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Astrocytes serve various important functions in the CNS, but the molecular mechanisms of their generation and maturation are still
enigmatic. Here, we show that Pax6, a key transcription factor that controls neurogenesis, also regulates proliferation, differentiation,
and migration of astrocytes in the CNS. We first reveal that Pax6 is expressed in astrocytes during development as well as postnatally in
the wild-type mouse. Astrocytes derived from Pax6 homozygous mutants (Sey/Sey) mice exhibited aberrant proliferation together with
immature differentiation, both in vivo and in vitro, with higher migration potential in scratch-wound assays in vitro. Furthermore, a
larger population of Sey/Sey astrocytes expresses neural stem cell markers such as nestin, Sox2, and prominin-1. These phenotypes of
Pax6-deficient astrocytes putatively occur via higher Akt activity. Thus, the breakdown of Pax6 function induces the retention of neural
stem-like characteristics and inhibits astrocyte maturation.
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Introduction
Astrocytes are brain glial cells that provide structural and trophic
support for neurons, formation of the blood– brain barrier, and
regulation of synaptogenesis and synaptic transmission, thereby
contributing to neurological and psychiatric diseases (Cotter et
al., 2001; Allen and Barres, 2005; Volterra and Meldolesi, 2005).
In the developing cortex, both neurons and astrocytes are gener-
ated from neural stem cells, although production of the former
cells precedes the latter ones. It has recently been noticed that the
astrocytes share similar characteristics with the neural stem cells.
For example, adult neural stem cells in the subventricular zone
(SVZ) along the walls of the lateral ventricles and the subgranular
zone (SGZ) within the dentate gyrus of the hippocampus have
astrocyte-like characteristics, including expression of glial fibril-
lary acid protein (GFAP) (for review, see Ihrie and Alvarez-
Buylla, 2008). Moreover, 70% of genes expressed in Muller glial
cells in the retina (equivalent to astrocytes in the CNS) are similar
to those expressed in retinal progenitor cells, whereas most other
types of retinal cells have only �10% overlap with retinal progen-
itors (Blackshaw et al., 2004).

The Pax6 gene encodes a transcription factor that contains a
paired-domain and a homeodomain, and is involved in periph-
eral and CNS development (for review, see Prosser and van Hey-
ningen, 1998; Osumi, 2001; Simpson and Price, 2002). In the
developing rodent CNS, Pax6 is strongly expressed in neural
stem/progenitor cells, and plays pivotal roles in brain patterning,
neuronal specification, neuronal migration, and axonal projec-
tions (Osumi, 2001; Simpson and Price, 2002). Postnatally, Pax6
is not expressed in cortical neurons, but is expressed in certain
types of neurons in the cerebellum, amygdala, and olfactory bulb
(Kawano et al., 1999; Yamasaki et al., 2001; Hack et al., 2005;
Kohwi et al., 2005; Tole et al., 2005). Our group has recently
reported that Pax6 is expressed in GFAP-positive (GFAP�) neu-
ral stem/early progenitor cells in the rat hippocampal dentate
gyrus, and that Pax6 regulates cell proliferation and differentia-
tion in these cells (Maekawa et al., 2005). In the course of this
study, we also found that Pax6 is expressed in GFAP� astrocytes
in the rat hippocampus. We also noticed that Pax6 expression
overlaps with glutamate–aspartate transporter (GLAST), a
marker for astrocytic precursors in the mouse spinal cord (Ogawa
et al., 2005). Furthermore, the expression patterns of Pax6 in the
Allan Brain Atlas imply that astrocytes may express Pax6 in the
adult mouse CNS (http://brain-map.org/welcome.do) (Lein et
al., 2007). Such evidence has prompted us to examine how Pax6 is
involved in development of astrocyte progenitors and/or mature
astrocytes.

Here we identified, in the wild-type mouse, expression of Pax6
by astrocyte progenitors and matured astrocytes of the CNS in
vivo and in vitro. To address the role of Pax6 in astrocytes, we
performed the primary culture of astrocytes taken from wild-type
and Pax6-deficient, homozygous mutant Sey/Sey mice (Hill et al.,
1991), and investigated the cell proliferation, maturation, and
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migration. We also confirmed the results of astrocytes prolifera-
tion and maturation in the embryonic spinal cord. Finally, we
examined the activity of Akt, a signaling molecule that associates
with cell proliferation and migration. Our findings add another
pivotal role of Pax6 in the developing CNS.

Materials and Methods
Mice. Large colonies of heterozygous Pax6 mutant mice (Sey/�) (Hill et
al., 1991) and wild-type ICR mice (littermates of Sey/� mice) were main-
tained at Tohoku University School of Medicine. To examine the geno-
types, PCR analyses for Sey/� and Sey/Sey were performed as described
previously (Swanson et al., 2005). All experimental procedures were ap-
proved by Ethics Committee for Animal Experiments of Tohoku Uni-
versity Graduate School of Medicine, and animals were treated according
to the National Institutes of Health guidance for the care and use of
laboratory animals.

Tissue preparation. The wild-type and Sey/Sey mouse embryos, from
embryonic day 14.5 (E14.5) to E18.5, were obtained by laparotomy un-
der terminal anesthesia using pentobarbital sodium. For immunohisto-
chemistry, E14.5 embryos were immersion-fixed with 4% paraformalde-

hyde (PFA) in 0.01 M PBS (sodium phosphate buffer, pH 7.4) for 2 h, and
E16.5 and E18.5 embryos were perfused transcardially with 4% PFA. The
brains were cut by a cryostat (Leica, Wetzlar, Germany) into 12 �m
coronal sections. For immunostaining of Pax6 and astrocytic markers in
the adult brain, 8-week-old mice were deeply anesthetized with pento-
barbital sodium before being killed, and brains were perfused transcar-
dially with 4% PFA in 0.01 M PBS and cut into 100 �m coronal sections
with a vibratome (Leica).

Immunohistochemistry. Procedures using cryosections were con-
ducted essentially as reported previously (Osumi et al., 1997;
Maekawa et al., 2005). Vibratome sections of the brain were washed
with PBS three times, incubated for 30 min in PBS–Triton X-100
containing 2% goat serum, and stained with anti-Pax6 antibody (In-
oue et al., 2000) (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material) overnight at 4°C. The sections were washed
with PBS three times, incubated with Alexa Fluor 488 or 555 (Invitro-
gen, Carlsbad, CA) for 1 h at room temperature, washed, and
mounted on slide glass. Antibodies against GLAST and fatty-acid-
binding protein 7 (FABP7) were kind gifts from Dr. Masahiko Wa-
tanabe (Hokkaido University, Sapporo, Japan) (Iwanaga et al., 2005)

Figure 1. Pax6 is expressed in mature astrocytes in vivo. Double staining of Pax6 (green) together with cell-type-specific markers (GFAP, S100�, and NeuN; magenta) in the wild-type (WT) mouse
at 8 weeks. A, A�, In the hippocampus, 98% GFAP � astrocytes express with Pax6 (911 of 925 cells; n � 3). B, B�, In the cerebral cortex, 85% S100� � astrocytes express Pax6 (980 of 1150 cells;
n � 3). C, C�, Pax6 � cells are totally negative for NeuN in the cerebral cortex. Scale bars, 20 �m.
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and Dr. Yuji Owada (Yamaguchi University,
Yamaguchi, Japan) (Owada et al., 2006),
respectively.

BrdU labeling analyses. In vivo, timed pregnant
mice received a single intraperitoneal injection of
5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich,
St. Louis, MO) at 50 �g/g body weight (10 mg/ml
stock, dissolved in 0.9% saline), and were killed at 1 h
after a single injection. The obtained 12 �m frozen
sections were incubated in 2N HCl for 11 min at
37°C, and washed in TBS-Tween 20. Incorporated
BrdU was detected using the method described pre-
viously (Maekawa et al., 2005). For BrdU examina-
tion, the numbers of BrdU � cells were measured in
five sections per animal. In vitro, astrocytes were
plated at 8 � 10 4 cells/well in 24-well plates, with 10
�M BrdU treatment for the final 24 h. Four days after
plating, cells were fixed with 4% PFA and labeled
with an anti-BrdU antibody (BD Biosciences, San
Jose, CA). The number of BrdU � cells was measured
in five fields per well.

Cell culture and immunostaining. Cell cultures of
mouse cortical astrocytes were prepared essentially as
described previously (Toyomoto et al., 2004). Cere-
bral cortices from E18.5 mice were isolated and me-
ninges were removed. The tissue was gently dissoci-
ated by trituration with a pipette. Cells were pelleted
at 1000 � g for 2 min, resuspended in DMEM sup-
plemented with 10% FBS, and then plated in a 25
cm 2 culture flask. The medium was replaced 24 h
later and changed every 4 d until confluence. When
the cultures reached confluence, astrocytes were re-
moved by trypsinization and replated onto poly-L-
lysine (PLL)-coated glass coverslips or culture dishes.

For immunostaining, astrocytes derived from the
wild-type, Sey/�, and Sey/Sey were plated at 1 � 10 5

cells/well in a 24-well plate. Four days after plating,
cells were fixed with 4% PFA and immunostaining
was performed. An anti-nestin antibody was pur-
chased from Millipore Bioscience Research Reagents
(Temecula, CA). Fluorescent signals were detected
using a confocal laser-scanning microscope (Carl
Zeiss, Thornwood, NY).

Transfection of plasmid cDNA. Plasmid cDNAs
used for transfection were as follows; pCAX and
pCAX-GFP (kindly provided by the late K. Ume-
sono) (Takahashi and Osumi, 2002), and pCAX-
Pax6-EnR (kindly provided by M. Kengaku, RIKEN
Brain Science Institute, Wako, Japan). Transfections
of wild-type astrocytes were performed using an MP-
100 Microporator (Digital Bio, Seoul, Korea) accord-
ing to the manufacturer’s instructions for optimiza-
tion and use. As a control, a mixture of 0.1 �g of
pCAX-GFP and 0.4 �g of pCAX was transfected. For
functional inhibition of Pax6, a mixture of 0.1 �g of
pCAX-GFP and 0.4 �g of pCAX-Pax6-EnR was
transfected.

Western blot analysis. Western blot analysis was
performed essentially as described previously
(Ishida et al., 2002), except with a different sample
lysis solution. Cultured astrocytes were homoge-
nized in M-PER (Pierce, Rockford, IL) supple-
mented with a protease inhibitor mixture (Roche,
Indianapolis, IN). Antibodies were to Pax6
(Maekawa et al., 2005), GFAP (Sigma-Aldrich),
nestin (Abcam, Cambridge, MA), Akt (Cell Signal-
ing, Danvers, MA), phosphorylated Akt (pAkt)
(Ser473) (Cell Signaling), and Hsp90 (Transduc-
tion Laboratories, Lexington, KY). The antibody

Figure 2. Pax6-deficient astrocytes exhibit aberrant proliferation in vitro. A, Experimental design of cultured astrocytes for
different assays shown in Figures 2– 4. Primary cultures of astrocytes were prepared from WT, Sey/�, and Sey/Sey mice cerebral
cortex at E18.5. After cells became confluent, cells were replated on proper dishes or plates and used for various experiments. B,
Immunostaining of Pax6 (magenta) and S100� (green) in astrocytes derived from the WT, Sey/�, and Sey/Sey mice at 4 d after
replating. In astrocytes derived from WT mice, 99% of S100�� astrocytes are colabeled with Pax6 (1639 of 1643 cells; n � 3).
Astrocytes are generated in a Pax6-deficient condition (Sey/Sey). C, D, Quantification of BrdU � cells in cultured astrocytes. Astro-
cytes were cultured for 4 d with the treatment of BrdU for the final 24 h. The number of BrdU � cells is expressed as a percentage of
thetotalnumberofDAPI-stainedcells.TheratioofBrdU �(magenta)cells isalmostsimilar inastrocytestakenfrombothWT(24%)
and Sey/� (27%) mice. The number of BrdU � cells in Sey/Sey astrocytes (37%) is quite larger than that in WT ( p � 0.000006)
and Sey/� ( p �0.0006) astrocytes. The results are presented as the mean� SD of the samples (n �4; **p �0.001, ***p �
0.00001). E, To evaluate growth rates of WT, Sey/�, and Sey/Sey astrocytes, the number of DAPI-stained cells is calculated in five
fields per well. In WT and Sey/� astrocytes, the cell number reaches a plateau at 6 d after plating, and there is no significant
difference in the cell numbers between WT and Sey/� cultures except for those at 9 d ( p � 0.001). The cell number of Sey/Sey
astrocytes is significantly higher than that of WT and Sey/� at 3 and 6 d, without reaching a plateau even at 9 d ( p � 0.0009,
0.001, and 0.0003 for 3, 6, and 9 d, respectively). The results are presented as the mean � SD of the samples (n � 5; *p � 0.01,
**p � 0.001). F, To block the function of Pax6 in WT astrocytes, we introduced pCAX-Pax6-EnR plus pCAX-GFP or pCAX plus
pCAX-GFP and performed BrdU incorporation assay. Four days after transfection by electroporation, the percentage of BrdU �

cells/GFP � in pCAX-Pax6-EnR-expressing astrocytes (33.7%) is larger than that in control astrocytes (13.7%) ( p�0.0002) (n�
6). Scale bars, 100 �m.
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against prominin-1 was a kind gift from Dr. Wieland B. Huttner (Max
Planck Institute of Molecular Cell Biology and Genetics, Dresden,
Germany) (Weigmann et al., 1997). Immune complexes were de-
tected with the appropriate horseradish peroxidase-conjugated sec-
ondary antibodies and ECL Plus (Amersham Biosciences, Piscataway,
NJ). Band intensity was measured with an LAS-1000 chemilumines-
cence imager (Fujifilm, Tokyo, Japan).

Scratch-wound assay. Procedures were conducted essentially as re-
ported previously (Etienne-Manneville, 2006). Cultured astrocytes
were seeded in PLL-coated, glass-bottomed dishes (Iwaki, Tokyo,
Japan). Medium was replaced 1 d before scratching. Confluent mono-
layers of astrocytes were scratched with a sterile plastic pipette tip.
Migration of the astrocytes into the scratch was observed under a
phase-contrast inverted microscope (Olympus, Tokyo, Japan)
and photographed with a CCD camera (Olympus) at 0, 14, 28,
49, and 110 h. The cell-free area was measured using Image J
(http://rsb.info.nih.gov/ij/).

Statistical analysis. Two-sided t tests were performed in Microsoft
(Redmond, WA) Excel.

Results
Pax6 is expressed in mature astrocytes
in vivo
We have previously shown that the Pax6
transcription factor is expressed by GFAP-
positive (GFAP�) astrocytes in the rat hip-
pocampus (Maekawa et al., 2005). To con-
firm whether astrocytes generally express
Pax6, we first investigated the expression
patterns of Pax6 in the postnatal mouse
CNS by immunostaining with Pax6 to-
gether with the astrocytic markers, GFAP
and S100�. We found that 98% of GFAP�

astrocytes (911 of 925 cells) in the hip-
pocampus expressed Pax6 (Fig. 1A,A�). In
the mouse cerebral cortex, 85% of astro-
cytes predominantly expressing S100�
(980 of 1150 cells) coexpressed Pax6 (Fig.
1B,B�), whereas virtually no NeuN� neu-
rons colabeled with Pax6 (Fig. 1C,C�). Fur-
thermore, astrocytes in other brain regions
(e.g., the amygdala and corpus callosum)
were also positive for Pax6 (data not
shown). In the amygdala and the olfactory
bulb, we observed strong Pax6 expression
in neurons colabeled with NeuN but nega-
tive for astrocytic markers, as previously
reported (Kawano et al., 1999; Hack et al.,
2005; Kohwi et al., 2005; Tole et al., 2005)
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Together with our similar observations in
the rat (Maekawa et al., 2005) (our unpub-
lished data), we revealed for the first time
that astrocytes in the postnatal CNS ex-
press Pax6.

Increased cell proliferation in
Pax6-deficient astrocytes
To examine the role of Pax6 in astrocytes,
we made primary cultures of astrocytes iso-
lated from the E18.5 cerebral cortex of
wild-type, Pax6 heterozygous (Sey/�), and
Pax6 homozygous (Sey/Sey) mutant mice
(Fig. 2A), because astrocytes are generated
around birth in the cerebral cortex and Sey/

Sey mice die soon after birth (Hill et al., 1991). Immunostaining
with an anti-Pax6 antibody revealed that Pax6 was expressed in
99% (1639 of 1643 cells) of cultured astrocytes (marked with
S100�) taken from the wild-type and Sey/� cortex primordia
(Fig. 2B). Unexpectedly, S100�� astrocytes were generated from
Sey/Sey cerebral cortex in vitro (Fig. 2B), indicating that Pax6 is
unnecessary for astrocyte production.

The cultured astrocytes showed a flattened, polygonal shape,
and there was slight morphological difference in the cultured
astrocytes from all three genotypes (Fig. 2B). Thus, we assayed
the reaction of the cultured astrocytes against the cAMP analog,
dibutyryl cAMP (dbcAMP), which stimulates astrocytes to show
process-bearing, stellate morphology (Abe and Saito, 1997) (sup-
plemental Fig. 3A,B, available at www.jneurosci.org as supple-
mental material). The percentage of stellate cells after dbcAMP
treatment was 21% (at 6 h) and 22% (at 24 h) lower in Sey/Sey

Figure 3. Cultured, Pax6-deficient astrocytes are immature and express neural stem cell markers. A, Immunostaining of GAFP,
nestin, and prominin-1 (CD133) in WT and Sey/Sey astrocytes. Most WT astrocytes strongly express GFAP, whereas only a small
number express nestin or prominin-1. In contrast, a smaller number of Sey/Sey astrocytes express GFAP, and a larger number
strongly express nestin and prominin-1 compared with the WT astrocytes. Scale bar, 100 �m. The bottom two panels show the
high-power images of prominin-1 expression in WT and Sey/Sey astrocytes. Scale bar, 25 �m. B, Cell lysates of cultured WT and
Sey/Sey astrocytes were subjected to Western blot analysis with antibodies against GFAP, nestin, prominin-1, and Hsp90. The
expression level of GFAP protein is slightly lower in Sey/Sey astrocytes than in WT astrocytes. In contrast, expression levels of
nestin and prominin-1, markers for neural stem cells, are higher in Sey/Sey astrocytes than in WT astrocytes. C, Relative expression
levels of GFAP, nestin, and prominin-1 protein normalized by Hsp90. The expression level of GFAP protein in Sey/Sey astrocytes is
0.73-fold lower than that in Sey/Sey astrocytes. The expression level of nestin and prominin-1 protein in Sey/Sey astrocytes is
1.61- and 6.2-fold higher than that in Sey/Sey astrocytes, respectively. The results are presented as the mean � SD of samples
(n � 3; p � 0.05).
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astrocytes than wild-type astrocytes (sup-
plemental Fig. 3C, available at www.
jneurosci.org as supplemental material).
This reduced response to dbcAMP in Sey/
Sey astrocytes implies immature differenti-
ation under Pax6-deficient conditions (see
below).

We then measured astrocyte prolifera-
tion with BrdU incorporation and cell
growth assays (Fig. 2A). Four days after
plating, the ratio of BrdU� cells was similar
in astrocytes from the wild-type (24%) and
Sey/� (27%), but there were dramatically
more (37%) in Sey/Sey mice (Fig. 2C,D).
Cell numbers in the wild-type and Sey/�
cultures reached a plateau 6 d after plating,
with no significant difference in cell num-
bers until 9 d in culture (Fig. 2E, magenta
circles and green squares). In contrast, Sey/
Sey astrocytes increased in number at 3 and
6 d, without reaching a plateau even at 9 d
(Fig. 2E, blue triangles).

The above results strongly suggest that
Pax6 regulates the proliferation of astro-
cytes. To verify that Pax6 function is truly
involved in the molecular mechanism of
astrocyte proliferation, we misexpressed a
dominant-negative form of Pax6 [i.e., the
DNA-binding domain of Drosophila En-
grailed (EnR) is replaced with the tran-
scriptional activation domain of Pax6 (Ya-
masaki et al., 2001)] in astrocytes derived
from wild type by electroporation (Fig.
2A,F). The percentage of BrdU�/GFP�

cells was significantly higher in Pax6-EnR
misexpressed astrocytes (33%) compared
with control (13%) ( p � 0.0002; n � 6)
(Fig. 2F). This result is quite similar to the
astrocytes derived from Sey/Sey (Fig.
2C,D). Despite the role of Pax6 in neuro-
genesis, in which it maintains proliferation
of neural stem/progenitor cells, the elimi-
nation of Pax6 function conversely stimu-
lates proliferation in the astrocytes.

Cultured, Pax6-deficient astrocytes are immature and express
neural stem cell markers
The remarkable cell proliferation and reduced reaction against
dbcAMP in Pax6-deficient conditions suggested that astrocytes
derived from Sey/Sey mice were immature. To clarify this possi-
bility, we investigated the expression of typical markers for ma-
ture astrocytes (GFAP) and neural stem cells/astrocytic progeni-
tor cells (nestin) by immunostaining. Most astrocytes derived
from the wild type strongly expressed GFAP, whereas only a small
population of the wild-type astrocytes (21%) expressed nestin
(Fig. 3A). In contrast to the wild type, a smaller number of Sey/Sey
astrocytes expressed GFAP, and more astrocytes (75%) strongly
expressed nestin (Fig. 3A). Western blotting also confirmed
lower GFAP expression (0.73-fold) and higher nestin expression
(1.61-fold) in Sey/Sey astrocytes than in the wild-type ones, al-
though these differences in expression were not statistically sig-
nificant (Fig. 3B,C). Interestingly, we observed larger population
of astrocytes strongly express prominin-1 (CD133), a neural stem

cell marker (Weigmann et al., 1997), in Sey/Sey compared with
the wild-type astrocytes (Fig. 3A). We also confirmed dramati-
cally higher expression (6.2-fold) of prominin-1 in Sey/Sey astro-
cytes than in the wild-type astrocytes by Western blotting (Fig.
3B,C). The increased expression levels of these neural stem cell
markers strongly suggest that Sey/Sey astrocytes are immature
and that stem-like cells dominate the population, as in cases of
malignant glioma.

Pax6-deficient astrocytes exhibit high migration potential
Malignant glioma has a particularly high-invasive phenotype,
and it virulently invades into surrounding normal brain re-
gions, making complete surgical resection difficult. Because
our data thus far suggest glioma-like phenotypes (increased
proliferation and immature differentiation) in the astrocytes
derived from Sey/Sey, we further hypothesized that migration
potential was enhanced in astrocytes with Pax6 deficiency. To
test this, we performed a scratch-wound assay in cultured as-
trocytes (Fig. 2 A). At 14 and 28 h after scratch, Sey/Sey astro-
cytes robustly migrated and covered larger areas within cell-

Figure 4. Cultured astrocytes exhibit higher migration potential in the Pax6-deficient condition. Scratch-wound assay was
performed as shown in Figure 2 A. A, B, At 14 ( p � 0.03) and 28 ( p � 0.04) hours after scratch, Sey/Sey astrocytes robustly
migrate and cover larger cell-free regions compared with the WT astrocytes. At 49 h after scratch, almost all of the cell-free
regions are covered with Sey/Sey astrocytes ( p � 0.007), whereas astrocytes derived from WT cover �62% of the cell-free
regions. The yellow dotted lines represent the edge of the cell-free regions. The results are presented as the mean values � SD of
the samples (n � 3; *p � 0.05, **p � 0.01). Scale bar, 500 �m.
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free regions than the wild-type ones (Fig. 4 A, B). At 49 h
after scratch, 94% of cell-free regions were covered with Sey/
Sey astrocytes, whereas only 62% were covered with the wild-
type astrocytes (Fig. 4 A, B). Even after 110 h, the wild-type
astrocytes did not completely fill in the cell-free regions (data
not shown). These results clearly indicate that Sey/Sey astro-
cytes have grater migration potential than the wild-type
astrocytes.

Sey/Sey astrocytes exhibit transiently increased proliferation
in the spinal cord
We next tested whether the greater proliferation seen in cultured
Sey/Sey astrocytes might also occur in vivo. However, Sey/Sey
mice die soon after birth, so the cortex is not a suitable model. We
instead investigated proliferation of astrocyte progenitors/astro-
cytes in the spinal cord, where astrocyte production commences
prenatally. First, immunostaining of Pax6 together with GLAST,

Figure 5. Sey/Sey astrocytes exhibit transiently increased proliferation in the spinal cord. A, A�, Immunostaining of Pax6 and GLAST in coronal sections of E14.5 mouse spinal cord. Pax6 � (green)
cells are located in the ventricular zone and gray matter. Almost all Pax6 � cells are colabeled with GLAST (magenta). Scale bars, 20 �m. B, Immunostaining of BrdU and FABP7 (BLBP) in coronal
sections of E16.5 mouse spinal cord. BrdU � cells (magenta) are observed all over the spinal cord, and almost all of these cells coexpress FABP7 (green), a marker for astrocytic progenitors and mature
astrocytes, in both WT and Sey/Sey (seen as white cells). Scale bar, 40 �m. C, Quantification of BrdU � cells in WT and Sey/Sey spinal cord at E14.5, E16.5, and E18.5. The number of BrdU � cells in
the Sey/Sey spinal cord is significantly higher ( p � 0.006) than that in WT at E16.5, whereas there is no statistical difference in the number of BrdU � cells between WT and Sey/Sey spinal cords at
E14.5 and E18.5. The results are presented as the mean values � SD of the samples (n � 3; **p � 0.01). D, Immunostaining of Sox2 and FABP7 in coronal sections of E18.5 WT and Sey/Sey spinal
cord. The number of Sox2 (magenta) and FABP7 (green) double-positive cells (seen as white cells) are dramatically larger in Sey/Sey spinal cord (1374 cells/section) than that in WT (1149
cells/section) ( p � 0.0003; n � 3). Scale bar, 20 �m. E, Immunostaining of GFAP in coronal sections of E16.5 WT and Sey/Sey spinal cord. Expression of GFAP in the spinal cord of Sey/Sey mouse
is lower than that in WT mouse. Scale bar, 100 �m.
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an early astrocytic precursor marker, in the mouse spinal cord
at E14.5 showed Pax6 expression in the ventricular zone (con-
taining neural stem cells and neuronal/glial progenitors) and
in the gray matter (containing neurons and immature astro-
cytes at this stage) (Fig. 5 A, A�). All Pax6 � cells were colabeled
with GLAST (Fig. 5 A, A�) as observed in our previous report
(Ogawa et al., 2005), indicating that astrocyte progenitors
express Pax6.

Next, we performed a BrdU incorporation assay in the spi-
nal cord (Fig. 5 B, C). BrdU � cells were observed throughout
the spinal cord at E14.5, E16.5, and E18.5, with most cells
coexpressing FABP7 [brain lipid binding protein (BLBP)], a
marker for astrocytic progenitors and mature astrocytes
(Barry and McDermott, 2005; Owada et al., 2006) (Fig. 5B).
The number of BrdU � cells (seen as white cells) in the Sey/Sey
spinal cord (217 cells/section) was significantly higher than in
the wild type (154 cells/section) at E16.5, but not different at
E14.5 or E18.5 (Fig. 5C). We also observed a large number of
cells expressing both Sox2, a marker for neural stem cells and
astrocytic progenitor cells (Bani-Yaghoub et al., 2006), and
FABP7 in the Sey/Sey spinal cord (seen as
white cells) compared with those in the
wild type at E18.5 (Fig. 5D). Quantita-
tively, the number of Sox2 and FABP7
double-positive cells in the spinal cord
was 1374 cells/section in Sey/Sey, which
was significantly larger than 1149 cells/
section in the wild type ( p � 0.0003)
(Fig. 5D). Moreover, we observed lower
expression of GFAP in the spinal cord of
Sey/Sey mice at E16.5 (Fig. 5E). All of
these results indicate a transient increase
in proliferation and immature differenti-
ation of astrocytic progenitor cells in Sey/
Sey spinal cord compared with the wild
type, further indicating the crucial func-
tions of Pax6 in gliogenesis in vivo.

Pax6-deficient astrocytes have increased
Akt activity
The phenotypes that we observed in
Pax6-deficient astrocytes (i.e., aberrant
cell proliferation, immature differentia-
tion, increased stem-like cells, and higher
migration potential) have a strong re-
semblance to malignant glioma. Human
and mouse gliomas show elevated ex-
pression of genes that encode growth fac-
tors, their receptors, and downstream
signaling molecules, including phospha-
tidylinositol 3-kinase (PI3K) and Akt
(Holland et al., 2000; Sonoda et al.,
2001). The PI3K/Akt pathway actively
suppresses apoptosis and enhances cellu-
lar survival (Bader et al., 2005; Manning
and Cantley, 2007). Therefore, we exam-
ined protein expression levels of Akt and
its activated form, pAkt. Although Akt expression was similar
in the wild-type and Sey/Sey astrocytes, expression of pAkt was
increased by 1.8-fold in Sey/Sey astrocytes ( p � 0.00003; n �
5) (Fig. 6 A, B). Sey/Sey astrocytes did not show abnormal ac-
tivation of Erk1/2, a downstream component of the Ras sig-

naling pathway, which is often modified in tumors (data not
shown). These data suggest that increased Akt activation me-
diates, at least in part, increased cell proliferation in Sey/Sey
astrocytes.

Figure 6. Akt activity is increased in cultured astrocytes in Pax6-deficient condition. A, The
equal amount of total protein (10 �g) from cell lysates of cultured WT and Sey/Sey astrocytes
(Fig. 2 A) are subjected to Western blot analysis with antibodies against Akt, pAkt, or Hsp90. The
level of expression of pAkt is higher in Sey/Sey astrocytes than in the WT astrocytes. B, Relative
expression level of Akt and pAkt protein normalized by Hsp90. The expression level of Akt
protein in WT astrocytes is similar that in Sey/Sey astrocytes. In contrast, the expression level of
pAkt protein in Sey/Sey astrocytes is 1.8-fold higher than that in the WT astrocytes ( p �
0.00003). The results are presented as the mean values � SD of the samples (n � 5; ***p �
0.0001).

Figure 7. Pax6 expression persists from neuroepithelial/radial glial cells to astrocytes and adult neural stem cell. Schematic
illustration of Pax6 expression in the course of cortical neurogenesis and gliogenesis. Neuroepithelial/radial glial cells
(Pax6���) initially undergo highly regulated self-renewing divisions and eventually generate lineage-committed progenitor
cells, which subsequently differentiate into the three main neural lineages [i.e., neurons (Pax6�), astrocytes (Pax6��), and
oligodendrocytes (data not shown)]. The expression of Pax6 (��) continues in postnatal adult neural stem/progenitor cells.
Pax6 expression also persists in astrocytic progenitors (Pax6��) and in mature astrocytes (Pax6��). The same expression
pattern of Pax6 is also observed in the hippocampus.
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Discussion
Pax6 expression starts in neural stem/progenitor cells in the neu-
ral tube from initial CNS development and continues postnatally
in those cells in the SGZ (Maekawa et al., 2005; Nacher et al.,
2005) and in the SVZ (Hack et al., 2005; Kohwi et al., 2005), the
two regions in which adult neurogenesis persists throughout life
(Alvarez-Buylla et al., 2002; Gage, 2002). Pax6 expression is also
reported in astrocytic progenitor cells within the mouse spinal
cord (Ogawa et al., 2005) and in Muller glia in the retina (Bernar-
dos et al., 2007). In the Allan Brain Atlas, Pax6 signal is observed
throughout the mouse brain (http://brain-map.org/welcome.do)
(Lein et al., 2007), implying the presence of Pax6 expression in
astrocytes. Here, we provide firm evidence for the first time that
Pax6 is expressed in astrocytes of the entire CNS in vivo and in
vitro (Figs. 1, 2), suggesting that Pax6 can be used as a specific
marker for astrocytes in the postnatal rodent CNS. Importantly,
expression of Pax6 continues from neural stem/progenitor cells
in the developing CNS to mature astrocytes and neural stem/
progenitor cells in the adult CNS (Fig. 7). The persistent expres-
sion of Pax6 in astrocytes supports the idea that mature astrocytes
may retain neural stem cell-like characteristics, as first proposed
by Alvarez-Buylla and colleagues (Alvarez-Buylla et al., 2002; Ih-
rie and Alvarez-Buylla, 2008).

The overlapping expression of Pax6 in embryonic neural
stem/progenitor cells, mature astrocytes, and adult neural stem/
progenitor cells led us to ask whether Pax6 has the same function
in those types of cells. In embryonic neurogenic regions such as
the cortical primordium, the role of Pax6 is complicated. Pax6
can promote neuronal differentiation, implying that Pax6 inhib-
its cell proliferation (Gotz et al., 1998; Heins et al., 2002). This
may be a good explanation for Pax6 function in the amygdala,
thalamus, cerebellum, and olfactory bulb, in which Pax6 is ex-
pressed by neurons (Kawano et al., 1999; Yamasaki et al., 2001;
Hack et al., 2005; Kohwi et al., 2005; Tole et al., 2005). However,
loss of Pax6 function reduces the size of neural stem/progenitor
pools in the cortical primordium and the hippocampal dentate
gyrus (Kawano et al., 1999; Maekawa et al., 2005; Quinn et al.,
2007), indicating that Pax6 conversely maintains proliferation of
neural stem/progenitor cells. In the present study, we found that
loss of Pax6 function either via genetic mutation or transfectional
inhibition led to aberrant proliferation and immature differenti-
ation of astrocytes in vitro (Figs. 2, 3) and in vivo (Fig. 5). These
phenomena suggest that Pax6 inhibits proliferation of astrocyte
progenitors and promotes astrocyte maturation. That is, Pax6
regulates cell proliferation and differentiation in a highly context-
dependent manner.

Expression levels of the PAX6 gene are significantly reduced in
human malignant glioma samples, suggesting that low levels of
PAX6 expression predict an unfavorable prognosis for patients
with malignant astrocytic glioma (Zhou et al., 2003). Abnormal-
ities in several receptor tyrosine kinase pathways contribute to
the development of gliomas (Holland, 2001; Hulleman and He-
lin, 2005), including activation of the PI3K/Akt pathway
(Chakravarti et al., 2004; Bellacosa et al., 2005). Activated Akt is
important in cell proliferation and survival, and abnormal PI3K/
Akt signaling can modulate glioma migration (Joy et al., 2003;
Manning and Cantley, 2007). In the present study, we observed
higher levels of the activated form of Akt, pAkt (Fig. 6), together
with increased proliferation, immature differentiation, and ro-
bust migration of cultured astrocytes (Figs. 2–5). Furthermore,
we observed fewer dead cells in Sey/Sey astrocytes during the
scratch-wound assay experiments (data not shown). These lines

of evidence imply that loss of Pax6 function is critical for
gliomagenesis.

Pax6 is a transcription factor that exerts its functions through
different downstream molecules. We previously reported that
Fabp7 is downstream of Pax6 in the developing rat cortex, and is
essential for proliferation of neural stem cells during early cortical
development (Arai et al., 2005). Furthermore, Pax6 also regulates
expression of FABP7 in adult neural stem cells in the rat SGZ (M.
Maekawa and N. Osumi, unpublished data). Although FABP7 is
expressed in the astrocyte progenitors and mature astrocytes in
the wild type (Barry and McDermott, 2005), FABP7 expression
does not seem to be decreased in Sey/Sey astrocytes (Fig. 5), sug-
gesting a different regulation of FABP7 gene in astrocytes com-
pared with neural stem/progenitor cells.

In conclusion, our findings that Pax6 works in astrocytes pro-
vide solid support for the idea that astrocytes share neural stem
cell characteristics. Because Pax6 is pivotal in neurogenesis and
gliogenesis, additional studies of downstream targets of Pax6
would provide better understanding of the molecular mecha-
nisms for production of these different cell types in the CNS.
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