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In vivo induction of non-neuronal cells into neurons by transcription factors offers potential therapeutic approaches for neural regen-
eration. Although generation of induced neuronal (iN) cells in vitro and in vivo has been reported, whether iN cells can be fully integrated
into existing circuits remains unclear. Here we show that expression of achaete-scute complex homolog-like 1 (Ascl1) alone is sufficient
to convert dorsal midbrain astrocytes of mice into functional iN cells in vitro and in vivo. Specific expression of Ascl1 in astrocytes by
infection with GFAP–adeno-associated virus (AAV) vector converts astrocytes in dorsal midbrain, striatum, and somatosensory cortex
of postnatal and adult mice into functional neurons in vivo. These iN cells mature progressively, exhibiting neuronal morphology and
markers, action potentials, and synaptic inputs from and output to existing neurons. Thus, a single transcription factor, Ascl1, is
sufficient to convert brain astrocytes into functional neurons, and GFAP–AAV is an efficient vector for generating iN cells from astrocytes
in vivo.
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Introduction
Many transcription factors and chromatin-modifying processes
play important roles in controlling the stability of the differenti-
ated cellular identity (Holmberg and Perlmann, 2012). However,
recent studies of induced pluripotent stem cells (Gurdon, 2006;
Takahashi and Yamanaka, 2006) demonstrated that differenti-
ated cells are not irreversibly locked in their mature identity and
can be dedifferentiated by overexpression of selective transcrip-
tion factors.

More recent findings that defined transcription factors can
directly convert fibroblasts to functional neurons further demon-

strate the feasibility of transdifferentiation of non-neuronal cells
directly into neurons (Yang et al., 2011). For examples, postnatal
astrocytes of the mouse cerebral cortex can be converted into
glutamatergic and GABAergic neurons after overexpression of
the transcription factors Neurog2 and Dlx2, respectively
(Berninger et al., 2007b; Heinrich et al., 2010). Several studies
further showed that non-neuronal cells could be reprogrammed
into neurons or neuroblasts in vivo (Buffo et al., 2005; Ohori et
al., 2006; Grande et al., 2013; Niu et al., 2013; Torper et al., 2013;
Guo et al., 2014; Su et al., 2014). However, it remains poorly
understood how astrocyte-to-neuron conversion occurs in vivo
and whether these induced neuronal (iN) cells could be incorpo-
rated into the preexisting neural circuits (Arlotta and Berninger,
2014).

Proneural proteins, including achaete-scute complex homolog-
like 1 (Ascl1; also known as Mash1), Neurog1–3, and Math1,
control the commitment of multipotent progenitors to a neuro-
nal fate (Bertrand et al., 2002). The expression of Ascl1 or Neurog2
in forebrain progenitor cells promotes the generation of GABAe-
rgic and glutamatergic neurons, respectively (Parras et al., 2002;
Berninger et al., 2007a). Furthermore, Neurog2 and Ascl1 are
capable of reprogramming astrocytes from the early postnatal
cerebral cortex (Berninger et al., 2007b). Nevertheless, the effi-
ciency of cortical astrocyte-to-neuron conversion induced by
Ascl1 was only half of that by Neurog2 (Heinrich et al., 2010). In
addition, overexpression of Neurog2 alone in postnatal cortical
astrocytes gave rise to synapse-forming glutamatergic neurons,
whereas it is unknown whether Ascl1 alone could direct postnatal
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cortical astrocytes toward synapse-forming GABAergic neurons
(Heinrich et al., 2010).

Increasing evidence supports the notion that the astrocyte
lineage is remarkably heterogeneous (Hewett, 2009; Zhang and
Barres, 2010). It is conceivable that the origin of astrocytes may
contribute to the outcome of the astrocyte-to-neuron conver-
sion. In this study, we found that a single transcription factor,
Ascl1, can efficiently convert postnatal astrocytes from mouse
dorsal midbrain into functional, synapse-forming neurons in
vitro. Moreover, we designed an astrocyte-targeting gene delivery
system in vivo and found that a single transcription factor Ascl1
alone can induce astrocyte-to-neuron conversion in vivo.

Materials and Methods
Mouse strains. The generation of glutamic acid decarboxylase 67
(Gad67 )–GFP knock-in mice was described previously (Kaneko et al.,
2008). The glial fibrillary acidic protein (GFAP)–GFP mice were kindly
donated by Dr. Albee Messing (University of Wisconsin-Madison, Mad-
ison, WI) and obtained from The Jackson Laboratory (Zhuo et al., 1997).
The mouse strains Aldh1l1–EGFP and Aldh1l1–Cre were obtained from
the Mutant Mouse Regional Resource Center and were donated by the
National Institute of Neurological Disorders and Stroke-funded
GENSAT (Gene Expression Nervous System Atlas) BAC transgenic proj-
ect (Gong et al., 2003, 2007). Gad67–GFP, GFAP–GFP, and Aldh1l1–GFP
mice were identified with the primers 5�-GCACGACTTCTTCAAGT
CCGCCATGCC-3� and 5�-GCGGATCTTGAAGTTCACCTTGATG
CC-3�, which were used for detecting the GFP expression. The hGFAP–
CreERT2 mice were kindly donated by Dr. Flora Vaccarino (Yale
University, New Haven, CT) and obtained from The Jackson Laboratory
(Ganat et al., 2006). The Rosa26 –CAG–tdTomato (Ai9) mice were kindly
donated by Dr. Hongkui Zeng (Allen Institute for Brain Science, Seattle,
WA) and obtained from The Jackson Laboratory (Madisen et al., 2010).
For induction in hGFAP–CreER;Ai9 transgenic mice, an intraperitoneal
injection of 4-hydroxytamoxifen (4-OHT; H6278; Sigma), dissolved at a
concentration of 1 mg/ml in a 1:19 mixture of ethanol and sunflower oil
at 33 mg/kg body weight, was administered once a day at postnatal day 12
(P12) to P14 or P12–P16. Aldh1l1–Cre and hGFAP–CreERT2 mice were
identified with the primers 5�-GCCTGCATTACCGGTCGATGC-3� and
5�-CAGGGTGTTATAAGCAATCCCC-3�, which were used for detect-
ing the Cre expression (Huang et al., 2010). Genotyping primers for
identifying Ai9 mice were provided by The Jackson Laboratory. Nestin–
CreERT2 mice (Lagace et al., 2007; kind gift from Dr. Amelia Eisch,
University of Texas Southwestern, Dallas, TX) were crossed with R26R–
Stop–yellow fluorescent protein (YFP) mice (The Jackson Laboratory) to
generate Nestin–CreER;Rosa26 –YFP mice. For induction in adult Nes-
tin–CreER;Rosa26 –YFP mice, an intraperitoneal injection of tamoxifen
(T5648; Sigma), dissolved at a concentration of 20 mg/ml in a 1:19 mix-
ture of ethanol and sunflower oil at 100 mg/kg body weight, was admin-
istered once a day for 7 d. For BrdU labeling, an intraperitoneal injection
of BrdU (Sigma) at 100 mg/kg body weight was administered twice a day.
Mice of both sexes were used in this study. All animal procedures are
contained in protocols reviewed and approved by the Animal Care Com-
mittee at the Institute of Neuroscience, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences (Reference NA-100426) and at
the State Key Laboratory of Cognitive Neuroscience and Learning at
Beijing Normal University (Reference NKLCNL-2013-10).

Astrocyte culture. Primary cultures of astrocytes were prepared as de-
scribed previously (McCarthy and de Vellis, 1980) with modifications.
Briefly, the dorsal midbrain from P5–P7 mice were isolated and dissoci-
ated with 0.25% trypsin for 15 min. The tissue was triturated for disso-
ciation and plated with 10% serum in DMEM/F-12 (Invitrogen)
medium. After 7–9 d, the oligodendrocytes were shaken off to obtain the
astrocyte culture and replated in a medium consisting of DMEM/F-12,
10% fetal bovine serum (Invitrogen), penicillin/streptomycin (Invitro-
gen), and supplemented with B27 (Invitrogen), 10 ng/ml epidermal
growth factor (EGF), and 10 ng/ml fibroblast growth factor 2 (FGF2).
The vast majority of the cells (�90%) in these cultures were positive for
GFAP.

Plasmid construction and lentiviral transduction. Mouse Ascl1
full-length cDNA was cloned into the lentiviral expression vector
FUGW–IRES–EGFP (Naldini et al., 1996) to generate FUGW–Ascl1.
FUW–Ascl1–tdTomato was made by replacing GFP with tdTomato in
the plasmid FUGW–Ascl1. The empty lentiviral expression vector
FUGW or FUW–tdTomato was used as a negative control. Lentiviral
packaging and transfection were performed as described previously
(Tiscornia et al., 2006). Lentiviral transduction of astrocytes cultured was
performed 24 h after replating. Twenty-four hours after transduction,
the medium was replaced completely by a medium consisting of DMEM/
F-12, B27 supplement, GlutaMAX, and penicillin/streptomycin. From 6
to 7 d post-injection (DPI) onward, brain-derived neurotrophic factor
(20 ng/ml; PeproTech) were added to the medium every 3 d by changing
50% of the medium.

To generate GFAP–adeno-associated virus (AAV) vectors, the CMV
promoter of AAV vector AAV–FLEX–Arch–GFP vector (Addgene) was
replaced with the hGFAP promoter (2.2 kb). mCherry then was inserted
into the AAV vector to generate AAV–mCherry, and Ascl1 was cloned
into the AAV–mCherry to generate AAV–Ascl1/mCherry. Ascl1 was
cloned into the vector AAV–FLEX–Arch–GFP vector to generate AAV–
FLEX–Ascl1/GFP. The viral vectors AAV–mCherry and AAV–FLEX–
NLSGFP were used as negative controls [amino acid sequence of the
nuclear localization signal (NLS) is VPKKKRKVEA (Kalderon et al.,
1984)]. Recombinant AAV stocks, serotype 8, were produced by SBO
Medical Biotechnology. The purification method used CsCl density gra-
dients and desalting and concentrating on Amicon Ultra-15 centrifugal
filter units (Grieger et al., 2006). Purified AAV viruses were titered using
a quantitative PCR-based method.

Immunostaining. Immunostaining on cultured cells was performed
essentially a described previously except the primary antibodies were
incubated for overnight (Vierbuchen et al., 2010). Immunostaining on
cryostat sections were performed as described previously (Huang et al.,
2010). Double staining that combined in situ hybridization with immu-
nostaining on cryostat sections was performed as described previously
(Guo et al., 2012). In situ hybridization was performed first with a lower
proteinase K concentration (1–2 �g/ml) and shorter digesting time (3–7
min). After color development with nitroblue tetrazolium/5-bromo-4-
chloro-3-indolyl-phosphate as substrates, immunostaining procedures
to detect mCherry proteins were performed. To generate the confocal
images, the bright-field images of in situ hybridization signals were con-
verted into pseudo-green fluorescent color and then merged with the
fluorescent red mCherry images in Adobe Photoshop (Adobe Systems).

Primary antibodies were as follows: mouse anti-GFAP (1:1000;
MAB360; Millipore), rabbit GFAP (1:1000; Z0334; DAKO), mouse anti-
Tuj1 (1:500; MMS-435P; Covance), mouse anti-Map2 (1:500; M4403;
Sigma), rabbit anti-GFP (1:1000; A6455; Invitrogen), chicken anti-GFP
(A10262; 1:1000; Invitrogen), mouse anti-NeuN (1:100; MAB377; Mil-
lipore), rabbit anti-synapsin I (AB1543; 1:1000; Millipore), rabbit anti-
GABA (A2052; 1:3000; Sigma), mouse anti-GAD67 (MAB5406; 1:200;
Millipore), guinea pig anti-vesicular GABA transporter (VGAT; 1:200;
131004; Synaptic Systems), rabbit anti-Discosoma red (DsRed; 1:500;
632496; Clontech), mouse anti-DsRed (1:100; sc-81595; Santa Cruz Bio-
technology), guinea pig anti-VGLUT2 (1:400; VGluT2-GP-Af810; Fron-
tier Institute), rabbit anti-acyl-CoA synthetase bubblegum family
member 1 (Acsbg1; 1:100; ab65154; Abcam), rabbit anti-Sox2 (1:500;
AB5603; Millipore), mouse anti-S100� (1:1000; S2532; Sigma), rabbit
anti-excitatory amino acid transporter 1 (1:500; ab416; Abcam), mouse
anti-glutamine synthetase (GS; 1:200; 610518; BD Biosciences), rabbit
anti-NG2 (1:200; AB5320; Millipore), rabbit anti-ionized calcium-
binding adapter molecule 1 (IBAI; 1:500; 019-19741; Wako), mouse anti-
CNPase (1:500; ab6319; Abcam), mouse anti-O4 (1:500; MAB345;
Millipore), rabbit anti-Olig2 (1:500; AB9610; Millipore), rabbit anti-
doublecortin (DCX; 1:500; ab77450; Abcam), mouse anti-Ascl1 (1:200;
556604; BD Biosciences), rabbit anti-Ki67 (1:200; RM-9106; Thermo
Fisher Scientific), mouse anti-BrdU (1:200; B2531; Sigma), and mouse
anti-GST-� (1:50; 610718; BD Biosciences). FITC-, Cy3-, and Cy5-
conjugated secondary antibodies were obtained from Jackson
ImmunoResearch. AlexaFluor-350-, Alexa Fluor-488-, and Alexa Fluor-
546-conjugated secondary antibodies were obtained from Invitrogen.
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Stereotactic injection of AAV virus. Mice were anesthetized with ket-
amine (100 mg/kg, i.p.)/xylazine (10 mg/kg, i.p.). An injecting pipette,
with a tip opening size of 18 –20 �m (in diameter), was pulled from a
glass tube. Viruses were injected into the dorsal midbrain, striatum, and
cortex according to the mouse brain atlas (Paxinos and Franklin, 2001) at
the following coordinates: (1) for the midbrain, anteroposterior (AP),
�3.3 and �4.1 mm; mediolateral (ML), 0.5 mm; dorsoventral (DV),
�1.0 mm; (2) for the striatum, AP, 1.0 mm; ML, �2.0 mm; DV, �3.0
mm; and (3) for the cortex, AP, �1.25 mm; ML, 1.4 mm; DV, �1.25 mm,
angled 90° toward the midline in the coronal plane. After each injection,
the pipette was left in the tissue for 10 min before slowly being with-
drawn. For generating the stab injury model in the dorsal midbrain,
viruses were injected by a 5 ml syringe and a 31 gauge needle. The needle
injection itself was used as a stab injury model. Virus stocks were diluted
to 5 � 10 12 vector genomes/ml, and one microliter virus was injected
into each site. After injection, the tissues were collected for immuno-
staining or slice recording.

Flow cytometry and quantitative RT-PCR. mCherry-expressing
(mCherry �) cells were sorted on a MoFlo XDP (Beckman Coulter). For
qRT-PCR, total RNAs of mCherry � cells were extracted with TRIzol
(Invitrogen), and the cDNA was synthesized using the Superscript III
system (Invitrogen). Real-time qPCR was performed on a LightCycler
480 (Roche) using JumpStart ReadyMix (Sigma). The expression levels
of genes of interest were normalized to the expression of Gapdh.

Neurosphere assay. The dorsal midbrain and the subventricular zone
(SVZ) from mice at P12 were isolated and dissociated with papain (2
mg/ml) for 30 min at 37°C. Cells were plated at a density of 1000 cells/
cm 2 in ultra-low attachment six-well plates (Corning) in a medium (2
ml) consisting of Neurobasal medium (Invitrogen), supplemented
with B27 (Invitrogen), 2 �g/ml heparin, 10 ng/ml EGF, and 10 ng/ml
FGF2. After 7 d, the number of neurospheres was counted under a
light microscope.

Slice preparation. Mice slices were prepared as described previously
(Lu et al., 2007), with some modifications. Mice were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.; Nembutal; Abbott). After decapi-
tation, the brain was dissected rapidly and placed in ice-cold oxygenated
artificial CSF (aCSF) containing the following (in mM): 125 NaCl, 3 KCl,
2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 1.3 Na �-ascorbate, 0.6 Na �-
pyruvate, 26 NaHCO3, and 11 glucose, at pH 7.4. A coronal section was
made with a vibratome (VT-1200S; Leica), and slices (300 �m thick)
were maintained in an incubation chamber with oxygenated (95%
O2/5% CO2) aCSF at 34°C for 30 min and then transferred to room
temperature (20 –25°C) for �30 min before being transferred to the
recording chamber.

Electrophysiological recording. Whole-cell voltage- or current-clamp
recording was performed as described previously (Lu et al., 2007; Zhang
et al., 2009), with some modifications. Whole-cell recordings were made
from GFP � or mCherry � cells with borosilicate glass micropipettes
filled with an internal solution containing the following (in mM): 130
K-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 4 Mg2ATP, 0.3 Na2GTP, and
10 Na2-phosphocreatine, at pH 7.3 (290 –310 mOsm). Biocytin (0.2%)
was included in the internal solution for post-recording reconstruction
of cell morphology. The pipette resistance was in the range of 2.0 – 4.0
M�. To evoke currents, step voltages (500 ms, 10 mV step) from �110 to
60 mV were applied in the voltage-clamp mode. To evoke membrane
potential deflections, step currents (500 ms duration) were injected in the
current-clamp mode. In experiments recording the autaptic synaptic
response, cells were voltage clamped at �70 mV, and 1 ms voltage steps
(50 – 80 mV) were applied. A high Cl � internal solution was used to
record GABAergic synaptic activities, and the solution was composed of
the following (in mM): 94 K-gluconate, 60 KCl, 10 HEPES, 0.2 EGTA, 4
Mg-ATP, 0.3 Na2GTP, and 10 phosphocreatine. For separating sponta-
neous EPSCs (sEPSCs) and sIPSCs, cells were voltage clamped to �66
and 0 mV, respectively, using the Cs-based internal solution that con-
tained the following (in mM): 125 Cs-gluconate, 5 tetraethylammonium-
Cl, 2 CsCl, 1 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 GTP, 10 phosphocreatine,
and 3 QX-314, pH 7.2. The combination of CNQX (10 �M) and APV (50
�M) or bicuculline (20 �M) was used to block sEPSCs or sIPSCs. Electri-
cal signals were amplified and filtered at 2–10 kHz (low pass) with Axon

MultiClamp 700B (Molecular Devices), digitized at 20 –100 kHz (Digi-
data 1322A; Molecular Devices), and acquired by a computer with the
pClamp 9.2 (Molecular Devices). The data analysis was done with the
Clampfit and a custom program in MATLAB (MathWorks). All chemi-
cals were from Sigma or Tocris Bioscience.

Reconstruction of cell morphology. Reconstruction of cell morphology
was performed as described previously (Lu et al., 2007), with some mod-
ifications. Slices containing recorded cells that were filled with biocytin
(0.2%) through the recording pipette were incubated at 4°C with 4%
paraformaldehyde in 0.1 M PBS, pH 7.4. After the fixation, slices were
rinsed in PBS (5 min for three times), then blocked in 5% bovine serum
albumin (BSA) and 0.5% Triton X-100 in PBS for 1 h, and finally incu-
bated in the PBS solution containing Alexa Fluor 488-conjugated strepa-
vidin, 0.3% Triton X-100, and 3% BSA overnight at 4°C. After three 5
min washings in PBS, the stained sections were mounted onto glass
slides, air dried, and coverslipped with mounting medium. The fluores-
cence staining signals were acquired by a Nikon A1 confocal microscope
using a 20� objective.

Data analysis. Data were presented as mean � SEM. The statistical
significance was tested with the unpaired Student’s t test. For electro-
physiological recording data with non-normal distributions, statistical
significance was tested with the nonparametric Kolmogorov–Smirnov
test instead. Differences were considered significant at p 	 0.05.

Results
Ascl1 converts dorsal midbrain astrocytes into neurons
It was reported that Ascl1 was less efficient than Neurog2 in con-
verting cortical astrocytes into neurons (Heinrich et al., 2010).
During development, Ascl1 is required for the generation of
GABAergic neurons in the domains m1–m2 of the dorsal mid-
brain (Peltopuro et al., 2010). To examine whether the origin of
astrocytes plays a role in generating iN cells, we infected in vitro
the astrocytes obtained from dorsal midbrain with the lentivirus
FUGW–Ascl1, which expresses Ascl1 under the ubiquitin pro-
moter. The starting astrocytes at 3 d after plating were character-
ized by the expression of distinct cell type markers (data not
shown). At 10 DPI with the control lentivirus FUGW expressing
only GFP, the astrocytes maintained the glial morphology and
expressed the astrocyte marker GFAP but not the neuronal
marker Tuj1 (Fig. 1A,B). In contrast, most of the astrocytes that
were infected with FUGW–Ascl1 adopted a neuronal fate and
expressed Tuj1 (76.8 � 6.4%, n 
 3, 348 –384 GFP� cells each)
and exhibited characteristic neuronal morphology (Fig. 1C). Fur-
thermore, astrocytes infected with FUGW–Ascl1 expressed the
mature neuronal makers MAP2 and synapsin I at 21 DPI (Fig.
1D,E).

To test whether the iN cells induced by Ascl1 are functional,
we performed whole-cell recordings from these cells (Fig. 1F).
We found that, at 30 – 40 DPI, all GFP� cells (63 of 63) were
capable of generating action potentials (APs) in response to the
injection of depolarizing step currents in current-clamp mode
(Fig. 1G). Moreover, spontaneous postsynaptic currents were ob-
served (in the voltage-clamp mode) in the majority of iN cells
recorded (87.3%, 55 of 63 cells) at 30 – 40 DPI (Fig. 1G), suggest-
ing that these neurons formed afferent synapses.

We also examined whether there were glutamatergic and
GABAergic neurons in the iN cells by performing electrophysio-
logical recording. We found that, at 30 – 40 DPI, electrical stim-
ulation of GFP� iN cells with depolarizing voltages often resulted
in the activation of their autapse(s), as shown by the evoked
postsynaptic currents recorded in the same iN cells immediately
after the stimulation (Fig. 1H). These autaptic currents could be
fully blocked by bath application of CNQX (10 �M), a reversible
antagonist of AMPA/kainate glutamate receptors (Fig. 1H), indicat-
ing their glutamatergic nature. Such autaptic responses were ob-
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served in 7 of 36 neurons examined (19.4%), and the blocking effect
of CNQX was observed consistently in all three neurons tested.

To determine whether there were presynaptically competent
GABAergic neurons in the iN cells, we infected lentivirus FUW–
Ascl1–tdTomato into the astrocytes that were isolated from the
dorsal midbrain of Gad67–GFP knock-in mice (Kaneko et al.,
2008). To facilitate synaptogenesis of the iN cells, astrocytes that
had been infected by FUW–Ascl1–tdTomato for 10 d were cocul-
tured with neurons isolated from the dorsal midbrain of P5–P7
wild-type (WT) mice. Among these induced GAD67� neurons
(tdTomato�GFP� cells), we recorded typical autaptic responses in
8 of 38 neurons, and application of the GABAA receptor antagonist
bicuculline (20 �M) abolished this autaptic transmission in all five
cells tested (Fig. 1I). Thus, there were induced GABAergic neurons
in the iN cells, and they were capable of forming synapses.

The presence of glutamatergic and GABAergic iN cells was
corroborated by additional immunostaining of the glutamatergic

marker VGLUT2 and the GABAergic markers GABA, GAD67
(encoded by the gene Gad1), and VGAT (data not shown). To-
gether, the above studies showed that the transcription factor
Ascl1 could efficiently convert postnatal dorsal midbrain astro-
cytes in vitro into neurons that could be functionally glutamater-
gic or GABAergic.

GFAP–AAV vectors efficiently infect dorsal midbrain
astrocytes in vivo
To explore the possibility of converting astrocytes into neurons in
vivo, we chose the recombinant AAV vectors to deliver the genes
into the mouse midbrain (superior colliculi and inferior colliculi
in one hemisphere), using the GFAP promoter (Su et al., 2004).
We constructed AAV vectors containing the hGFAP promoter
and sequence that code for mCherry alone or Ascl1 fused with
mCherry and injected the vector into one side of the tectum of
WT mice at P12–P15, when astrocytes are known to lose their

Figure 1. Ascl1 converts dorsal midbrain astrocytes into neurons in vitro. A, B, Cells infected with the control lentivirus FUGW expressing GFP (green) did not express Tuj1 (A) but expressed GFAP
(red) and displayed astrocyte morphology (B) 10 d after infection. C, Cells infected with lentivirus FUGW–Ascl1 expressing Ascl1 and GFP expressed Tuj1 (red) and displayed characteristic neuronal
morphology 10 d after infection. D, E, Cells infected with lentivirus FUGW–Ascl1 expressed the mature neuronal markers MAP2 (D) and synapsin I (E) at 21 DPI. F, Differential interference contrast
(DIC) image of whole-cell recording from an iN cell (green fluorescence, arrow) at 30 DPI. G, Traces of membrane potentials of the iN cell shown in F in response to the intracellular injection of step
currents (ranging from �20 to 100 pA; 500 ms) under current-clamp mode (left) and of spontaneous postsynaptic currents (sPSCs) under voltage-clamp mode. Inset, An example of sPSCs showed
at a higher time resolution. H, An example of glutamatergic autaptic synaptic currents recorded from an iN cell at 30 DPI. The autaptic responses were evoked by a voltage step (50 mV, 1 ms) in the
voltage-clamp mode. Application of CNQX (10 �M) reversibly blocked the autaptic responses. I, DIC image of whole-cell recording from an induced GABAergic neuron (green fluorescence, arrow) at
37 DPI from the astrocyte of the Gad67–GFP mouse and GABAergic autaptic synaptic currents evoked by a voltage step (60 mV, 1 ms) in the voltage-clamp mode. Application of bicuculline (Bic; 20
�M) reversibly blocked the autaptic responses. Scale bars: A–D, 100 �m; E, 50 �m.
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neurosphere-generating potential (Lay-
well et al., 2000). We detected mCherry
expression by immunostaining 3 d after
AAV infection. Astrocytes are a heteroge-
neous mix of cells. By examining the
morphology of AAV–mCherry-infected
astrocytes, we found that most of the as-
trocytes looked like the “protoplasmic”
type (data not shown). Ascl1/mCherry is a
fusion protein, and both Ascl1 and
mCherry were expressed predominantly
in the nuclei of cells that had been infected
with AAV–Ascl1/mCherry virus. Double
immunostaining of mCherry and the as-
trocyte marker Acsbg1 (Cahoy et al.,
2008) showed that nearly all mCherry�

cells stained positively with Acsbg1 at 3
DPI for both the control AAV–mCherry
(96.1 � 0.7%, n 
 3 mice, 220 –326 cells
per mice; Fig. 2A) and AAV–Ascl1/
mCherry (93.1 � 2.7%, n 
 3 mice, 130 –
280 cells per mice; Fig. 2B), suggesting
that the AAV vectors specifically targeted
astrocytes. Furthermore, double immu-
nostaining of mCherry and the neuronal
marker NeuN showed that mCherry was
barely expressed in neurons (Fig.
3A,A�,D,D�). In addition, mCherry was
not coexpressed with NG2 (data not
shown), a marker for NG2 cells, the ubiq-
uitous oligodendrocyte precursors with
restricted lineage potential in mammalian
CNS (Kang et al., 2010).

To confirm the specific expression of
GFAP–AAV vectors, we also used two
astrocyte-specific reporter mouse lines,
GFAP–GFP (Zhuo et al., 1997) and
Aldh1l1–GFP (Cahoy et al., 2008), that ex-
press GFP specifically in astrocytes. Three
days after infection with AAV–mCherry,
we found that the vast majority of
mCherry� cells colocalized with GFP�

cells in both Aldh1l1–GFP mice (98.7 �
1.0%, n 
 3 mice, 426 – 475 cells per mice;
Fig. 2C) and GFAP–GFP mice (93.5 �
1.4%, n 
 3 mice, 123–186 cells per mice;
Fig. 2D). We also quantified the efficacy of
viral infection to astrocytes by analyzing
the percentage of mCherry� cells in Aldh1l1–GFP mice injected
with AAV–Ascl1/mCherry at P12–P15. At 3 DPI, double immu-
nostaining results showed that a small population of astrocytes
(5.7 � 3.2%, n 
 3 mice, 124 –156 cells per mice) in the dorsal
midbrain were infected.Last, to furtherconfirmthe identityofGFAP–
AAV-targeted cells at P12–P14, we analyzed intercrosses of GFAP–
CreERT2 (Ganat et al., 2006) with a conditional Rosa26 –CAG-
tdTomato (Ai9) reporter line (Madisen et al., 2010) and induced
GFAP–CreERT2;Rosa26 –CAG–tdTomato mice with 4-OHT. The
results showed that tdTomato was expressed in 4-OHT-treated
mice, and double immunostaining of 4-OHT-treated mice
showed that tdTomato colocalized extensively with Acsbg1 (93.8 �
1.6%, n 
 3 mice, 169–177 cells per mice; Fig. 2E). Thus, AAV
vectors driven by the GFAP promoter can specifically infect astro-
cytes at P12–P15 in vivo.

In vivo conversion of dorsal midbrain astrocytes into neurons
by Ascl1
After establishing the modified AAV vectors that were driven by
the GFAP promoter to specifically deliver genes into astrocytes in
the mouse midbrain, we further studied whether infected astro-
cytes are reprogrammed into neurons in vivo. We injected AAV–
mCherry or AAV–Ascl1/mCherry into the dorsal midbrain of
WT mice at P12–P15 and collected the brain sections at several
time points after AAV infection. Double immunostaining
showed that mCherry barely colocalized with NeuN in midbrain
tissue infected with control AAV–mCherry (3.4 � 0.2%, n 
 3
mice, 472– 489 cells per mice; Fig. 3A,A�) or AAV–Ascl1/
mCherry (4.5 � 2.3%, n 
 3 mice, 279 – 419 cells per mice; Fig.
3D,D�) at 3–5 DPI. At later time points, the vast majority of
mCherry remained absent in NeuN� cells in control AAV–

Figure 2. GFAP–AAV vectors target astrocytes of the dorsal midbrain in vivo. A, B, Double staining of mCherry and Acsbg1 on
sections of the dorsal midbrain from WT mice infected with the control virus AAV–mCherry (A) or virus AAV–Ascl1/mCherry (B) at
3 DPI. mCherry was almost expressed exclusively in astrocytes. The inset shows the area where the AAV viruses were injected. C, D,
Double staining of mCherry and GFP on sections of the dorsal midbrain from Aldh1l1–GFP (C) and GFAP–GFP (D) mice infected with
AAV–mCherry at 3 DPI. mCherry extensively colabeled with GFP (arrows). E, Double staining of tdTomato and Acsbg1 on sections
of the dorsal midbrain from GFAP–CreERT2;Ai9 mice that were injected with 4-OHT. tdTomato extensively colabeled with Acsbg1
(arrows). Scale bars, 20 �m.
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Figure 3. Conversion of dorsal midbrain astrocytes into neurons by Ascl1 in vivo. A–C�, Double staining of mCherry and NeuN on sections of the dorsal midbrain from WT mice that were infected
with the control virus AAV–mCherry on day 3 (A, A�), day 10 (B, B�), and day 30 (C, C�). mCherry was not colocalized with NeuN (arrowheads). A�, B�, and C� are higher magnifications of the boxed
areas in A, B, and C, respectively. D–F�, Double staining of mCherry and NeuN on sections of the dorsal midbrain from WT mice that were infected with virus AAV–Ascl1/mCherry on day 3 (D, D�),
day 10 (E, E�), and day 30 (F, F�) after infection. mCherry was gradually colocalized with NeuN. D�, E�, and F� are higher magnification of the boxed areas in D, E, and F, respectively. G, H,
Pseudo-color double staining of mCherry with Gad1 mRNA (G, red) or VGLUT2 (H, red) on sections of the dorsal midbrain from WT mice that were infected with (Figure legend continues.)
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mCherry-infected tissues at 10 –14 DPI
(4.0 � 0.5%, n 
 3 mice, 325– 487 cells
per mice; Fig. 3B,B�) or at 28 –32 DPI
(3.9 � 0.4%, n 
 3 mice, 389 –515 cells
per mice; Fig. 3C,C�). In contrast,
mCherry became progressively colocal-
ized with NeuN in tissues infected by
AAV–Ascl1/mCherry, with the percent-
age of cells showing that colocalization in-
creased to 44.2 � 12.5% (n 
 3 mice,
309 – 436 cells per mice) at 10 –14 DPI
(Fig. 3E,E�) and to 93.1 � 1.7% (n 
 3
mice, 412–557 cells per mice) at 28 –32
DPI (Fig. 3F,F�).

We have also examined the transmitter
phenotypes of the iN cells induced by
Ascl1 and found that these cells expressed
Gad1 (13.2 � 4.2%, n 
 3 mice, 57–180
cells per mice; Fig. 3G) and VGLUT2
(6.5 � 2.2%, n 
 3 mice, 48 –118 cells per
mice; Fig. 3H) at 45 DPI, indicating the
presence of both glutamatergic and
GABAergic neurons in these iN cells. In
summary, Ascl1 could convert astrocytes
of the dorsal midbrain into neurons effi-
ciently in vivo.

To determine whether there are neural
stem cells (NSCs) in the dorsal midbrain
at P12, we performed the frequently ad-
opted neurospheres assay (Pevny and
Rao, 2003). The results showed that the
dorsal midbrain was unable to generate
neurospheres (0.8 � 0.2 neurospheres in
each well of six wells, n 
 3 mice, 0 –1
neurospheres per mice; Fig. 3I), although
cells from the SVZ of P12 mice could gen-
erate many neurospheres (364.9 � 53.5
neurospheres in each well of six wells, n 

3 mice, 333– 426 neurospheres per mice;
Fig. 3J). This is in line with the report that
early postnatal astrocytes can give rise to
neurospheres until P11 (Laywell et al.,
2000). Meanwhile, to explore whether
GFAP� cells are neural progenitors at
P12 that can give rise to neurons at later stages, we induced
GFAP–CreERT2; Rosa26 –CAG–tdTomato mice with five daily
4-OHT injections (at P12–P16) and examined the identity of
tdTomato� cells 30 d later. Double immunostaining showed that
tdTomato did not colocalize with NeuN (data not shown). To
further confirm whether the iN cells were derived from NSCs, we
use Nestin–CreER;Rosa26 –YFP mice to label adult NSCs and
their progeny in vivo. Ten days after induction of the expression
of YFP, AAV–Ascl1/mCherry virus was injected into the dorsal

midbrain of these mice. Double immunostaining showed that
immature neuronal marker DCX was colocalized with YFP in the
lateral ventricle (Fig. 3K), indicating that DCX� cells were de-
rived from NSCs. In contrast, no expression of YFP was detected
in the dorsal midbrain in which iN cells were generated, suggest-
ing that these cells were generated from local reprogramming
instead of endogenous NSCs (Fig. 3L). These results indicate that
iN cells derived from GFAP� cells were converted from astro-
cytes instead of neural progenitors.

To further determine whether iN cells pass through a prolif-
erative state in the reprogramming induced by Ascl1, proliferat-
ing cells were continually labeled by intraperitoneal injection of
BrdU at 3–7 and 3–30 DPI with the virus. At 7 DPI, double-
immunostaining results showed that mCherry barely colocalized
with BrdU in midbrain tissue infected with control AAV–
mCherry (2.2 � 0.5%, n 
 3 mice, 325– 410 cells per mice; Fig.
4A) or AAV–Ascl1/mCherry (1.6 � 0.3%, n 
 3 mice, 213–307
cells per mice; Fig. 4B). Then at 30 DPI, we found that mCherry
still barely colocalized with BrdU in midbrain tissue infected with

4

(Figure legend continued.) virus AAV–Ascl1/mCherry at 45 DPI. I, J, Neurosphere formation
by cells derived from the dorsal midbrain (I) and the SVZ (J) of WT mice at P12. K, Immunostain-
ing analysis showing DCX � cells within the lateral ventricle (LV) were derived from NSCs that
were traced by YFP in Nestin–CreER;Rosa26 –YFP mice. L, Triple staining of mCherry, NeuN, and
YFP on sections of the adult dorsal midbrain from Nestin–CreER;Rosa26 –YFP mice that had
been treated with tamoxifen and injected with AAV–Ascl1/mCherry. Ascl1-induced NeuN �

cells (arrows) within the dorsal midbrain are YFP �, indicatingthattheyareproducedlocallyrather
than derived from endogenous neurogenic niches. Scale bars: A–H, K–L, 20 �m; I, J, 50 �m.

Figure 4. iN cells do not pass through a proliferative state. A, B, Double staining of mCherry and BrdU on sections of the dorsal
midbrain from WT mice infected with the control virus AAV–mCherry (A) or virus AAV–Ascl1/mCherry (B) at 7 DPI. mCherry was
not colocalized with BrdU (arrowheads). C, D, Double staining of mCherry and Ki67 on sections of the dorsal midbrain from WT mice
infected with the control virus AAV–mCherry (C) or virus AAV–Ascl1/mCherry (D) at 15 DPI. mCherry was not colocalized with Ki67
(arrowheads). E, F, Triple staining of mCherry, BrdU, and NeuN on sections of the dorsal midbrain that were infected with the
control virus AAV–mCherry (E) or with virus AAV–Ascl1/mCherry (F) at 30 DPI. G, Triple staining of mCherry, Ki67, and NeuN on
sections of the dorsal midbrain that were infected with virus AAV–Ascl1/mCherry at 30 DPI (G). Scale bars, 20 �m.

9342 • J. Neurosci., June 24, 2015 • 35(25):9336 –9355 Liu, Miao et al. • Ascl1 Converts Astrocytes into Neurons In Vivo



control AAV–mCherry (4.3 � 1.2%, n 
 3 mice, 230 –363 cells
per mice; Fig. 4E) or AAV–Ascl1/mCherry (1.6 � 1.0%, n 
 3
mice, 204 –290 cells per mice; Fig. 4F), whereas the vast majority
of mCherry� cells expressed NeuN in midbrain tissue infected
with AAV–Ascl1/mCherry (Fig. 4F) but not in midbrain tissue
infected with control AAV–mCherry (Fig. 4E). Furthermore,
double-immunostaining results showed that mCherry barely
colocalized with Ki67 in midbrain tissue infected with control
AAV–mCherry (1.0 � 0.6%, n 
 3 mice, 192–246 cells per mice;
Fig. 4C) or AAV–Ascl1/mCherry (0.9 � 0.3%, n 
 3 mice, 185–
276 cells per mice; Fig. 4D) at 15 DPI. At 30 DPI, mCherry still
barely colocalized with Ki67 in midbrain tissue infected with con-
trol AAV–mCherry (data not shown) or AAV–Ascl1/mCherry
(0.5 � 0.1%, n 
 3 mice, 171–248 cells per mice; Fig. 4G),
whereas the vast majority of mCherry� cells expressed NeuN in
midbrain tissue infected with AAV–Ascl1/mCherry (Fig. 4G) but
not in midbrain tissue infected with control AAV–mCherry (data

not shown). These results indicate that iN
cells did not pass through a proliferative
stage.

Two previous studies reported that
Ascl1 overexpression induces oligoden-
drocytes in the adult spinal cord and den-
tate gyrus (Ohori et al., 2006; Jessberger et
al., 2008). Then we examined whether
astrocytes could be converted into
oligodendrocytes by Ascl1. Double-
immunostaining results showed that
mCherry was barely colabeled with the
oligodendrocytes marker GST-� in the
midbrain 7 d after infection of the control
virus AAV–mCherry (0.4 � 0.1%, n 
 3
mice, 237–303 cells per mice; Fig. 5A) or
AAV–Ascl1/mCherry (0.4 � 0.3%, n 
 3
mice, 219 –338 cells per mice; Fig. 5B). At
later time points, mCherry was barely co-
labeled with another oligodendrocytes
marker, Olig2, in the midbrain infected
with the control virus AAV–mCherry
(2.8 � 2.2%, n 
 3 mice, 308 –393 cells
per mice; Fig. 5C) or AAV–Ascl1/
mCherry (3.3 � 0.4%, n 
 3 mice, 278 –
327 cells per mice; Fig. 5D) at 30 DPI,
whereas the vast majority of mCherry�

cells expressed NeuN in the midbrain in-
fected with AAV–Ascl1/mCherry (Fig.
5D). These results indicate that astrocytes
in the midbrain were converted into neu-
rons but not oligodendrocytes by Ascl1
overexpression. In the meantime, we
found that mCherry was barely colabeled
with Olig2 in the striatum infected with
the control virus AAV–mCherry (3.2 �
1.2%, n 
 3 mice, 156 –181 cells per mice;
Fig. 5E) or AAV–Ascl1/mCherry (4.4 �
1.7%, n 
 3 mice, 137–199 cells per mice;
Fig. 5F) at 30 DPI. In the cortex, mCherry
was also barely colabeled with Olig2 in tis-
sue infected with the control virus AAV–
mCherry (3.1 � 1.4%, n 
 3 mice, 124 –
197 cells per mice; Fig. 5G) or AAV–Ascl1/
mCherry (3.2 � 1.4%, n 
 3 mice, 119 –
145 cells per mice; Fig. 5H) at 30 DPI.

These results indicate that astrocytes in the striatum and cortex
were not converted to oligodendrocytes by Ascl1 overexpression
as well.

Expression analysis of molecular markers of iN cells
generated in vivo
To determine the expression of molecular markers in iN cells,
we isolated the mCherry � cells in the dorsal midbrain from
WT mice that were infected with AAV–Ascl1/mCherry by
fluorescence-activated cell sorting (FACS) on day 4, day 10, and
day 30 after infection. Quantitative RT-PCR results showed that
the expression of the astrocyte markers Gfap, S100�, and Acsbg1
decreased (Fig. 6A–C) whereas the expression of the neuronal
markers Tuj1, Map2, and NeuN increased in iN cells over time
(Fig. 6D–F). The expression of the neuronal progenitor markers
Sox2 and Pax6 and the midbrain neural progenitor markers En1,
En2, Pax3, and Pax7 could not be detected during the period

Figure 5. Ascl1 converts astrocytes to neurons but not oligodendrocytes. A, B, Double staining of mCherry and GST-� on
sections of the dorsal midbrain from WT mice infected with the control virus AAV–mCherry (A) or virus AAV–Ascl1/mCherry (B) at
7 DPI. mCherry was not colocalized with GST-�. C, Double staining of mCherry and Olig2 on sections of the dorsal midbrain from WT
mice infected with the control virus AAV–mCherry (C) at 30 DPI. mCherry was not colocalized with Olig2. D, Triple staining of
mCherry, Olig2, and NeuN on sections of the dorsal midbrain that were infected with AAV–Ascl1/mCherry at 30 DPI (D). mCherry
was colocalized with NeuN but not with Olig2 (arrows). E, F, Double staining of mCherry and Olig2 on sections of the striatum from
WT mice infected with the control virus AAV–mCherry (E) or virus AAV–Ascl1/mCherry (F) at 30 DPI. G, H, Double staining of
mCherry and Olig2 on sections of the cortex from WT mice infected with the control virus AAV–mCherry (G) or virus AAV–Ascl1/
mCherry (H) at 30 DPI. Scale bars, 20 �m.
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examined (Fig. 6G–I). These results sug-
gest that iN cells induced by Ascl1 in vivo
gradually lost their astrocyte properties
and became mature neurons.

Functional characterization of iN cells
generated in vivo
We further examined the functional
properties and the maturation of iN cells
generated in vivo by performing whole-
cell recordings in acute brain slices ob-
tained from infected mice at different
time points after viral injection. The in-
fected cells were identified by the expres-
sion of mCherry. In slices from mice
infected with the control virus AAV–m-
Cherry, we found that infected cells exhib-
ited a relatively low membrane resistance
(1.97 � 0.88 M�, n 
 7), a more hyper-
polarized membrane potential (�79.2 �
0.4 mV, n 
 14), and no AP in response to
intracellular injection of step currents
(Fig. 7A). These properties were quantita-
tively comparable with those of astrocytes
(Volterra and Meldolesi, 2005). The mor-
phology of recorded cells as revealed by
post-recording staining with biocytin also
showed that they had typical astrocyte
morphology and were coupled via gap
junctions to neighboring astrocytes (Fig.
7A, fluorescence images). These results
suggest that the control virus AAV–
mCherry specifically targeted astrocytes
in vivo and did not change their physio-
logical properties. In contrast, in brain
slices from mice 7–30 d after infection of
AAV–Ascl1/mCherry, we found that
many infected cells displayed inward (pu-
tative Na�) and outward (putative K�)
currents in the voltage-clamp mode, with
the amplitude increased within days after
infection (Fig. 7B–E). Consistently, in the
current-clamp recordings, these cells
showed an increased ability in generating
APs within days after infection (Fig. 7B–E,
traces). Furthermore, the morphology of
recorded iN cells became more complex
and less electrically coupled with neigh-
boring cells over time, as shown by the
post-recording biocytin staining (Fig.
7B–E, images). Last, there was also an increase in membrane
resistance and a decrease of resting membrane potential (RMP)
over time (Fig. 7F,G). All these properties indicated a progressive
functional maturation of iN cells after the expression of the single
transcription factor Ascl1 in vivo.

We further categorized the iN cells into four groups based on
their current and voltage (spiking) response patterns: (1) non-
active cells (“non-active”); (2) cells exhibiting inward current
without an AP (“inward”); (3) single AP (“sAP”); and (4) multi-
ple APs (“mAP”). The results shown in Figure 7H indicated that
these iN cells induced by Ascl1 in vivo became excitable gradually
over time, and, by 30 DPI, all recorded iN cells were capable of
spiking at high frequencies (50 –220 Hz; Fig. 7H). In contrast,

cells infected with the control virus AAV–mCherry were all found
in the astrocyte-like non-active category at all DPIs (Fig. 7H, far
left panel). In support of the notion that Ascl1-induced iN cells
are fully matured by 30 DPI, we observed spontaneous postsyn-
aptic currents in all recorded AAV–Ascl1/mCherry-infected cells
(n 
 23 of 23), and these synaptic events also appeared gradually
within days after AAV infection (Fig. 7I). Additional pharmaco-
logical experiments suggested that the iN cells received both ex-
citatory glutamatergic and inhibitory GABAergic synaptic inputs
at 30 DPI (Fig. 7J). Finally, these iN cells also made output syn-
apses with existing neurons within the midbrain. As shown in
Figure 7K, dual whole-cell recording showed that an iN cell
(mCherry�) made a GABAergic synaptic connection with a

Figure 6. Expression analysis of molecular markers of iN cells. A–H, mCherry � cells in the dorsal midbrain derived from WT
mice that were infected with the virus AAV–Ascl1/mCherry at P12–P15 were collected by FACS on day 4 (D4, black bars), day 10
(D10, red bars), and day 30 (D30, blue bars) after infection. The expression of the astrocyte markers Gfap (A), S100� (B), and Acsbg1
(C), the neuronal markers Tuj1 (D), Map2 (E), and NeuN (F), the neural progenitor markers Sox2 (G) and Pax6 (H), and the midbrain
neural progenitor markers En1, En2, Pax3, and Pax7 (I) was examined by qRT-PCR. The neurospheres (yellow bars) derived from the
SVZ of mice at P0 were used as positive controls for detecting the expression of Sox2 and Pax6. The cells derived from E12.5
midbrain (purple bars) were used as positive controls for detecting the expression of En1, En2, Pax3, and Pax7.
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Figure 7. Functional characterization of iN cells generated in vivo. A, Membrane properties of an mCherry � astrocyte recorded in an acute dorsal midbrain slice prepared from a WT mouse that
was infected with the control virus AAV–mCherry at 7 DPI. Membrane currents (left) and voltages were recorded in voltage- and current-clamp modes, respectively, in responses to the step voltage
or current commands. Fluorescence images from left to right: mCherry, biocytin staining, and superimposed fluorescence. Arrow, The cell recorded and filled with biocytin. Note the spread of biocytin
to neighboring astrocytes, including several mCherry � cells. B–E, Membrane functions of iN cells (mCherry �) in slices of the dorsal midbrain that were prepared from WT mice infected with
AAV–Ascl1/mCherry on day 5 (B, D), day 7 (C), or day 30 (E) after infection. Boxed regions, Membrane currents at a higher time resolution. Phase plots (Vm vs dV/dt) of the initial 100 ms responses
is used to detect the voltage threshold of the AP (indicated by dotted lines). The arrows in the fluorescence images (mCherry and biocytin staining) indicate the recorded cells. F, G, Membrane
resistance (Rm; F) and RMP (G) of astrocytes and iN cells over days after infection. H, Percentages of induced cells with four different degrees of membrane excitability (non-active, inward, sAP, and
mAP) over days after infection with the control AAV–mCherry or AAV–Ascl1/mCherry viruses. I, Percentages of induced cells showing sPSCs at different time points after infection with the control
AAV–mCherry or AAV–Ascl1/mCherry viruses. J, Representative traces of spontaneous glutamatergic (inward) and GABAergic (outward) synaptic currents, (Figure legend continues.)
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neighboring tectal neuron (mCherry�), as indicated by the
evoked inhibitory synaptic currents in the mCherry� cell that
could be abolished by bath application of bicuculline (20 �M).
Thus, iN cells converted directly from astrocytes in the dorsal
midbrain could be integrated into existing neural circuits in vivo.

In vivo conversion of dorsal midbrain astrocytes from adult
mice into neurons by Ascl1
To examine whether astrocytes from adult mice could be repro-
grammed into neurons, we injected AAV–mCherry or AAV–
Ascl1/mCherry into the dorsal midbrain of WT mice at P60.
Double immunostaining showed that mCherry barely colocal-
ized with NeuN in midbrain tissues infected with virus AAV–
mCherry (4.2 � 1.4%, n 
 3 mice, 182–216 cells per mice; Fig.
8A,A�) or AAV–Ascl1/mCherry (5.6 � 1.6%, n 
 3 mice, 151–
335 cells per mice; Fig. 8E,E�) at 5 DPI. At later time points, the
vast majority of mCherry remained absent in NeuN� cells in
control AAV–mCherry-infected tissues at 16 DPI (6.7 � 3.6%,
n 
 3 mice, 236 –312 cells per mice; Fig. 8B,B�) and at 38 DPI
(3.7 � 1.2%, n 
 3 mice, 118 –144 cells per mice; Fig. 8C,C�).
Electrophysiological recordings from these mCherry� cells in
control AAV–mCherry-infected mice showed that they had typ-
ical astrocytic properties in response to step voltage or current
command (Fig. 8D). However, mCherry became progressively
colocalized with NeuN in tissues infected by AAV–Ascl1/
mCherry, with the percentage of cells showing that colocalization
increased to 63.5 � 3.1% (n 
 3 mice, 131–266 cells per mice) at
16 DPI (Fig. 8F,F�) and to 92.1 � 1.5% (n 
 3 mice, 152–216 cells
per mice) at 38 DPI (Fig. 8G,G�). We have also examined the
transmitter phenotypes of the iN cells induced by Ascl1 in adult
mice and found that some iN cells expressed Gad1 (11.7 � 4.0%,
n 
 3 mice, 95–131 cells per mice) or VGLUT2 (6.3 � 1.3%, n 

3 mice, 97–105 cells per mice) at 45 DPI, indicating the presence
of both glutamatergic and GABAergic neurons in these iN cells.
Additional whole-cell recordings from these mCherry� cells in
brain slices prepared from AAV–Ascl1/mCherry-infected mice
showed that a majority of recorded mCherry� cells (at 15–21
DPI, 9 of 10) had inward and outward currents in response to
step voltage commands in voltage-clamp mode and fired APs
in response to the injection of depolarizing step currents in
current-clamp mode (Fig. 8H ). Moreover, spontaneous post-
synaptic currents were observed (in the voltage-clamp mode)
in the majority of iN cells recorded (8 of 10 cells; Fig. 8I ),
suggesting that iN cells converted from astrocytes in adult
mice could form functional synapses in vivo. Thus, Ascl1 could
convert dorsal midbrain astrocytes into functional neurons in
adult mice as well.

We have also made Cre-inducible AAV viruses, AAV–FLEX–
NLSGFP and AAV–FLEX–Ascl1/GFP, which contain FLEX
switch sequence responsive to Cre in the AAV vector (Atasoy et
al., 2008). These AAV viruses were injected into the dorsal mid-
brain of adult Aldh1l1–Cre transgenic mice. At day 28 after viral

infection, although GFP� cells hardly expressed NeuN after in-
fection of the control virus AAV–FLEX–NLSGFP (2.9 � 1.1%,
n 
 3 mice, 121–181 cells per mice; Fig. 8J), the majority of GFP�

cells turned on NeuN expression after infection of AAV–FLEX–
Ascl1/GFP (90.1 � 2.1%, n 
 3 mice, 126 –170 cells per mice; Fig.
8K). Thus, Cre-dependent expression of Ascl1 could also convert
astrocytes in the dorsal midbrain of adult mice into neurons.

To investigate whether converted iN cells have identical phe-
notypes to endogenous existing midbrain neurons, we further
compared the electrophysiological properties between the en-
dogenous neurons and iN cells induced in the dorsal midbrain.
The midbrain tectal neurons in acute brain slices prepared from
the WT (P42–P70) and Gad67–GFP (fluorescently labeled neu-
rons, putative GABAergic; P51–P55) mice were examined by
whole-cell recordings (Fig. 9A,B), and these WT neurons pos-
sessed membrane resistances of 489.1 � 131.1 M� (n 
 21, WT)
and 326.0 � 31.9 M� (n 
 17, Gad67–GFP), as well as RMPs of
�57.6 � 2.0 mV (n 
 19, WT) and �57.1 � 1.9 mV (n 
 15,
Gad67–GFP), respectively. The above values are similar to that of
iN cells at 30 DPI induced in the young animals (resistance,
177.3 � 16.6, n 
 23; RMPs, �61.9 � 1.0, n 
 8; Fig. 7F,G) and
iN cells around 20 DPI induced in the adult mice (resistance,
240.0 � 81.9, n 
 9; RMPs, �61.0 � 1.2, n 
 6). Moreover, based
on their characteristic firing patterns, we classified these tectal neu-
rons in WT mice into five major firing types (Fig. 9; Markram et al.,
2004). We observed that firing phenotypes of the vast majority iN
cells in both young and adult mice (P12–P15, 95.6%, 22 of 23; P60,
100%, 9 of 9) can be categorized into existing types observed in the
normal midbrain neurons of WT and Gad67–GFP mice (Fig. 9C–E).
In addition, some iN cells (P12–P15, 30–49 DPI, 82.6%, 19 of 23;
P60, 15–21 DPI, 77.8%, 7 of 9) exhibited firing patterns identical to
those of GABAergic neurons recorded in the midbrain of Gad67–
GFP mice, implicating their GABAergic identities. Together, these
results suggest that iN cells induced in the midbrain exhibit similar
membrane function phenotypes to the endogenous midbrain neu-
rons, and the iN cells induced in the young (P12–P15) and adult
(P60) animals have similar time course for functional maturation
after the Ascl1-induced conversion.

It has been shown that non-neuronal cells can be repro-
grammed into neurons in the adult injured cortex, striatum, and
spinal cord that were induced by stab wound or needle injection
(Buffo et al., 2005; Grande et al., 2013; Guo et al., 2014; Su et al.,
2014). In most of our above experiments involving stereotactic
injection of AAV virus, we used injection micropipettes with di-
ameters of 18 –20 �m, and cells away from the injection sites were
analyzed (Fig. 10A, inset). To determine whether micropipette
injection induces an injured model similar to that induced by
needle injection, we injected AAV viruses into the dorsal mid-
brain through micropipettes (18 –20 �m in diameter) and 31
gauge needles (�260 �m in diameter), respectively, and then
performed immunostaining for mCherry and GFAP (a reactive
astrogliosis marker) or a microglia marker IBA1 at 7 DPI. The
results showed that the number of GFAP� reactive astrocytes
around the injection site in mice injected with micropipettes was
significantly less than that in mice injected with needles [micropi-
pettes, 14.2 � 2.2 cells, n 
 3 mice (Fig. 10A,A�); needles,
113.6 � 15.7 cells, n 
 3 mice (Fig. 10C,C�)]. Moreover, the
number of IBA1� microglia around the injection site in mice
injected with micropipettes (24.3 � 5.4 cells, n 
 3 mice; Fig.
10B,B�) was also pronouncedly less than that in mice injected
with needles (74.3 � 12.0 cells, n 
 3 mice; Fig. 10D, D�). Simi-
larly in the cortex, we also observed that the number of GFAP� or
IBA1� glial cells in the needle injection condition (GFAP, 84.1 �

4

(Figure legend continued.) recorded at Vclamp 
 �66 and 0 mV, respectively, in an iN cell at
25 DPI. CNQX � AP-5 and bicuculline selectively blocked spontaneous glutamatergic and
GABAergic events, respectively. K, Recording of synaptic output from an induced GABAergic
neuron onto one neighboring tectal neuron in the slice of a WT mouse at 30 DPI of the virus
AAV–Ascl1/mCherry. DIC image showed the simultaneous recordings on a presynaptic iN cell
(mCherry �, arrow) and a postsynaptic (mCherry �) neuron. Postsynaptic currents (at Vclamp 

�70 mV) were elicited by a train of APs (20 Hz) in the presynaptic iN cell and completely
blocked by bicuculline (20 �M). Scale bars: A–E, 20 �m. Ctrl, Control. *p 	 0.05; **p 	 0.01;
***p 	 0.001. Error bars indicate SEM.
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12.1 cells; IBA1, 57.3 � 7.5 cells; n 
 3 mice) was three to five
times that in the micropipette injection condition (GFAP, 18.3 �
0.6 cells; IBA1, 18.4 � 2.9 cells; n 
 3 mice; data not shown).
These results indicated that AAV injection through 31 gauge nee-

dles induced substantially larger injury to the brain tissue. Then
we also examined whether astrocytes could be converted into
neurons in the dorsal midbrain using the needle injection of
AAV–mCherry or AAV–Ascl1/mCherry virus (also as the stab-

Figure 8. Conversion of dorsal midbrain astrocytes from adult mice into neurons by Ascl1 in vivo. A–C�, Double staining of mCherry and NeuN on sections of the dorsal midbrain from adult mice
that were infected with the control virus AAV–mCherry on day 5 (A, A�), day 16 (B, B�), and day 38 (C, C�). mCherry was not colocalized with NeuN (arrowheads). A�, B�, and C� are higher
magnification of the boxed areas in A, B, and C, respectively. D, Membrane functions of a mCherry � astrocyte (22 DPI) recorded in an acute brain slice of the dorsal midbrain from an adult WT mouse
infected with the control virus AAV–mCherry. Membrane currents (left) and voltages (right) were recorded in voltage- and current-clamp modes, respectively, in response to the step voltage or
current commands. E–G�, Double staining of mCherry and NeuN on sections of the dorsal midbrain from adult mice that were infected with the virus AAV–Ascl1/mCherry on day 5 (E, E�), day 16 (F,
F�), and day 38 (G, G�) after infection. mCherry was gradually colocalized with NeuN (arrows). E�, F�, and G� are higher magnification of the boxed areas in E, F, and G, respectively. H, Membrane
functions of an iN cell (mCherry �) in the slice of dorsal midbrain prepared from an adult WT mouse that was infected with AAV–Ascl1/mCherry at 21 DPI. The arrows in the fluorescence images
(mCherry and biocytin staining) indicate the recorded cell. I, Representative trace of spontaneous glutamatergic (inward) and GABAergic (outward) synaptic currents, recorded at Vclamp 
�50 mV
from an iN cell at 21 DPI. J, Double staining of GFP and NeuN on sections of the dorsal midbrain from adult Aldh1l1–Cre mice on day 30 after infection of the control virus AAV–FLEX–NLSGFP. GFP
that was expressed in the nuclei did not colocalize with NeuN (arrowheads). K, Double staining of GFP and NeuN on sections of the dorsal midbrain from adult Aldh1l1–Cre mice on day 30 after
infection of the virus AAV–FLEX–Ascl1/GFP. GFP that was expressed in the nuclei colocalized with NeuN (arrows). Scale bars, 20 �m.
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Figure 9. Firing patterns of WT neurons and iN cells in the dorsal midbrain. Whole-cell recordings were performed on neurons in dorsal midbrain slices made from WT (A), Gad67–GFP (neurons
expressing green fluorescence, putative GABAergic; B), and AAV–Ascl1/mCherry-infected mice at P12–P15 (30 – 49 DPI; young; C) or P60 (15–21 DPI; adult; D). Different categories of firing patterns
of WT neurons were presented: classic regular-spiking (c-RS), instant regular-spiking (i-RS), classic non-accommodating (c-NAC), burst non-accommodating (b-NAC), delayed non-accommodating (D-NAC),
accommodating (AC), classic stuttering (c-STUT), burst stuttering (b-STUT), and transient bursting (t-BST). Dash line denotes 0 mV. Calibration: 30 mV, 50 ms. E, Percentage of cells exhibiting different
characteristic firing patterns recorded from neurons in WT mice (A), Gad67–GFP mice (B), and from iN cells induced in AAV–Ascl1/mCherry-infected mice at P12–P15 (C) or P60 (D).
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wound injury condition). Double staining results showed that
the majority of mCherry� cells (92.8 � 1.2%, n 
 3 mice, 60 –117
cells per mice) surrounding the needle injection site expressed
GFAP in adult mice 3 DPI of the control virus AAV–mCherry
(Fig. 11A). Thirty days after viral infection, mCherry remained
hardly colocalized with NeuN in the control AAV–
mCherry-infected tissues (2.5 � 1.2%, n 
 3 mice, 78 – 82 cells
per mice; Fig. 11B). In contrast, many mCherry� cells began to
express NeuN in the injured dorsal midbrain infected by AAV–
Ascl1/mCherry (54.2 � 6.9%, n 
 3 mice, 114 –142 cells per
mice; Fig. 11C). We then investigated whether these iN cells have
neuronal functions by performing whole-cell recordings in acute
brain slices obtained from the AAV viruses infected mice. For
mCherry� cells in mice infected with the control virus AAV–
mCherry (30 DPI), we found that they had a relatively small
membrane resistance (5.3 � 1.9 M�, n 
 6), more hyperpolar-
ized membrane potentials (�81.2 � 1.7 mV, n 
 5; Fig. 11D),
and no AP in response to intracellular injection of step depolar-
izing currents (Fig. 11E,G). However, whole-cell recordings
from mCherry� cells in the AAV–Ascl1/mCherry-infected mice
(30 DPI) revealed that these cells had a larger membrane resis-
tance (424.7 � 88.7 M�, n 
 17) and a more depolarized RMP
(�61.2 � 1.6 mV, n 
 17; Fig. 11D), and all recorded mCherry�

cells (17 of 17) exhibited inward and outward currents in voltage-
clamp mode and fired repetitive APs (mAP, 17 of 17) in current-

clamp mode (Fig. 11F,G) in response to
the step electrical stimuli. In addition,
sEPSCs and sIPSCs could be observed in
all iN cells recorded (17 of 17 cells) (Fig.
11H), suggesting that iN cells from in-
jured midbrain astrocytes could have
functional synapses. Together, these re-
sults showed that Ascl1 could convert as-
trocytes into functional neurons in adult
injured midbrain.

In vivo conversion of striatal and
cortical astrocytes from adult mice into
neurons by Ascl1
To determine whether the conversion of
astrocytes into neurons by Ascl1 is region
specific, we examined whether astrocytes
in the striatum and cortex of adult mice
could be reprogrammed into neurons.
We injected the virus AAV–mCherry or
AAV–Ascl1/mCherry into the striatum of
WT adult mice (P60). Double immuno-
staining showed that mCherry was barely
expressed in neurons (NeuN�), microglia
(IBA1�), oligodendrocytes (Olig2�), and
NG2 cells (NG2�; Fig. 12A–D,F). How-
ever, �96% of mCherry� cells expressed
the astrocyte marker GS in the adult stria-
tum (Fig. 12E,F). To determine the iden-
tity of mCherry� cells after AAV viral
infection, triple immunostaining of
mCherry, GS, and NeuN was performed.
The results showed that mCherry� cells
expressed GS (Fig. 12G) 30 d after infec-
tion of the control AAV–mCherry virus.
In contrast, most mCherry� cells lost the
expression of GS but expressed NeuN
(64.4 � 3.4%, n 
 3 mice, 119 –129 cells

per mice; Fig. 12H) after infection of the AAV–Ascl1/mCherry,
indicating that the conversion from astrocyte to neuron
occurred.

To further examine whether these iN cells are functional, we
performed whole-cell recordings in acute brain slices obtained
from the infected mice. The induced cells were identified by the
presence of red fluorescence. In slices from mice infected with the
control virus AAV–mCherry (30 DPI), we found that infected
cells exhibited a relatively small membrane resistance (2.9 � 1.0
M�, n 
 7), a more hyperpolarized RMP (�79.0 � 0.3 mV, n 

7; Fig. 12I), and no AP in response to intracellular injection of
step currents (Fig. 12 J,L). These properties were quantitatively
and qualitatively comparable with those of astrocytes (Volterra
and Meldolesi, 2005). Whole-cell recordings from mCherry�

cells in the AAV–Ascl1/mCherry-infected mice (30 DPI) showed
that a majority of recorded mCherry� cells (15 of 16) had inward
and outward currents in voltage-clamp mode and could fire APs
(13 of 16) in the current-clamp mode (Fig. 12K,L). Moreover,
sEPSCs and sIPSCs were also observed in the majority of iN cells
recorded (12 of 16 cells; Fig. 12M). Together, these results dem-
onstrate that Ascl1 could convert striatum astrocytes into func-
tional neurons in adult mice.

We also examined whether Ascl1 could convert cortical astro-
cytes into neurons in vivo. We injected the virus AAV–mCherry
or AAV–Ascl1/mCherry into the somatosensory cortex of WT

Figure 10. Injured states induced by micropipette or needle injections in the dorsal midbrain. A, B, Immunostaining of
mCherry, GFAP (A), or IBA1 (B) on sections of the dorsal midbrain from adult mice that were infected with AAV–mCherry through
micropipettes (18 –20 �m in diameter) at 7 DPI. The inset in A shows that cells (arrows) away from the injection site were
analyzed. A� and B� are higher magnification of the boxed areas in A and B, respectively. C, D, Immunostaining of mCherry, GFAP
(C), or IBA1 (D) on sections of the dorsal midbrain from adult mice that were infected with AAV–mCherry by 31 gauge needles
(�260 �m in diameter) at 7 DPI. C�and D�are higher magnification of the boxed areas in C and D, respectively. Scale bars, 20 �m.
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adult mice (P60). Double immunostaining showed that mCherry
was barely colabeled with NeuN (2.6 � 0.8%, n 
 3 mice, 120 –
133 cells per mice; Fig. 13A) in the cortex 30 d after infection of
the control virus AAV–mCherry. In contrast, the vast majority
mCherry� cells expressed NeuN in the cortex 30 d after infection

of the virus AAV–Ascl1/mCherry (93.9 � 1.2%, n 
 3 mice,
132–147 cells per mice; Fig. 13B). In slices from mice infected
with the control virus AAV–mCherry (30 DPI), whole-cell re-
cording showed that infected cells still exhibited membrane
properties similar to that of astrocytes (membrane resistance,

Figure 11. Conversion of reactive astrocytes into neurons by Ascl1. A, Double staining of mCherry and GFAP on sections of the injured dorsal midbrain from adult mice that were infected with the
control virus AAV–mCherry (A) at 3 DPI. Most mCherry � cells expressed GFAP in the injured site. B, C, Double staining of mCherry and NeuN on sections of the injured dorsal midbrain from adult mice
that were infected with the control AAV–mCherry (B) or AAV–Ascl1/mCherry (C) virus at 30 DPI. D, Rm and RMP of induced cells of the injured dorsal midbrain in mice 30 d after infection of the control
AAV–mCherry or AAV–Ascl1/mCherry virus. E, F, Membrane currents (left) and voltages (right), elicited by step voltage and current commands, respectively, of an example mCherry � cell in the slice
of injured dorsal midbrain from a WT mouse 30 d after infection of the control virus AAV–mCherry (E) or an example iN cell (mCherry �) in the slice of dorsal midbrain from a WT mouse 30 d after
the infection of the AAV—Ascl1/mCherry virus (F). G, Percentages of induced cells with different degrees of membrane excitability (non-active and mAP) in mice 30 d after infection of the control
AAV–mCherry or AAV–Ascl1/mCherry virus. H, Representative spontaneous inward (putative glutamatergic, arrowhead) and outward (putative GABAergic, arrow) synaptic currents recorded at
Vclamp 
 �66 and 0 mV, respectively, from an iN cell at 30 DPI. Scale bars, 20 �m. Ctrl, Control. Kolmogorov–Smirnov test was used in D. ***p 	 0.001. Error bars indicate SEM.
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Figure 12. Conversion of striatal astrocytes from adult mice into neurons by Ascl1 in vivo. A–F, Double staining of mCherry and NeuN (A), IBA1 (B), Olig2 (C), NG2 (D), or GS (E) on sections of the
striatum from WT adult mice infected with the control virus AAV–mCherry at 5 DPI. mCherry was almost exclusively expressed in GS � astrocytes but not other cell types (F). The inset shows the area
in which the AAV viruses were injected. G, H, Triple staining of mCherry, GS, and NeuN on sections of the striatum from adult mice that were infected with the control virus AAV–mCherry (G) or with virus
AAV–Ascl1/mCherry at 30 DPI (H). I, Rm and RMP of induced cells on 30 DPI of the control AAV–mCherry or AAV–Ascl1/mCherry virus. J, K, Membrane currents (left) and voltages (right) elicited by step voltage
and current commands, respectively, of an example mCherry � cell in the striatal slice from a WT mouse 30 d after infection of the control virus AAV–mCherry (J) or an example iN cell (mCherry �) in the striatal
slice from a WT mouse 30 d after infection of the AAV–Ascl1/mCherry virus (K). L, Percentages of induced cells with four different degrees of membrane excitability (non-active, inward, sAP, and mAP) in mice
30 d after infection of the control AAV–mCherry or AAV–Ascl1/mCherry virus. M, Representative traces of spontaneous inward (putative glutamatergic, arrowhead) and outward (putative GABAergic, arrow)
synaptic currents, recorded at Vclamp
�66 and 0 mV, respectively, from an iN cell at 30 DPI. Scale bars, 20�m. Ctrl, Control. Kolmogorov–Smirnov test was used for Rm and RMP in I. ***p	0.001. Error bars
indicate SEM.
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2.3 � 0.5 M�, n 
 8; RMP, �78.8 � 0.8 mV, n 
 7, Fig. 13C; no
APs, Fig. 13D,F). In contrast, the mCherry� cells in the AAV–
Ascl1/mCherry-infected mice (30 DPI) showed a larger mem-
brane resistance (163.3 � 35.9 M�, n 
 10), more depolarized
resting potential (�67 � 2.2 mV, n 
 8; Fig. 13C), and inward
and outward currents or APs in all recorded 10 cells (Fig. 13E,F).
Again, sEPSCs and sIPSCs could be observed in these 10 cells (Fig.
13G). In conclusion, these results suggested that Ascl1 could con-
vert neocortical astrocytes into functional neurons in adult mice.

Discussion
In this study, we first found that a single transcription factor,
Ascl1, could convert astrocytes from mouse dorsal midbrain into
neurons efficiently in vitro. Taking advantage of the astrocyte
specificity of the GFAP promoter, we then showed that AAV
driven by the GFAP promoter could specifically target astrocytes
in the dorsal midbrain and AAV–Ascl1 could efficiently convert
astrocytes in the dorsal midbrain, striatum, and somatosensory
cortex into neurons in vivo. The iN cells generated in vivo exhib-
ited neuronal morphology, could fire APs, received synaptic in-
puts, and made output synapses to preexisting neurons.

Ascl1 converts cultured astrocytes into functional neurons
Together with other transcription factors, Ascl1 has been used in
generating iN cells from fibroblasts, hepatocytes, and pericytes in
vitro (Vierbuchen et al., 2010; Caiazzo et al., 2011; Kim et al.,
2011; Marro et al., 2011; Pfisterer et al., 2011; Son et al., 2011;

Karow et al., 2012). It has also been used to reprogram postnatal
cortical astrocytes into neurons in vitro, as indicated by the ex-
pression of Tuj1 and the ability to fire APs in the cells infected
with the retroviral vector expressing Ascl1 alone in vitro
(Berninger et al., 2007b), although whether these iN cells were
able to form synapses and the nature of the neuronal type were
unclear. In the current study, we examined the role of Ascl1 in
reprogramming using astrocytes isolated from a brain area (the
dorsal midbrain) that is known to require Ascl1 for GABAergic
neuronal differentiation during development (Peltopuro et al.,
2010). The majority of cells in the astrocyte preparations expressed
the astrocyte markers GFAP and S100�, whereas markers for other
cell types were not or rarely detected (data not shown). We found
that Ascl1 alone could efficiently convert astrocytes from the postna-
tal dorsal midbrain into neurons in vitro and these iN cells could
form functional synapses (Fig. 1A–G). The finding is in line with a
recent study that showed that Ascl1 is able to convert fibroblasts into
iN cells when the cells are cultured in optimized conditions (Chanda
et al., 2014). Furthermore, the iN cells induced by Ascl1 expressed
molecular markers for glutamatergic and GABAergic neurons and
are presynaptically competent for secreting the neurotransmitters
glutamate and GABA (Fig. 1H,I).

Ascl1 converts astrocytes into functional neurons in vivo
To demonstrate that expression of Ascl1 alone is capable of con-
verting astrocytes into neurons in vivo, we have focused on the
dorsal midbrain and used multiple approaches to verify that the

Figure 13. Conversion of cortical astrocytes from adult mice into neurons by Ascl1 in vivo. A, B, Double staining of mCherry and NeuN on sections of the cortex from adult mice that were infected
with the control virus AAV–mCherry (A) or with virus AAV–Ascl1/mCherry (B) at 30 DPI. The inset shows the area in which the AAV viruses were injected. C, Rm and RMP of induced cells in mice 30 d
after infection of the control AAV–mCherry or AAV–Ascl1/mCherry virus. D, E, Membrane currents (left) and voltages (right) elicited by step voltage and current commands, respectively, of an
example mCherry � cell in the slice of somatosensory cortex from a WT mouse 30 d after infection of the control virus AAV–mCherry (D) or an example iN cell (mCherry �) in the slice of
somatosensory cortex from a WT mouse 30 d after infection of the AAV–Ascl1/mCherry virus (E). F, Percentages of induced cells with different degrees of membrane excitability (non-active and mAP)
in mice 30 d after infection of the control AAV–mCherry or AAV–Ascl1/mCherry virus. G, Representative traces of spontaneous inward (putative glutamatergic, arrowhead) and outward (putative
GABAergic, arrow) synaptic currents, recorded at Vclamp 
�66 and 0 mV, respectively, from an iN cell at 30 DPI. Scale bars, 20 �m. Ctrl, Control. Student’s t test and Kolmogorov–Smirnov test were
used for Rm and RMP in C, respectively. **p 	 0.01. Error bars indicate SEM.
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identity of the cell type being converted is astrocyte. First, we
found that AAV vectors driven by the GFAP promoter target
astrocytes specifically in WT mice (Fig. 2A,B). Second, we used
two astrocyte-specific reporter mouse lines (Aldh1l1–GFP and
GFAP–GFP) to confirm the astrocyte specificity of the GFAP–
AAV vectors (Fig. 2C,D). Third, by analyzing the GFAP–Cre-
ERT2;Rosa26 –CAG–tdTomato mice, we found that GFAP� cells
found at P12–P14 are indeed astrocytes, not neurons or neuronal
progenitors (Fig. 2E and data not shown). Fourth, we found that
Cre-dependent expression of Ascl1 converts astrocytes into neu-
rons (Fig. 8 J,K).

We have examined the reprogramming of astrocytes at early
postnatal (P12–P15) and young adult stages. We found that Ascl1
converts astrocytes into neurons with relatively high efficiencies
at these two stages: 93.1% and 92.1% of astrocytes at P12–P15
(Fig. 3F) and at P60 (Fig. 8G), respectively. Meanwhile, almost all
of the iN cells induced at both stages exhibits distinct firing pat-
terns that are identical to that of endogenous WT midbrain neu-
rons (Fig. 9). Furthermore, the iN cells induced at the two stages
express glutamatergic and GABAergic transmitter phenotypes
(Fig. 3G,H and data not shown). Because astrocytes are highly
heterogeneous among different brain areas, we also examined the
reprogramming of astrocytes in the adult striatum and cortex, in
addition to the dorsal midbrain. Interestingly, our results show
that Ascl1 converts cortical astrocytes into neurons efficiently
(93.9%; Fig. 13B), but it has relatively less efficiency in the striatum
(64.4%; Fig. 12H). The reason for the varied efficiency of astrocyte-
to-neuron conversion in different anatomical locations is unknown.
Conversely, a recent study showed that overexpression of Ascl1 by
retroviruses failed to induce neurogenesis in the injured striatum
and neocortex of adult rats (Grande et al., 2013). The discrepancy
between the previous report and our present work could be attrib-
uted to the differences in species, vector viruses, and injury condi-
tions used in these studies.

The efficiency of conversion of non-neuronal cells into iN
cells varies substantially with different starting cell types (Ang and
Wernig, 2014; Mirakhori et al., 2014): (1) immature cells are
reprogrammed with higher efficiency than those obtained in
more developed donors; (2) human cells are usually more resis-
tant to iN cell reprogramming than their mouse counterparts;
and (3) closely related cell types have higher efficiency in cell
type conversion. The efficient astrocyte-to-neuron conversion
showed in this study will be helpful in optimizing iN cell repro-
gramming in vivo.

Previous studies have revealed two distinct pathways for the
conversion of non-neuronal cells into neurons (Vierbuchen et
al., 2010; Niu et al., 2013): one is through the stage of neural
stem/progenitor cells, and the other is direct conversion from
non-neuronal cells into neurons. We have provided several
pieces of evidence to show the Ascl1 induces astrocyte-to-neuron
conversion perhaps via a direct transdifferentiation. First, neuro-
spheres could not be generated from the dorsal midbrain at P12
(Fig. 3I). Second, iN cells were not generated from endogenous
NSCs (Fig. 3L). Third, expression of neuronal progenitor mark-
ers could not be detected during the conversion (Fig. 6G–I). Last,
Ascl1-induced astrocyte-to-neuron conversion does not pass
through a proliferative state (Fig. 4).

In this study, we found that Ascl1 overexpression in the dorsal
midbrain does not induce significant oligoneogenesis, as indi-
cated by the expression of oligodendrocyte markers GST-� and
Olig2 (Fig. 5). This is different from the reports that Ascl1 over-
expression generates oligodendrocytes in the adult spinal cord
and dentate gyrus (Ohori et al., 2006; Jessberger et al., 2008),

respectively. It is noteworthy that, in these studies, Ascl1 was
overexpressed in the neural progenitor cells of injured spinal cord
and adult hippocampal stem/progenitors. Furthermore, most of
the generated oligodendrocytes following the overexpression of
Ascl1 in the spinal cord are immature, and the Ascl1 overexpres-
sion may direct oligodendrocytic fate only in the subgranular
zone (SGZ) but not the SVZ. It is also of note that Ascl1 proved
insufficient to induce oligodendrocytic fate by isolated SGZ pro-
genitors, indicating a context-dependent effect of Ascl1 in
oligoneogenesis.

Ascl1 is expressed predominantly by neural progenitor cells in
the ventral telencephalon and is required for the production of
GABAergic neurons (Casarosa et al., 1999; Horton et al., 1999).
Although Ascl1 acts as a pioneer factor in generating iN cells
(Wapinski et al., 2013), the neuronal phenotypes differ when
different combinations of transcription factors are used in cul-
ture. The majority of iN cells induced from fibroblasts by three
transcription factors, Ascl1, Brn2, and Myt1l or Ascl1, alone are
glutamatergic neurons (Vierbuchen et al., 2010; Chanda et al.,
2014). However, a combination of Ascl1 and Sox2 appears to
favor the conversion of pericytes into GABAergic phenotypes
(Karow et al., 2012). Ascl1 is also used in inducing dopaminergic
neurons and motor neurons (Caiazzo et al., 2011; Kim et al.,
2011; Pfisterer et al., 2011; Son et al., 2011). We have observed
that both glutamatergic and GABAergic neurons existed in the
Ascl1-induced iN cells (Figs. 1H, I, 3G,H; data not shown). The
simultaneous generation of both excitatory and inhibitory neu-
rons by Ascl1 could be useful for the balance of excitation and
inhibition in the dorsal midbrain. To obtain iN cells with a spe-
cific transmitter phenotype, more transcription factors may need
to be included. Besides Ascl1, other two transcription factors, Helt
and Gata2, are required for proper differentiation of GABAergic
neurons in the dorsal midbrain during development (Guimera et
al., 2006; Kala et al., 2009). It is possible that Helt and/or Gata2 are
required to generate a high percentage of GABAergic neurons in
vivo.

Among various viral systems available for therapeutic gene
delivery to the CNS, AAV is currently the most appropriate vector
(Lentz et al., 2012). Astrocytes are distributed ubiquitously in the
CNS (Hewett, 2009; Zhang and Barres, 2010). With additional
understanding of factors that determine the neuronal types re-
sulting from astrocyte transdifferentiation, AAV-mediated
astrocyte-to-neuron conversion in vivo may offer a promising
approach for specific neuronal replacement in patients with brain
injury or neuronal degeneration (Jopling et al., 2011).

Most recently, several studies reported that non-neuronal
cells, including reactive astrocytes, could be converted into neu-
rons or neuroblasts in the adult brain or spinal cord (Grande et
al., 2013; Niu et al., 2013; Torper et al., 2013; Guo et al., 2014; Su
et al., 2014), although differentiated cells may be refractory to fate
reprogramming compared with neural progenitors (Ohori et al.,
2006; Su et al., 2014). Although the prospect of reprogramming
astrocytes into neurons in vivo is exciting, many important issues
remain to be addressed (Arlotta and Berninger, 2014). It will be of
great importance to study whether different neuronal subtypes
could be induced efficiently in vivo and whether the iN cells can
integrate into functional circuits and rescue behavioral deficits.
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