in the area adjacent

Figure 3. Flow cytometric analysis of MHCI expression on cells from E12 brain and adult SVZ incubated in the absence (A, C) or
presence (B, D) of 10 ng/ml IFN� for 24 h. The cells were immunostained with an FITC-conjugated mouse anti-mouse H-2K b

monoclonal antibody. The horizontal axis is forward light scatter (FSC), which is proportional to cell size. The vertical axis is in
arbitrary units of immunoreactive fluorescence. Cells were separated into two populations (MHCI-positive and MHCI-negative) on
the basis of H-2K b–FITC immunoreactivity, and gates were selected to exclude cell debris, clumps of cells, and dead cells. Thirty
thousand events were selected in each set of experiments. MHCI expression was rarely detected on cells from E12 brain (A) or adult
SVZ (C) in the absence of IFN�. There was significant upregulation of MHCI expression on cells from E12 brain (B) and adult SVZ (D)
after treatment with IFN�. E, Precursor activity of MHCI-positive and MHCI-negative cells at E12 and in the adult. The frequency of
neurosphere formation was significantly greater from MHCI-positive cells than from MHCI-negative cells at all ages. ***p �0.001.
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to the SVZ and the striatum, made it im-
possible to determine the direct effect of
IFN� on the precursors.

IFN� regulates differentiation
To determine whether IFN� influences
the differentiation potential of NPs, pri-
mary neurospheres derived from the SVZ
of IFN��/� and IFN��/� mice were as-
sayed in vitro for their capacity to form
neurons, astrocytes, and oligodendrocytes.
For comparative analysis of differentiation
potential, undissociated primary neuro-
spheres of equal diameter were selected
from IFN��/�, IFN��/�, and IFN�-treated
SVZ cultures. Although all neurospheres
contained cells expressing the neuronal
marker �III-tubulin, the percentage of �III-
tubulin-positive neurons in the IFN��/�

neurospheres (Fig. 7A,J,M) was much
lower than that in IFN��/� neurospheres
(Fig. 7B,K,M). Consistent with this finding, we found that treat-
ment with 50 ng/ml IFN� (Fig. 7C,L,N) significantly reduced neu-
ronal production compared with that in untreated cultures (Fig.
7A,J,M).

In addition to IFN� regulating neuronal number, we found a
significant decrease in the number of O4-positive oligodendro-
cytes in the IFN��/� neurospheres (Fig. 7D, J,M) compared with
the IFN��/� neurospheres (Fig. 7E,K,M), and IFN� treatment
significantly reduced the number of O4-positive cells in dif-
ferentiated neurospheres (Fig. 7 F, L,N ). The percentage of
IFN��/� neurospheres containing O4-positive cells was also
significantly lower than that of IFN��/� neurospheres
(IFN��/�, 42%, n � 69 neurospheres; IFN��/�, 94%, n � 57
neurospheres; p � 0.001). Moreover, almost no neurospheres
(�1%) treated with IFN� contained O4-positive cells com-
pared with 19% of size-matched control neurospheres. Over-
all, these results revealed that differentiation of neurons and
oligodendrocytes was markedly increased from the SVZ cells
lacking endogenous IFN�.

Quantitative analysis of cells expressing the astrocytic cell
marker GFAP revealed a corresponding significant increase in the
percentage of GFAP-positive cells in the IFN��/� neurospheres
(Fig. 7G, J,M) compared with the IFN��/� neurospheres (Fig.
7H,K,M). Similarly, the percentage of GFAP-positive cells in
IFN�-treated neurospheres (Fig. 7 I,L,N) was significantly
greater than that in nontreated neurospheres (Fig. 7G, J,M), in-
dicating that, in the absence of endogenous IFN�, differentiation
toward an astrocytic fate was reduced.

Increased proportion of newborn neurons in the adult
IFN��/� olfactory bulb
It is known that the proliferating cells in the SVZ migrate via the
rostral migratory stream to the olfactory bulb in which they dif-
ferentiate to provide new cells, mainly in the granular and peri-
glomerular layers. To investigate whether IFN��/� mice have
alterations in the fate of newborn cells in the olfactory bulb, we
gave adult IFN��/� and wild-type mice five pulses of BrdU and
examined the number of newborn neurons 4 weeks after the
injection. This analysis revealed that most of the BrdU-positive
cells were scattered throughout the GCL in both genotypes and
that the majority of newborn cells in the GCL were NeuN-
positive neurons. Furthermore, the proportion of NeuN-positive

neurons in the BrdU-positive cell population in the GCL was
significantly higher in the IFN��/� olfactory bulb than in the
IFN��/� olfactory bulb (IFN��/�, 66 � 3.2%, n � 499 cells;
IFN��/�, 87 � 2.4%, n � 760 cells; p � 0.001), similar to the
result observed in the differentiated IFN��/� neurospheres.
Moreover, the total number of cells from the dissociated adult
IFN��/� olfactory bulb was twofold greater than that from wild-
type counterparts (IFN��/�, 9.4 � 1.1 � 10 4 cells vs IFN��/�,
18.9 � 1.7 � 10 4 cells; n � 8 olfactory bulbs in both cases; p �
0.001), and the total number of GCL cells was also much greater
than that in wild-type controls when counts were performed on
sections from the median level of the IFN��/�and IFN��/� ol-
factory bulbs (IFN��/�, 26,300 � 885 cells/olfactory bulb vs
IFN��/�, 17,700 � 428 cells/olfactory bulb; n � 3 olfactory bulbs
in both cases; p � 0.01). No significant difference was found in
the total number of periglomerular layer cells per glomerulus
between mutant and wild-type olfactory bulbs (IFN��/�, 48 � 5
cells, n � 111 glomeruli; IFN��/�, 44 � 1 cells, n � 99 glomeruli;
NS). These results suggest that the increase in cells in the IFN��/�

olfactory bulb mainly derives from the GCL layer. Surprisingly,
we did not find a significant increase in either the size (IFN��/�,
4.0 � 0.01 mm, n � 13 olfactory bulbs; IFN��/�, 3.9 � 0.02 mm,
n � 12 olfactory bulbs; NS) or the weight (IFN��/�, 10.5 � 0.3
mg vs IFN��/�, 10.9 � 0.3 mg; n � 8 olfactory bulbs in both
cases; NS) of the olfactory bulb. Furthermore, no significant dif-
ference was found in the number of neurospheres cultured from
mutant and wild-type olfactory bulbs (IFN��/�, 180 � 82 neu-
rospheres, n � 7 olfactory bulbs; IFN��/�, 328 � 47 neuro-
spheres; n � 8 olfactory bulbs; NS).

Finally, we saw no differences in either cytoarchitecture or the
neuroblast– glial arrangement of the rostral migratory stream be-
tween wild-type and mutant mice (data not shown). Moreover,
3 d after BrdU injections, there were no significant changes in the
number of BrdU-positive cells between wild-type and mutant
mice (IFN��/�, 114 � 19 cells per section vs IFN��/�, 110 �
10.4 cells per section; n � 3 olfactory bulbs in both cases). These
results indicate that IFN� deficiency does not affect the tangential
migration of proliferating cells.

IFN� stimulates NP activity at E12
Given that IFN� actively regulates precursor activity in postnatal
and adult brains, we next examined whether exogenous IFN� also

Figure 4. A, Flow cytometric analysis of the proportion of MHCI-positive cells in the eGFP-positive SVZ cell population
from adult eGFP– cfms mice. The vertical axis is in arbitrary units of MHCI–PE fluorescence. eGFP-positive cells were
separated into two populations (MHCI-positive and MHCI-negative) on the basis of MHCI–PE fluorescence. Approximately
84% of cells expressing high levels of eGFP were MHCI positive. B, IFN� induced a greater reduction in neurosphere
formation after removal of eGFP-positive microglia compared with that observed in the presence of microglia.
***p � 0.001.
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had an effect on E12 precursors. Although IFN� was undetectable in
E12 brains, IFN� receptor mRNA was expressed. When we treated
cells freshly isolated from E12 brains with or without IFN�, we found
that, in contrast to the inhibitory effect of IFN�at P2 and in the adult,
treatment of E12 neural cells with even 1 ng/ml IFN� induced a
significant increase in neurosphere formation compared with con-
trol cultures grown in E � F medium alone, and 50 ng/ml IFN�
induced a greater than twofold increase in the frequency of neuro-
spheres (Fig. 8A). However, no significant difference was found in
the size distribution of primary neurospheres generated from E12
cells treated with or without IFN� (data not shown). Moreover, the
lack of expression of IFN� at E12 suggests no effect of endogenous
IFN� on NP activity. We also examined the frequency of neuro-

sphere formation of cells isolated from
IFN��/� embryos and found no significant
difference in the frequency of primary neu-
rosphere formation between cells isolated
from IFN��/� and IFN��/� mice
(IFN��/�, 118 � 15% of IFN��/� control).

Given our finding that exogenous
IFN� treatment induced an increase in
neurosphere number from the embryonic
brain, we investigated a possible mecha-
nism to explain this result. Previously, it
has been shown that IFN� triggers ectopic
expression of the Shh gene in cerebral
granular cells during development (Wang
et al., 2004) and that Shh signaling is re-
quired for the maintenance of neural stem
cells during late development and in the
adult CNS (Wallace, 1999; Wechsler-Reya
and Scott, 1999; Lai et al., 2003; Palma et
al., 2005; Han et al., 2008). We therefore
investigated whether the IFN�-induced
increase in neurosphere formation at E12
was mediated by Shh using a selective inhib-
itor, cyclopamine (Cooper et al., 1998).
Treatment of E12 cells with 5 �M cyclopam-
ine resulted in a significant decrease in neu-
rosphere frequency, even in the absence of
IFN� (Fig. 8B), suggesting that the E12 NPs
require endogenous Shh signaling for their
normal proliferation in E � F medium.
Treating cells with Shh in the absence of
IFN� produced an increase in the frequency
of primary neurospheres similar to that seen
with IFN� (Fig. 8B). However, combining
IFN� and Shh produced no additional in-
crease in neurosphere number, suggesting
that they act on the same population of
NPs. More importantly, cyclopamine had
a profound effect on the frequency of
IFN�-stimulated neurospheres, causing a
decrease back to control levels (Fig. 8B).
Thus, these results suggest that IFN� re-
quires Shh for its stimulatory effect on E12
precursors.

Discussion
The major finding of this study is that
IFN� acts as a potent negative regulator
of NP activity in the non-inflammatory
adult SVZ, with exogenous IFN�
strongly inhibiting neurosphere forma-

tion. More importantly, in the absence of endogenous IFN�,
the number and average size of the SVZ-derived neurospheres
increases. We also provide evidence that endogenous IFN�
directly regulates at least a subpopulation of stem cells, with
IFN� deficiency resulting in more secondary neurospheres
with greater self-renewal and multipotentiality. These in vitro results
were confirmed by the in vivo observation that IFN� deficiency leads
to a rise in the number of mitotic BrdU-positive cells in the SVZ and
an increased percentage of newly born neurons in the olfactory bulb.
Furthermore, NPs isolated from IFN��/� mice exhibit an increased
self-renewal ability and produce more differentiated neurons and
oligodendrocytes.

Figure 5. IFN� deletion influences the growth capacity of NPs from P2 and adult SVZ cells. At P2 and in the adult, the number
of primary IFN��/� neurospheres was significantly greater than the number of IFN��/� neurospheres. In the presence
of exogenous IFN�, the number of primary IFN��/� and IFN��/� neurospheres dramatically decreased at P2 (A) and in
the adult (B). n � 5 animals in both cases. C, Secondary neurosphere formation revealed that cells dissociated from primary
adult IFN��/� neurospheres had greater proliferative capacity than those from IFN��/� neurospheres. D, Long-term
passaging of adult IFN��/� and IFN��/� neurospheres revealed that adult IFN��/� NPs have a higher self-renewal
capacity than IFN��/� NPs in the presence of E � F alone. Neither adult IFN��/� nor IFN��/� NPs could be continu-
ously passaged in the presence of 50 ng/ml IFN�. Representative images showing that adult IFN��/� NPs (E) generated
larger neurospheres than IFN��/� precursors (F ) at passage 6 in the presence of E � F. Scale bar (in F ): E, F, 100 �m.
***p � 0.001.
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The above findings provide the first evidence that endogenous
IFN� exerts a regulatory effect in the stem cell niche in vivo and
that this effect is a direct one, because the same results were
obtained at the single-cell level. Furthermore, nearly all the neu-
rospheres were derived from cells positive for MHCI, a down-
stream marker of IFN�-mediated activation. Although T cells are
the main source of IFN� throughout the body, these cells are
relatively restricted from entering the healthy brain. However, it
has been shown that low IFN� levels can be produced by non-
immune or non-inflammatory cells, such as astrocytes, fibro-
blasts, and cerebrovascular endothelial cells (Rady et al., 1995; De
Simone et al., 1998; Wei et al., 2000), which comprise the resident
cells of the SVZ. Our PCR analysis (data not shown) reveals that
IFN� is present in both primary SVZ tissue and untreated neu-
rosphere cultures. Therefore, in the normal brain, these SVZ-
derived non-inflammatory cells could provide a source of IFN�
by acting directly on NPs. This also explains why IFN��/� pre-
cursors continue to proliferate better than their wild-type coun-
terparts over serial passages. The question that then arises is how
IFN� negatively regulates NP proliferation. One possibility is that
IFN� induces cell-cycle arrest, an action that has been demon-
strated previously in carcinoma cells (Burke et al., 1997; Shyu et
al., 2000; Vivo et al., 2001; Baka et al., 2009) and mammalian
epithelial cells (Harvat and Jetten, 1996). The anti-proliferative
action in these cells is mainly regulated via activation of signal
transducer and activator of transcription 1 (STAT1) and down-
regulation of cyclin A and cyclin E expression (Kortylewski et al.,
2004). A similar inhibitory mechanism may also exist for NPs,
with a recent study reporting that IFN�-induced NP growth ar-
rest occurs in the G1 phase of the cell cycle, being mediated via the
STAT1-dependent signaling pathway (Lum et al., 2009). IFN�-
mediated inhibition of cell-cycle progression could also occur via
upregulation of the cyclin-dependent kinase inhibitor p27 (Lum
et al., 2009), a possibility supported by the finding that overex-
pression of p27 reduces the proliferation and self-renewal of SVZ
cells (Li et al., 2009). However, because it has also been reported
that IFN� may partially regulate cell-cycle arrest via a STAT1-
independent IFN�-signaling pathway (Gough et al., 2008), such
as acting through pRb or c-Myc in macrophages (Ramana et al.,
2002) or CrKL in hematopoietic progenitors (Platanias et al.,
1999), this remains a possibility.

The present study also provides evidence that IFN� plays an
important role in regulating the differentiation of NPs in the
adult SVZ. Our results reveal that IFN� deficiency leads to in-
creased neuronal production in vitro, with IFN� treatment of
wild-type cells producing the opposite effect. In contrast, IFN�
has been reported previously to promote neuronal differentia-
tion of NPs (Wong et al., 2004; Kim et al., 2007; Leipzig et al.,
2010), possibly as a result of different assay conditions (e.g.,
Wong et al. exposed dissociated neurosphere cells to IFN�
throughout differentiation, whereas in our paradigm, the treated
NPs differentiated in IFN�-free medium). Importantly, our in
vitro findings were strongly supported by the observation that
IFN� deficiency results in an increased number of newborn neu-
rons in the olfactory bulb, providing the first evidence that en-
dogenous IFN� controls neuronal production. Our results also
reveal that IFN� deficiency leads to more proliferative BrdU-
positive cells in the SVZ, which are reported to correspond to
neuroblasts and transit-amplifying cells (Doetsch et al., 1997),
which then migrate via the rostral migratory stream to the olfac-
tory bulb. It is therefore reasonable to speculate that the increase
in newborn neurons observed in the mutant olfactory bulb is
caused by an increase in the number of neuroblasts generated in

Figure 6. Increased number of BrdU-positive cells in the SVZ of the lateral wall of the lateral
ventricle of IFN��/� and IFN��/� mice 1 h after a single BrdU injection. A, A representative low-
power image of BrdU-positive cells in the SVZ of the IFN��/� brain. B, Higher-power image of the
boxed region in A. C, A representative low-power image of BrdU-positive cells in the SVZ of the
IFN��/� brain. D, Higher-power image of the boxed region in C. An increase in BrdU-positive cells
was found in the lateral wall of the lateral ventricle in the IFN��/� mice. E, Quantification of BrdU-
positive cells in the SVZ from both IFN��/� and IFN��/� animals. BrdU-positive SVZ cells were
counted in sections taken at four evenly spaced rostrocaudal intervals at 0.26, 0.50, 0.74, and 0.98 mm
relative to bregma. The data were expressed as an absolute number of BrdU-positive cells per level.
TheresultsrevealedasignificantincreaseinthenumberofBrdU-positivecells inthemutantmicefrom
the four selected frontal brain sections. LV, Lateral ventricle. **p�0.01, ***p�0.001. Scale bars: A,
C, 200 �m; B, D, 200 �m.
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the SVZ. This increase is unlikely to be
attributable to a change in neuroblast mi-
gration, because we saw no evidence of
any such effect and the neuroblast– glial
arrangement was similar in the rostral mi-
gratory stream of mutant and wild-type
mice. We also exclude the possibility of an
increase in local NPs in the olfactory bulb
contributing to the neuronal increase,
given that our results revealed a similar
number of neurospheres in the olfactory
bulbs of IFN��/� and wild-type mice. The
production of olfactory interneurons
continues postnatally as migratory neuro-
blasts differentiate into granule cells and
periglomerular interneurons (Luskin,
1993). Additional histological examina-
tion of the IFN��/� olfactory bulb re-
vealed an increased number of cells in the
granule cell layer, whereas the periglo-
merular layer remained unaffected. Be-
cause it has been shown that neurogenesis
correlates with olfactory ability (Magavi et
al., 2005; Mouret et al., 2009), it is possible
that IFN� plays some role in this sensory
process.

As well as negatively regulating neural
production, our findings demonstrate
that endogenous IFN� also negatively in-
fluences NP commitment to the oligo-
dendrocytic lineage, consistent with the
results of a previous study using primary
neonatal rat brain cultures (Agresti et al.,
1996). Furthermore, they correlate well
with the dramatic in vivo reduction of oli-
godendroglial repopulation observed in
experimental autoimmune encephalomy-
elitis, a model of demyelinating multiple
sclerosis (Lin et al., 2006), in which in-
creased IFN� levels occur (Mycko et al.,
2003). In contrast, IFN�, which has been
used in the treatment of multiple sclerosis,
has been reported as having no effect on
the differentiation of wild-type NPs, al-
though an increase in survival was noted
after mitogen withdrawal (Hirsch et al.,
2009). Thus, elucidating the effects of

IFN� during oligodendrogenesis may have important implica-
tions for our understanding of the demyelinating processes that
occur in inflammatory diseases. In contrast to its effects on neu-
rogenesis and oligodendrogenesis, there was a shift toward astro-
cyte production in the presence of IFN�. These findings are in
agreement with previous studies showing that IFN� induces as-
trocytic proliferation in vitro (Yong et al., 1991; Satoh et al., 1996;
Rubio and Torres, 1999). More importantly, however, our results
demonstrate that endogenous IFN� affects commitment to the
astrocytic lineage.

Interestingly, the inhibitory effect of IFN� on NPs was poten-
tiated in the absence of SVZ-derived microglia, because the effect
on neurosphere-forming cells was greater than that on primary
SVZ cells. One explanation is that microglia are only retained in
the latter population. Thus, although nearly all NPs were respon-
sive to IFN�, it appears that microglia confer a protective effect

Figure 7. IFN� regulates the generation of neurons, oligodendrocytes, and astrocytes. Size-matched undissociated IFN��/�,
IFN��/�, and IFN�-treated neurospheres were differentiated and stained for the neuronal marker �III-tubulin (red), the oligo-
dendrocyte marker O4 (green), and the astrocytic marker GFAP (blue). A–I, Representative images of individual IFN��/� (A, D,
G), IFN��/� (B, E, H ), and IFN�-treated (C, F, I ) neurospheres stained for �III-tubulin, O4, and GFAP. J, A merged image of A, D,
and G. K, A merged image of B, E, and H. L, A merged image of C, F, and I. M, Quantification of the production of neurons,
oligodendrocytes, and astrocytes in primary IFN��/� and IFN��/� neurospheres. More neurons and oligodendrocytes but fewer
astrocytes were generated from IFN��/� neurospheres than from IFN��/� neurospheres. N, Quantification of the
production of neurons, oligodendrocytes, and astrocytes in primary neurospheres with or without IFN� treatment. IFN�
treatment significantly reduced the production of neurons and oligodendrocytes but increased the generation of astro-
cytes. Scale bar (in A): A–L, 100 �m. ***p � 0.001.

Figure 8. Effects of IFN� on E12 neurosphere formation. A, IFN� increased primary neuro-
sphere formation from E12 brain cells at all doses tested. B, Effects of the Shh inhibitor cyclo-
pamine on IFN�- and/or Shh-treated neurospheres generated from E12 neural cells. IFN� or
Shh increased E12 neurosphere formation. After the addition of cyclopamine, neurosphere
formation was significantly inhibited, indicating that Shh is required for the IFN�-induced
increase in proliferation of NPs at E12. Cyc, Cyclopamine. ***p � 0.001.
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on a subpopulation of these cells. This suggests that factors re-
leased from microglia block the inhibitory effects of IFN�. One
possible candidate is IGF-1, which is secreted by activated micro-
glia and is known to be associated with cell renewal, neurogenesis,
and neuroprotection (Carro et al., 2001; Lichtenwalner et al.,
2001; Aberg et al., 2003). It has also been reported that
interleukin-4 induces microglia to secrete IGF-1, thereby over-
coming the high-dose IFN�-mediated downregulation of IGF-1
expression (Butovsky et al., 2006). Based on the fact that IFN�
expression is upregulated (Li et al., 2001) and microglia are acti-
vated to proliferate in response to injury-induced inflammation
(Schwartz, 2003; Nimmerjahn et al., 2005; Chew et al., 2006), it is
possible that microglial protection of NPs from the effects of
IFN� may not only constitute part of the natural defense process
during neural repair but may also be a factor in maintaining the
homeostasis of the neurogenic niche in the healthy brain.

In contrast to the inhibitory effect of IFN� on the adult NP
proliferation, our results revealed that IFN� promotes neuro-
sphere formation at E12, although no significant difference was
found between IFN��/� and IFN��/� animals. This result ac-
cords with the fact that IFN� expression is absent at this time
point (Barlow et al., 1984). Thus, IFN� is potentially able to exert
a stimulatory effect during embryogenesis in response to inflam-
mation as a result of maternal infection. Moreover, we have pro-
vided direct evidence that the stimulatory effect of IFN� on E12
NP activity is Shh dependent. It has been shown previously that
ectopic activation of the Shh signaling pathway leads to hyper-
proliferation of progenitors (Wechsler-Reya and Scott, 1999), via
the classic IFN�-receptor-activated Janus kinase/signal transduc-
ers and activators of transcription signaling cascade (Campbell,
2005), affecting a number of cell-cycle-related genes (Bennin et
al., 2002; Knoepfler and Kenney, 2006). Conversely, blockade of
Shh signaling results in the opposite effect (Litingtung and
Chiang, 2000; Wijgerde et al., 2002). However, although it has
been reported previously that inducible production of IFN� trig-
gers ectopic expression of the Shh gene in developing cerebral
granular cells (Wang et al., 2004), the direct action of IFN� on
Shh remains to be resolved.
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