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ABSTRACT

Direct reprogramming of a variety of somatic cells with
the transcription factors Oct4 (also called Pou5f1), Sox2
with either Klf4 and Myc or Lin28 and Nanog generates
the induced pluripotent stem cells (iPSCs) with marker
similarity to embryonic stem cells. However, the differ-
ence between iPSCs derived from different origins is
unclear. In this study, we hypothesized that repro-
grammed cells retain a “memory” of their origins and
possess additional potential of related tissue differentia-
tion. We reprogrammed primary mouse astrocytes via
ectopic retroviral expression of OCT3/4, Sox2, Klf4 and
Myc and found the iPSCs from mouse astrocytes
expressed stem cell markers and formed teratomas in
SCID mice containing derivatives of all three germ layers
similar to mouse embryonic stem cells besides sembl-
able morphologies. To test our hypothesis, we compared
embryonic bodies (EBs) formation and neuronal differ-
entiation between iPSCs from mouse embryonic fibro-
blasts (MEFsiPSCs) and iPSCs from mouse astrocytes
(mAsiPSCs). We found that mAsiPSCs grew slower and
possessed more potential for neuronal differentiation
compared to MEFsiPSCs. Our results suggest that
mAsiPSCs retain a “memory” of the central nervous
system, which confers additional potential upon neuro-
nal differentiation.
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INTRODUCTION

Induced pluripotent stem cells (iPSCs), the direct reprogram-
ming of differentiated somatic cells to pluripotency, were
accomplished in 2006 by Takahashi and Yamanaka via the
introduction of a select group of transcription factors into adult
mouse fibroblasts (Takahashi and Yamanaka, 2006). In 2007,
direct reprogramming was also achieved in human cells,
providing an invaluable contribution to the field of regenera-
tive medicine (Takahashi et al., 2007; Yu et al., 2007). So far,
a variety of cell types have been reprogrammed into iPSCs
including fibroblasts (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007; Yu et al., 2007), neural progenitor
cells (NPCs) (Kim et al., 2008, 2009a, 2009b, 2009c),
hepatocytes and gastric epithelial cells (Aoi et al., 2008),
CD34+ T cells (Ye et al., 2009), B cells (Hanna et al., 2008;
Pereira et al., 2008), pancreatic β cells (Stadtfeld et al., 2008),
melanocytes (Utikal et al., 2009) and keratinocytes (Aasen
et al., 2008; Carey et al., 2009). Although these iPSCs exhibit
a similarity with embryonic stem cells (ESCs) in their
morphology, gene expression profile and pluripotency, new
evidence showed substantial molecular and functional
differences among iPSCs derived from distinctive cell types
exist including the tumorigenic potential, DNA methylation
and expression of imprinted genes, suggesting an influence
of the somatic cell of origin on the properties of resultant
iPSCs (Ghosh et al., 2010; Polo et al., 2010).

Recently, it was reported that reprogrammed somatic cells
harbor residual DNA methylation signatures characteristic of
their somatic tissue of origin, called a “memory” of their
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origins, which favors their differentiation along lineages
related to the donor cells (Hu et al., 2010; Kim et al., 2010;
Polo et al., 2010). Astrocytes are the most common type of
cell in the central nervous system (CNS), genetically similar to
other neuronal lineages and play important roles in maintain-
ing the physical structuring of the brain, providing neurons
with nutrients, maintaining the integrity of the blood brain
barrier (BBB), regulating transmitter reuptake and release, as
well as nervous system repair and neurogenesis (Blackburn
et al., 2009). NPCs have been directly reprogrammed into
iPSCs through the ectopic expression of Oct4 alone or Oct4
and Klf4 (Kim et al., 2008, 2009a, 2009b). However, the
reprogramming of astrocytes and the differences between
iPSCs from CNS and from fibroblasts have not been well
investigated.

In this study, we developed iPSCs from mouse astrocytes
and evaluated their similarity to mouse ESCs. We also
compared the propensity for neuronal differentiation of mouse
astrocyte-derived iPSCs (mAsiPSCs) with mouse embryonic
fibroblasts (MEFs)-derived iPSCs. We found that mouse
astrocytes required four transcription factors to accomplish
the reprogramming into pluripotent status. Moreover, repro-
grammedmouse astrocytes expressed stem cell markers and

formed teratomas in SCID mice containing derivatives of all
three germ layers, similar to mouse embryonic stem cells
besides semblable morphologies. Furthermore, repro-
grammed mouse astroyctes retain a “memory” of tissue of
origin and possess more potential for neuronal differentiation
compared to MEFs-derived iPSCs.

RESULTS

Reprogramming mouse astrocytes to iPSCs

Reprogramming of adult mouse astrocytes to pluripotency
was determined by packaging retroviruses containing tran-
scription factors Oct3/4, Sox2, Klf4 and c-Myc, respectively,
incubating mouse astrocytes with different combinations of
transcription factors including Oct3/4 + Sox2 + Klf4 + Myc
(TF4, 1:1:1:1), Oct3/4 + Sox2 + Klf4 (TF3, 1:1:1), Oct3/4 +
Sox2 (1:1) and Sox2 + Klf4 (1:1), and then following the
timeline of iPSC generation (Fig. 1A). One week later,
colonies only appeared in the cultures with four transcription
factors (TF4) (Fig. 1B (a)), not in the cultures with other
combinations of transcription factors (data not shown). After

Figure 1. Generation of iPSCs frommouse astrocytes. (A) General scheme of iPS cell generation. (B) Astrocytes isolated from the
brain of embryonic day 13.5 C57BL/6 embryos were infected by retroviruses containing oct3/4, sox2, klf4 and c-myc at day 0, and then
plated on feeder layers at day 3 after retroviral infection. ES cell medium containing leukemia inhibitory factor (LIF) was changed at day 5

until the colonies were formed at day 14 (b), arrows indicating the clones from astrocytes.
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these colonies were passaged onto feeder cells, the cells
formed embryonic body-like morphologies (Fig. 1B (b)). The
embryonic body-like colonies were evaluated by analyzing
the alkaline phosphatase (AP) activity and the expression of
mouse ES cell markers including Nanog and SSEA-1
immunocytochemically. Our results demonstrated that the
iPSCs from mouse astrocytes not only exhibited a morphol-
ogy similar to that of mouse ES cells (Fig. 2), but also
possessed the same AP activity (Fig. 2B; upper panel) and
expression profiles of Nanog and SSEA-1 as mouse ES cells
(Fig. 2B; lower panel). These data suggest that unlike neural
progenitor cells, mouse astrocytes require four transcription
factors to accomplish the reprogramming to pluripotent state,
and reprogrammed mouse astrocytes have similar properties
to mouse ES cells in both morphology and marker protein
expression.

Teratoma formation by mAsiPSCs

The capacity of mAsiPSCs to differentiate into the three germ
layers in teratoma was assessed by transplant of mouse
ESCs and mAsiPSCs subcutaneously into each flank of
recipient NOD/SCID mice. After 3–5 weeks, tumor formation
was observed in both of ES cells and mAsiPSCs injection
sides (Fig. 3A) and histological examination results showed
that the teratomas from mAsiPSCs contained tissues from
three primary germ layers (Fig. 3B), including neural
epithelium and epidermis (ectoderm; left panel), muscle and
cartilage (mesoderm; middle panel), and respiratory epithe-
lium and intestinal epithelium (endoderm; right panel). These
histological results were similar to that of mouse ES cells
(data not shown), suggesting that the iPSCs reprogrammed
from mouse astrocytes exhibit pluripotency in vivo.

Differentiation of mAsiPSCs into neural progenitor cells
and neurons

It must be possible to control the differentiation of stem cells
into specific cell fates, thus demonstrating the developmental
transitions of stem cells and how they fulfill their clinical
promise. The capacity of mAsiPSCs to differentiate into
neural progenitor cells and neurons in vitro was evaluated by
expanding the undifferentiated mAsiPSCs population on
gelatin-coated tissue culture surface in ES cell culture
medium in the presence of leukemia inhibitory factor (LIF)
and generated EBs in suspension cultures, and then
selecting nestin-positive cells in serum-free ITSFn (Insulin/
Transferrin/Selenium/Fibronectin) medium. After cell expan-
sion, we identified the percentage of nestin-positive cell
population and subsequently detected the neuronal differ-
entiation of nestin-positive cells (Fig. 4). Our results demon-
strated that more than 90% cells were nestin-positive cells
(Fig. 4A; upper panel), which were totally differentiated into
neurons (MAP-2 positive) after 7 days differentiation (Fig. 4A;

lower panel). Western blotting analysis further confirmed that
the population of neurons was increased in a time-dependent
manner and was accompanied with the decrease of nestin-
positive cells (Fig. 4B). These data suggest that mAsiPSCs
can be normally differentiated into neural progenitor cells and
neurons, which is similar to the differentiation capacities of
mouse ES cells.

Mouse ES cells have been successfully differentiated into
CNS progenitor populations and further differentiated into
dopaminergic and serotonergic neurons in the presence of
mitogen and specific signaling molecules (Lee et al., 2000;
Wakayama et al., 2001). In general, neural stem cells (NSCs)
lose their competency to generate region-specific neuronal
populations at an early stage during embryonic brain
development. So we proposed the NSCs derived from
mAsiPSCs possess this competency to generate region-
specific neuronal populations, such as dopaminergic neurons
(DA neurons). To test this competency of NSCs from
mAsiPSCs, we differentiated mAsiPSC-derived NSCs into
dopaminergic neurons by removal of the mitogen in the
differentiation medium. 7 days later, the morphologies of
mature neurons were observed in cultures (Fig. 5A). The
expression of tyrosine hydroxylase (TH), the rate-limiting
enzyme for the biosynthesis of dopamine and a marker of
ventral midbrain neurons, was not detected before the
removal of mitogen in the differentiation medium (data not
shown). However, TH+ cell differentiation was promoted
under conditions known to promote neuronal differentiation
from the proliferating precursor state (VicarioAbejón et al.,
1995; Johe et al., 1996; Studer et al., 1998). Tuj1, an antibody
directed against the neuron-specific β-tubulin III, bound many
cells with a clear neuronal morphology (Fig. 5B). Of the total
cell population, more than 80% were Tuj1+, and about 8% of
the Tuj1+ cells were also TH+. Moreover, real-time PCR
results further demonstrated that the population of TH+ was
gradually increased in a time-dependent manner (Fig. 5C),
suggesting that the mAsiPSC-derived nestin-positive popula-
tion is dominated by CNS stem cells and can be differentiated
into midbrain neurons.

mAsiPSCs have a higher tendency to differentiate into
region-specific neurons compared to MEFsiPSCs

Recent studies have shown that nuclear transferred ESCs
and transcription factor-induced pluripotent stem cells exhibit
differences in differentiation potential, which might be
because iPSCs retain a certain amount of DNA methylation
profile and gene expression patterns traceable to their tissue
of origin (Kim et al., 2010; Polo et al., 2010). In addition,
astrocytes are the most common type of cell in the CNS,
genetically similar to other neuronal lineages (Blackburn
et al., 2009). Therefore we asked if the mAsiPSCs possess
higher potential for differentiation into region-specific neurons
compared to MEFsiPSCs. To address this question, we
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did the comparison of cell proliferation and neuronal
differentiation between mAsiPSCs and MEFsiPSCs. First,
the same amount of iPSCs was cultured in suspension in
bacteriological graddishes. We observed that the EB size of
low-passage mAsiPSC clone (mAsiPSCs No. 40) was
smaller than that of MEFsiPSCs and mouse ESCs, and
there was no difference between MEFsiPSCs and mouse
ESCs (Fig. 6), suggesting that low-passage mAsiPSCs
proliferate slower than the other two stem cells. When
MEFsiPSCs and mAsiPSCs were subjected to the expansion
of nestin-positive cells and differentiation by using a modified
protocol (Lee et al., 2000), we found that nestin-positive cells

in both of them were close to 100% and no obvious difference
existed between them (Fig. 7A). However, when these nestin-
positive cells were subjected to the differentiation of region-
specific neurons, we found that the population of NPCs from
mAsiPSCs not only had more neurons with well-developed
dendrites (Fig. 7B), but also possessed higher potential for
differentiation into dopaminergic neurons compared to
MEFsiPSCs in a time-dependent manner (Fig. 7C). These
results suggest reprogrammed mouse astrocytes may retain
the epigenetic imprints of their tissue of origin, which endows
mAsiPSCs with more potential for region-specific differentia-
tion.
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DISCUSSION

This study demonstrates that adult mouse astrocytes can be

reprogrammed into iPS cells by using four transcription
factors (Yamanaka factors) including Oct3/4, Sox2, Klf4 and
c-Myc. The iPS cell lines derived from mouse astrocytes

Protein & Cell

Figure 2. Characterization of mouse ES cells and mouse iPSCs derived from mouse astrocytes. Mouse ESCs (A) and
mouse iPSCs derived astrocytes (B) were plated onto feeder cells, which were cultured on 0.1% gelatin-coated coverslips. After
culturing with mouse ES cell culture medium for five days, cells were fixed with 4% formaldehyde, and then subjected to alkaline

phosphatase (AP) activity analysis, following the instruction manual of ELF® Phosphatase Detection Kit for Embryonic Stem Cells
(ATCC, SCRR-3010). The upper right panel is light morphology of embryonic bodies, and the upper left panel (yellow-green
embryonic bodies) indicates AP activity (20 ×) (A, B; upper panel). Cells fixed with 4% formaldehyde were subjected to

immunofluorescence staining with polyclonal Nanog antibody and SSEA-1 monoclonal antibody (Green) and nuclear staining with
DAPI (Blue) (A, B; lower panel).
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express markers of pluripotency, can form teratomas in vivo
containing three different germ layers and can normally
differentiate into different neuronal lineages in vitro. In
addition, mAsiPS cell lines can be more easily induced into
region-specific neurons than MEFsiPSCs. It has been

reported that iPSCs were successfully generated from
mouse and human fibroblasts (Takahashi and Yamanaka,
2006; Takahashi et al., 2007; Yu et al., 2007), neural
progenitor cells (Kim et al., 2008, 2009a, 2009c), hepatocytes
and gastric epithelial cells (Aoi et al., 2008), CD34+ Tcells (Ye

Figure 3. Teratoma from mouse ESCs and mAsiPSCs in severe combined immunodeficiency (SCID) mice. 1×106 mouse

ES cells and mAsiPSCs were injected subcutaneously into the dorsal flank of SCID mice (Jackson Laboratory, Bar Harbor, ME). (A)
The teratomas were formed in 3–5 weeks after cell injection in SCID mice. (B) Paraffin sections of formalin-fixed teratoma specimens
were prepared 3–5 weeks after injection, and hematoxylin and eosin staining shows a teratoma from mouse astrocyte-derived iPS

cells containing multiple tissues. Higher magnification pictures show neural epithelium (a), muscle (b), respiratory epithelium (c),
epidermis (d), cartilage (e) and intestinal epithelium (f). Scale bar, 200 µM.

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2011 133

Extensive neuronal differentiation in reprogrammed mouse astrocytes Protein & Cell



Protein & Cell

Figure 4. mAsiPSCs progressively differentiate into neural progenitor cells and neurons. Undifferentiated mAsiPSCs were
grown on gelatin-coated tissue culture plates in the presence of leukemia inhibitory factor (LIF, GIBCO/BRL, Grand Island, NY) in ES
cell medium until embryonic bodies (EBs) were formed. The EBs were then plated onto adhesive tissue culture surface in the ES cell

medium and changed to serum-free Insulin/Transferrin/Selenium/Fibronectin (ITSFn) medium to screen nestin-positive cells after
24 h. After 6–10 days culture in ITSFn medium, the cells were plated on collagen IV-coated coverslips and then subjected to
immunostaining with monoclonal nestin antibody (Red) and nuclear staining with DAPI (Blue) (A; upper panel). The cells cultured on

collagen IV-coated coverslips were incubated under neuronal differentiation conditions for 7 days, and then subjected to
immunostaining with monoclonal MAP-2 antibody (Green) and nuclear staining with DAPI (Blue) (A; lower panel). Nestin-positive
cells were cultured on collagen IV-coated 24-well plates, and then cultured under neuronal differentiation conditions for 0, 3, 5 and 7

days, respectively, and finally subjected to Western blotting analysis with nestin, β-tubulin III antibodies, and β-actin as a loading
control (B).
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et al., 2009), B cells (Hanna et al., 2008; Pereira et al., 2008),
pancreatic β cells (Stadtfeld et al., 2008), melanocytes (Utikal
et al., 2009) and keratinocytes (Aasen et al., 2008; Carey
et al., 2009). Therefore, mouse astrocytes may be added
to the growing list of somatic cell types that can be
reprogrammed to pluripotency.

Both neural progenitor cells and astrocytes are from the
CNS, and neural progenitor cells have been reprogrammed to
iPSCs by ectopic expression of either Oct4 alone or Oct4 plus
Klf4 (Kim et al., 2009a, 2009b, 2009c). We tried different
combinations of four transcription factors in order to see if two
or three factors are sufficient to reprogram mouse astrocytes
(Fig. 1). However, only the combination of all four factors
together could accomplish the reprogramming of astrocytes,
and two or three factors were not sufficient to perform this
process. Comparing the endogenous expression of four
transcription factors (Oct3/4, Sox2, Klf4 and c-Myc) between
mouse astrocytes and neural progenitor cells, we found the
levels of Sox2 and c-Myc were higher in neural progenitor
cells (data not shown), which could be one of the reasons that
Oct4 alone or Oct4 plus Klf4 can reprogram neural progenitor
cells into pluripotency, but is not sufficient for astrocyte

reprogramming. These results suggest that different combi-
nations of transcription factors are needed as a minimum
requirement to dedifferentiate certain types of cells. Astro-
cytes are the most common type of cells in the CNS,
genetically similar with other neuronal lineages and play
important roles in maintaining the physical structuring of the
brain, providing neurons with nutrients, maintaining the
integrity of the BBB, regulating the transmitter reuptake and
release, as well as nervous system repair and neurogenesis
(Blackburn et al., 2009). Although astrocytes secrete impor-
tant neurotrophic factors, cytokines, and chemokines, which
may promote CNS recovery from injury, excessive astro-
gliosis has been shown to cause neuronal damage and
neurodegeneration (Fawcett, 1997; Ridet et al., 1997; Hirsch
et al., 2003; Rodríguez et al., 2009). Recently, mouse
astrocytes have been dedifferentiated into neural progenitor
cell-like cells by ectopic expression of the polycomb group
proteins (Moon et al., 2008; Sher et al., 2010). However, it
was unclear whether these neural stem cell-like cells can
function as multipotent NSCs in vivo or whether the polycomb
group proteins can generate multipotent NSCs from mouse
astrocytes. In general, one of the fundamental questions in

Figure 5. Dopaminergic (DA) neuron differentiation of mAsiPSC-derived neural progenitor cells (NPCs). Nestin-positive
cells frommAsiPSCs were plated on collagen IV-coated coverslips. And cells were cultured in NPC expansionmedium containing N2,

SHH and fibroblast growth factor 8 (FGF8) at day 0 and in DA neuron differentiation medium containing N2 and ascorbic acid (AA) at
day 4. The cells were cultured for another 3 days and fixed with 4% formaldehyde at day 7 and then subjected to immunostaining with
monoclonal tyrosine hydroxylase (TH1) (Green) and polyclonal β-tubulin III (Red) antibodies and nuclear staining with DAPI (Blue)
(B). (A) shows the light morphology of neuronal differentiation. Scale bar, 200 µM. Cells cultured in DA neuron differentiation medium

were collected at 0, 7th and 14th days and then subjected to total mRNA extraction and real-time PCR analysis with mouse TH1
specific primers (C).
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the field of regenerative neuroscience is whether NSCs can
efficiently generate neuronal phenotypes other than inhibitory
olfactory bulb (OB) interneuron populations. Adult subven-
tricular zone (SVZ) NSCs are primarily fated to generate non-
dopaminergic, gamma-amino butyric acid (GABA)-ergic OB
interneurons (Lois and Alvarez-Buylla, 1994; Caldwell et al.,
2001; Carleton et al., 2003; Jain et al., 2003). Our results
demonstrate that mAsiPSCs differentiate into three germ
layers in vivo (Fig. 3), meanwhile, NSCs derived from
mAsiPSCs are multipotent and possess high potential for
region-specific neuron differentiation (Fig. 4 and 5). Con-

sidering the potential benefit of reprogramming excessive
astrocytes during neurodegeneration into multipotent NSCs,
which will differentiate into region-specific neurons to repair
damaged neurons, mAsiPSCs will probably be a valuable
strategy to better understand this process.

Interestingly, in our study, both of mAsiPSCs and MEF-
siPSCs are from the reprogramming of their parental cells by
ectopic expression of four transcription factors (Yamanaka
factors). However, they differed in the size of embryonic
bodies and differentiation potential. Low-passage mAsiPS
cell line (mAsiPSCs No. 40) produced significantly smaller

Protein & Cell

Figure 6. Comparison of EB size between mouse ES cells, MEFsiPSCs and mAsiPSCs. Cells were cultured with ES-DMEM
containing leukemia inhibitory factor at a concentration of 1000 U/mL on feeders. Colonies were developed and trypsinized in about

3 days. The dissociated cells were then cultured in suspension in petri dishes. EBs were formed in about 2 days and continued to
grow for a total of 5 days. EBs were then collected and imaged with the camera in live mode by an inverted microscope (A, B and C).
The size of EBs was measured with the scale shown on the computer monitor and statistically analyzed (D, n = 10, ##p<0.05). EB,

embryonic body; MEFsiPSC, mouse embryonic fibroblasts induced pluripotent stem cell; mAsiPSC, mouse astrocytes induced
pluripotent stem cell.
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embryonic bodies compared to MEFsiPSCs and mouse ES
cells (Fig. 6), whereas another late-passage mAsiPS cell line
(mAsiPSCs No. 47) showed less difference from others (data
not shown), suggesting that continuous passaging of iPSCs
abrogates some differences, which is consistent with the
reported phenomena (Polo et al., 2010). Most notably, NSCs
derived from mAsiPSCs including low-passage mAsiPSCs
(No. 40) and late-passage mAsiPSCs (No. 47) possess a
higher tendency to differentiate into neurons and dopaminer-

gic neurons compared to MEFsiPSCs (Fig. 7). The molecular
basis underlying the differentiation preference of the
mAsiPSCs is not understood. Recently, detailed examination
of a variety of iPSCs has shown that iPSCs retain some
epigenetic imprints of the cell of origin, called an “epigenetic
memory.” (Baumann, 2010; Kim et al., 2010; Polo et al., 2010)
Astrocytes are from the CNS and should retain the
“epigenetic memory” of neuronal lineages, which likely
endows mAsiPSCs with more potential for neuronal

Figure 7. Comparison of neuronal differentiation between MEFsiPSCs and mAsiPSCs. The EBs from MEFsiPSCs and
mAsiPSCs were plated onto adhesive tissue culture surface in the ES cell medium and then in serum-free ITSFn medium to screen
nestin-positive cells after 24 h. After 6–10 days culture in ITSFn medium, the cells were plated on collagen IV-coated coverslips and

then subjected to immunostaining with monoclonal nestin antibody (Red) and nuclear staining with DAPI (Blue) (A). The cells
cultured on collagen IV-coated coverslips were incubated under neuronal differentiation conditions for 7 days, and then subjected to
immunostaining with polyclonal β-tubulin III antibody (Green) and nuclear staining with DAPI (Blue) (B). Cells cultured in DA neuron

differentiation medium were collected at 0, 7th and 9th days and then subjected to total mRNA extraction and real-time PCR analysis
with mouse TH1 specific primers (C). ##p<0.01 vs MEFsiPSC-derived NPCs. Abbreviations are the same as in Fig.6.
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differentiation. A comparison of comprehensive epigenetic
characterizations between mAsiPSCs and MEFsiPSCs will
be required to elucidate whether some lineage-specific
imprints will give mAsiPSCs more potential for the differentia-
tion of original cell type and related cell types.

Taken together, we confirm that mouse astrocytes can be
reprogrammed to pluripotency, and reprogrammed astrocytes
possess a higher tendency to differentiate into related cell
types. These results suggest that iPSCs from different origins
may exhibit distinct differentiation potentials. This will be
helpful in choosing the appropriate parental cell type for iPS
cell generation.

MATERIALS AND METHODS

Cells and cell culture

Astrocytes were isolated from postnatal 7-day mouse brain cortices,
as previously described (Ghorpade et al., 2003; Vitvitsky et al., 2006).

Briefly, cortices of postnatal day 7 C57BL/6 mice were digested in
Ca2+- and Mg2+-free HBSS with 0.25% trypsin and 1mM EDTA, for
30min at 37°C in tissue culture flasks on a rotary shaker at
150 rotation/min. Cells were washed and replated in DMEM/F12

containing 10% heat-inactivated fetal bovine serum (FBS), penicillin
and streptomycin (Gibco, Rockville, Maryland) to generate primary
cultures. Astrocyte purity was> 99%, as determined by immunofluor-

escence using antibodies specific for glial fibrillary acidic protein
(Santa Cruz Biotechnology, Santa Cruz, California) and S100β
(Sigma, St. Louis, Missouri). Antibodies specific to CD11b (Serotec,

Raleigh, North Carolina) and galactocerebroside (Sigma) were used
to identify microglia or oligodendrocytes, respectively. MEFs (CF-1)
were dissected from embryos (12.5–13.5 days postcoitum) of CF-

1TM (Crl:CF1) mice (The Jackson Laboratory) and cultured in
Dulbecco's Modified Eagle's Medium (ATCC, Cat No. 30-2002) with
15% FBS, penicillin and streptomycin. Plat-E cells (ATCC, RV-101)
were maintained in DMEM, supplemented with 10% FBS, 1 μg/mL

puromycin, 10 μg/mL blasticidin, penicillin and streptomycin. ES-
C57BL/6 (ATCC, SCRC-1002™) were cultured on mitotically arrested
MEF (CF-1) (ATCC, SCRC-1040) with ES-DMEM (ATCC, SCRR-

2010) supplemented with 2.0 mM L-Alanyl-L-Glutamine (ATCC, 30-
2115), 0.1 mM nonessential amino acids (ATCC 30-2116), 0.1 mM 2-
mercaptoethanol (Invitrogen Life Technologies, No. 21985), 1000 U/

mL mouse LIF (Chemicon, ESG1107) and 15% FBS (ATCC,
SCRR-30-2020).

Retroviral packaging and viral infection

Before the transduction, Plat-E cells were seeded at 3.6 ×106 cells
per 100mm culture dish. On the next day, pMXs-based retroviral
vectors (Cell Biolabs, Inc. RTV-705-C) were introduced into Plat-E

cells using calcium phosphate transfection reagent (Invitrogen)
according to the manufacturer’s recommendations. Cells were then
incubated overnight at 37°C with 5% CO2. Twenty-four hours after

transduction, the medium was replaced. After another 24 h, virus-
containing supernatants derived from these Plat-E cultures were
filtered through a 0.45 µm cellulose acetate filter (Schleicher &

Schuell) and supplemented with 10 µg/mL polybrene (Millipore).
Mouse astrocytes seeded at 2 × 105 cells per well of 6-well plates

were incubated in the virus/polybrene-containing supernatants over-
night. After infection, the cells were re-plated in 2mL fresh medium.

Immunostaining and alkaline phosphatase staining

For immunostaining, cells were cultured on coverslips, fixed with 4%
paraformaldehyde, and permeabilized with 0.2% Triton X-100 in PBS,
and then blocked with 2% BSA in phosphate buffered saline (PBS) at
room temperature for 2 h. Cells were stained with primary antibodies

against Nanog (Millipore, AB9220), stage-specific embryonic antigen-
1 (SSEA-1) (Millipore, No. 90230), tyrosine hydroxylase (Covance
CRU Inc., No. 14921002), Nestin (Novus Biologicals, NB100-1604),

MAP-2 (Millipore, AB5622), and β-tubulin III (Abcam®, ab18207).
After overnight primary antibody incubation, samples were washed
with PBS and incubated with secondary antibodies (Invitrogen).

Samples were also counterstained with DAPI (Invitrogen, 21490).
Images were taken using Leica confocal microscope and regular
fluorescence microscope. For alkaline phosphatase staining, ES cells

or iPSCs were seeded on feeder layers pre-cultured on coverslips at
low density and allowed to grow for 5 days in ES cell culture medium.
Cells were fixed in 4% formaldehyde in PBS for 10–15min at room
temperature and then rinsed in PBS. They were stained with

ELF®Phosphatase Detection Kit for Embryonic Stem Cells (ATCC,
SCRR-3010) according to the manufacturer’s guidelines.

Teratoma formation and histological analysis

Mouse ESCs or iPSCs were suspended at 1 × 107 cells/mL in DMEM
containing 10% FBS. SCID mice (Charles River Laboratories) were

anesthetized with isoflurane. The cell suspension (1 × 106 cells) was
subcutaneously injected into each flank of SCID mice. Teratomas
were surgically dissected from the mice 3–5 weeks after the injection.

Samples were washed, fixed in PBS containing 4% formaldehyde,
and embedded in paraffin. Sections were stained with hematoxylin
and eosin (H&E).

Western blot analyses

Western blot analysis was performed as previously described (Tian

et al., 2008). The primary antibodies used were anti-Nestin (Rat-401)
monoclonal antibody (sc-33677, Santa Cruz), anti-β-tubulin III
polyclonal antibody (T2200, Sigma), and anti-β-actin monoclonal

antibody (A5441, Sigma) as a loading control.

Feeder-free EB culture of mouse ESCs, MEFsiPSCs and

mAsiPSCs

Mouse ESCs (SCRC-1002™, ATCC, Manassas, VA, USA), MEF-
siPSCs (SC201A, SBI, Mountain View, CA) and mAsiPSCs were
cultured with ES-DMEM containing leukemia inhibitory factor at a
concentration of 1000U/mL to maintain the undifferentiated status of

cells on feeders. Colonies were developed and the stem cells were
trypsinized in about 3 days. The dissociated cells were then cultured
in suspension in bacteriological grade culture dishes. EBs were

formed in about 2 days and continued to grow for a total of 5 days.
EBs were then collected and imaged with a camera in live mode
under an inverted microscope. The size of EBs was measured with

the scale shown on the computer monitor.
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In vitro differentiation

In vitro differentiation of mouse astrocyte-derived iPSCs was carried

out as previously described (Lee et al., 2000) with modifications.
Briefly, undifferentiated iPSCs were grown on gelatin-coated tissue
culture plates in the presence of 1400 U/mL of leukemia inhibitory

factor (LIF; GIBCO/BRL, Grand Island, NY) in ES cell medium
consisting of knockout Dulbecco’sminimal essential medium (DMEM;
GIBCO/BRL) supplemented with 15% FBS, 100mM MEM nones-
sential amino acids, 0.55mM 2-mercaptoethanol, L-glutamine and

antibiotics (all from GIBCO/BRL). To induce EB formation, the cells
were dissociated into a single-cell suspension with 1 × Trypsin-EDTA
solution (GIBCO/BRL) in PBS and plated onto bacteriological grade

culture dishes at a density of 2 × 104 cells/cm2 in the medium
described above. The EBs were allowed to develop for four days and
then plated onto adhesive tissue culture surface in the ES cell

medium. After 24 h of culture, selection of nestin-positive cells was
initiated by replacing the ES cell culture medium with serum-free
ITSFn medium. After 6–10 days of selection, nestin-positive cells

were then propagated in N2 medium (DMEM/F12 containing 1mL N2

(GIBCO, Cat No. 17502-048), 500 ng/mL SHH (R&D, Cat No. 461-
SH-025) and 100 ng/mL FGF8 (Peprotech, Cat No. 100-25).
Specifically, the cells were dissociated with 1 × Trypsin/EDTA, and

plated on collagen IV-coated coverslips in 24-well plates at a
concentration of 5×104 cells/well in N2 medium. After 24 h, cells
were cultured in DA neuron differentiation medium (DMEM/F12

supplemented with N2 and AA (200 µM, Sigma, Cat No. 4403)). The
cells were incubated under differentiation conditions for 7 days and
then subjected to immunostaining and other experiments.

RNA extraction and TaqMan real-time RT-PCR

Total RNA was isolated with TRIzol Reagent (Invitrogen) and RNeasy

Mini Kit (QIAGEN Inc., Valencia, CA). Assays-on-Demand primers
for mouse tyrosine hydroxylase 1 (ID#, Mm00447546_m1) and
mouse GAPDH (ID#, Mm03302249_g1) were purchased from

Applied Biosystems Inc. (Foster City, CA). Real-time reverse-
transcription polymerase chain reaction (RT-PCR) was carried out
using the one-step quantitative TaqMan Real-time RT-PCR system

(Applied Biosystems Inc.). Tyrosine hydroxylase 1 mRNA levels were
determined and standardized with GAPDH as internal control.

Statistical analyses

Data were expressed as means ± SD. The data were evaluated
statistically by analysis of variance (ANOVA) followed by Tukey’s test

for paired observations. Significance was considered when p<0.05.
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