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in any of the populations tested without addition of doxycycline 
(Supplementary Fig. 1). By 3 weeks after transgene induction, the 
cultures comprised βIII-tub+ cells with short unipolar, bipolar or 
elongated processes, arborized neurites and occasional pyrami-
dal morphologies (Fig. 1a). However, when quantified at day 23, 
these neuron-like phenotypes comprised <5% of the total cell 
population, a range also observed with combinations of three, 
five or six transcription factors (Fig. 1b).

We reasoned that factors known to have a role in neural induc-
tion might promote conversion of HPFs into neuron-like cells 
(iNs). Inhibition of SMAD signaling and of the glycogen synthase 
kinase-3β (GSK-3β) have been used for highly efficient neural 
differentiation of human embryonic stem cells and induced 
pluripotent stem cells (iPSCs)6,7. We implemented synergistic 
SMAD pathway inhibition by applying the activin-like kinase 5  
(ALK5) inhibitor SB-431542 (SB) together with noggin and 
combined this treatment with the GSK-3β inhibitor CHIR99021 
(CHIR). For further experiments we chose the cell lines express-
ing Ascl1 and Ngn2 (AN), which gave rise to one of the highest 
fractions of βIII-tub+ cells while using only two-factor pro-
gramming. We added CHIR or SB and noggin, or a combina-
tion of all three compounds 2 d after initial transgene induction. 
After 2 weeks of sustained transgene induction, the compounds 
were removed from the cultures. Expression of the neuronal 
marker βIII-tub was analyzed at day 23. This analysis revealed a  
4-fold, 10-fold and 17-fold increase (quantified in HPF1) in the 
number of βIII-tub+ cells when cultured with CHIR, with SB and  
noggin, and with a combination of all three compounds, respec-
tively (Fig. 1c and Supplementary Fig. 3). No immunoreac-
tivity for βIII-tub could be detected when cells were cultured 
with the three compounds but transduced with the tet operator 
only (data not shown). To study the dynamics of this conversion 
process, we treated transgene-induced cells for 1, 2 or 3 weeks 
with the small molecule (SM) cocktail and performed βIII-tub 
staining at day 23. The percentage of βIII-tub+ cells in cultures 
treated for 1 week was 65.1 ± 5.3%; the proportion increased to  
83.5 ± 4.3% after a 2-week exposure (quantified in HPF1; Fig. 1d). 
Notably, a 3-week exposure produced no further increase of  
βIII-tub+ cells but yielded cells with less complex neuronal mor-
phologies (Fig. 1d and Supplementary Fig. 4), possibly resulting 
from the reported inhibitory effect of GSK-3β inhibition on axonal 
spreading and branching8. We further found that high concentra-
tions of noggin (500 ng ml−1) could be replaced by a combination  
of low concentrations of noggin (100 ng ml−1) and 0.5 µM of 
LDN-193189, which inhibits ALK2, -3 and -6.
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forced expression of proneural transcription factors has been 
shown to direct neuronal conversion of fibroblasts. because 
neurons are postmitotic, conversion efficiencies are an 
important parameter for this process. We present a minimalist 
approach combining two-factor neuronal programming with 
small molecule–based inhibition of glycogen synthase kinase-3b  
and smad signaling, which converts postnatal human 
fibroblasts into functional neuron-like cells with yields up to 
>200% and neuronal purities up to >80%.

Advances in transcription factor–based reprogramming of 
somatic cells into pluripotent and alternative somatic fates have 
changed our view of cell specification as a unidirectional phenom-
enon1–4. Results of recent studies indicate that mouse and human 
cells from the mesodermal lineage can be directly converted to 
an ectodermal lineage with a cocktail of defined transcription 
factors1,3. Although reported conversion efficiencies are low5, 
these data provide proof of principle for direct transdifferentia-
tion between different germ layers. We set out to explore whether 
the conversion efficiency can be enhanced by small molecules in 
combination with a minimum number of transcription factors.

We included in this study three human postnatal fibroblast 
lines (HPF1–HPF3) derived from donors aging from newborn to  
4 years old (Supplementary Fig. 1). Cells were transduced with 
the tet operator and the proneural gene Ascl1 and selected in G418 
and puromycin, and two-factor lines were generated by transduc-
tion with one of the transcription factor–encoding genes Olig2, 
Brn2, Zic1, MyT1L or Ngn2. Treatment with doxycycline resulted 
in robust transgene induction, but hardly any leak expression was 
detected in doxycycline-free conditions (Supplementary Fig. 2). 
No immunoreactivity for βIII-tubulin (βIII-tub) could be detected 
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Using the SM protocol, lines HPF2 and HPF3 could be con-
verted into cell populations with neuronal purities of 75.4 ± 5.0% 
and 66.1 ± 9.4% (10.0 ± 1.4% and 6.8 ± 0.3% without SM), respec-
tively (Fig. 1e–g and Supplementary Fig. 5; based on βIII-tub+ 
cells). Because changes in cell numbers during the conversion 
process may contribute to the overall conversion efficiency, we 
also calculated the neuronal yield as the percentage of βIII-tub+ 
cells in relation to the initial number of plated cells as suggested1. 
Using this calculation we obtained yields of 140.1 ± 54.2%, 154.4 ±  
32.2% and 210.9 ± 27.8% (2.8 ± 0%, 14.2 ± 3.8% and 13.4 ± 0.7% 
without SM) for HPF1, HPF2 and HPF3, respectively (Fig. 1h). 
The generation of iNs seemed to be independent of the passage 
number (passage 17–30) and was not associated with karyotypic 
abnormalities (Supplementary Fig. 1m–o). We conclude that 
neuronal yield and neuronal purity in the final population are two 
important and distinct parameters and propose that both should 
be employed for evaluating the overall conversion efficiency of 
any given cell fate–conversion protocol.

To study in more detail the dynamics of the conversion 
process, we performed comparative transcriptome analyses  
of non-induced and induced and SM-treated HPFs at days 4, 7 
and 23 (Fig. 1i–j and Supplementary Fig. 6a). We found that 
in the gene-expression profile of the converted HPFs, func-
tional categories associated with neurogenesis, synaptic trans-
mission and axonogenesis were upregulated (Supplementary 
Table 1 and Supplementary Fig. 6b–c). We highlighted genes  

listed under the GO (Gene Ontology) biological process  
category ‘generation of neurons’ (ID: 0048699) across the  
time course of the conversion (Fig. 1j).

We conducted immunofluorescence and electrophysiological 
studies to further characterize the phenotype of the iNs. At day 23,  
cells were harvested and replated. One week after replating, the 
majority of βIII-tub+ cells were positive for the early neuronal 
marker doublecortin, and more than 65% (ranging between 68% 
and 80% in two experiments) coexpressed βIII-tub and the more 
mature neuronal markers MAP2ab or NeuN (Fig. 2a–d), whereas 
no coexpression of mesodermal, endodermal or non-neural ecto-
dermal markers was observed (Supplementary Fig. 7a–f). A BrdU  
assay showed that the βIII-tub+ cells were postmitotic 
(Supplementary Fig. 7g–h).

Upon further cultivation for another 2–4 weeks, about 20% 
of the βIII-tub+ cells were found to be immunopositive for  
γ-aminobutyric acid (GABA; Fig. 2e), the major inhibitory 
 neurotransmitter in the brain; around 35% expressed VGLUT1, 
a vesicular glutamate transporter characteristic of glutamater-
gic neurons (Fig. 2f). A small fraction (~5%) of the cells labeled 
with an anti-serotonin antibody (Fig. 2g), and, very occasion-
ally, tyrosine hydroxylase–positive cells were observed (Fig. 2h). 
We did not detect expression of choline acetyltransferase, the 
motoneuron marker HB9 or peripherin (data not shown). 
Current-clamp measurements showed that all of the cells tested 
generated single or multiple action potentials upon current 

figure � | Highly efficient conversion of HPF into βIII-tub+ cells. (a) Representative morphologies of transdifferentiated cells. (b) Quantification of βIII-tub+ 
cells after induction with different combinations of two, three, five or six genes encoding transcription factors. A, Ascl1; N, Ngn2; Z, Zic1; O, Olig2; M, MyT1L; 
B, Brn2. (c) Mean percentages of βIII-tub+ cells in HPF1-AN cultures treated with CHIR or SB and noggin, or CHIR, SB and noggin; *P < 0.01 in relation  
to untreated control cells. (d) Quantification of βIII-tub+ cells in HPF1-AN cultures without the SM cocktail or exposed to the SM cocktail for 1, 2 or  
3 weeks. Black bars: total percentages of βIII-tub+ cells; white bars: percentages of βIII-tub+ cells with a minimum neurite length of 40 µm, *P ≤ 0.02. 
(e,f) Immunofluorescence analysis for βIII-tub of HPF2-AN cultures at day 23 without SM cocktail (e) and after a 2-week exposure to the SM cocktail (f, 
counterstained with DAPI). (g,h) Conversion efficiencies of HPF-AN cultures with (black bars) and without (white bars) a 2-week exposure to the SM cocktail 
presented as neuronal purity (g) and neuronal yield (h), *P < 0.05 in relation to control. Data for all graphs are based on n ≥ 3 independent experiments 
and presented as mean ± s.d. (i) Hierarchical clustering of global gene-expression profiles from day (d) 0 (yellow), 4, 7 and 23 (all purple) of the conversion 
process, based on Euclidean distance. All samples were processed as replicates; d0 and d7 were repeated with two independent fibroblast lines (HPF2 
and HPF3). (j) Heat map showing profiles of genes from the GO biological process category ‘generation of neurons’ (GO:0048699) and detected to be 
expressed by any of the 12 arrays at days 0 (yellow), 4, 7 and 23 (all purple) of the conversion process (same arrays as in i). Magenta, upregulation; yellow, 
downregulation. Scale bars in a,e,f, 100 µm.
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 injection; in addition, we detected voltage-dependent inward and 
outward currents (Fig. 2i–k and Supplementary Fig. 8a–c,e–h).  
The fast and transient inward current was sensitive to the applica-
tion of the selective Na+ channel blocker TTX. Most notably, these 
cells formed active synaptic networks shown by the presence of 
spontaneous postsynaptic currents in voltage-clamp recordings 
(Fig. 2l and Supplementary Fig. 8d). Post hoc immunostaining 
of the recorded biocytin-filled cells revealed colocalization of  
biocytin and human nuclei (Fig. 2m), confirming the human  
origin of the recorded cells.

Finally, we asked whether the conversion of mesenchymal cells 
to iNs could, in principle, also be applied to another somatic cell 
type. To address this question we chose an adherently growing 
population of cord blood–derived stem cells (CB-SCs), which, 
in the past, have been successfully used to generate iPSCs9. 
Considering that CB-SCs are largely free of age-related muta-
tions and available in various haplotypes from numerous cell 
banks, they represent a particularly interesting donor source for 
biomedical applications. After transduction with Ascl1 and Ngn2 
and exposure to our SM cocktail, CB-SCs could be converted into 
cell populations with a neuronal purity of 60–72% (two experi-
ments) and a neuronal yield of 86–124%, whereas no βIII-tub+ 
cells were detected in non-induced CB-SCs (Supplementary 
Fig. 9a–d). Similarly to HPF-derived iNs, CB-SC–derived iNs 
showed functional properties of neurons, including generation 
of repetitive action potentials and spontaneous postsynaptic cur-
rents in voltage-clamp recordings (Supplementary Fig. 9e–h).

Preliminary data indicate that the protocol for enhanced direct 
conversion can also be applied on adult human fibroblasts (male 
donor, 34 years old). After transduction with Ascl1 and Ngn2 

and exposure to our SM cocktail, these fibroblasts could be con-
verted into cell populations with neuronal purities of 37.2 ± 2.3%  
(1.7 ± 0.3% without SM) and neuronal yields of 13.2 ± 1.4%  
(1.04 ± 0.16% without SM).

Our data demonstrate that the generation of iNs from HPFs can 
be substantially enhanced by using neural inducing factors such 
as SMAD and GSK-3β inhibitors. Interestingly, inhibition of the 
transforming growth factor-β (TGF-β)-SMAD pathway has also 
been associated with increased reprogramming efficiency10,11. 
Activation of SMAD via TGF-β has been reported to promote  
epithelial-to-mesenchymal transition (EMT)12, and TGF-β inhibi-
tion in turn promotes mesenchymal-to-epithelial transition 
(MET), a phenomenon implicated in the initial stages of iPSC 
generation7,13. It is thus tempting to speculate that MET might 
also have a role in the direct neuronal conversion of HPF, although 
further studies are required to address this hypothesis and to 
unravel the precise conversion mechanisms, including potential 
contributions of non-canonical targets of the SMs used.

Taken together, our findings indicate that small molecules can 
greatly enhance the conversion of mesenchymal cells into cells 
showing morphological, immunocytochemical and functional 
properties of postmitotic neurons of different neurotransmitter 
phenotypes. With conversion yields exceeding 200% and final 
neuronal purities of up to >80%, this experimental approach 
should be suitable for the direct generation of bulk quantities of 
human iNs for biomedical applications.

methods
Methods and any associated references are available in the online 
version of the paper.

50 mV

10 ms

10 pA

1 s

10 pA

50 ms

25 mV

100 ms

j

l

ki

m

βIII-tub BCT
hNuc DAPI

1 nA
1 ms

1 nA

10 ms

+ 300 nM TTX

Washout of TTX

e

GABA
βIII-tub

f

VGLUT1
βIII-tub

g

Serotonin
βIII-tub

h

TH
βIII-tub

a

βIII-tub βIII-tub DCX

b

MAP2ab βIII-tub

c

βIII-tub NeuN

d

figure 2 | Characterization of trans- 
differentiated cells derived from HPF-AN  
lines. (a–d) Immunofluorescence analysis  
of iNs in HPF2-AN cultures with antibodies  
to βIII-tub and the neuronal markers  
DCX (b), MAP2ab (c) and NeuN (d).  
(e–h) Double-immunofluorescence staining  
for βIII-tub and GABA (e), VGLUT1 (f),  
serotonin (g) and tyrosine hydroxylase  
(TH) (h). (i–l) Electrophysiological  
properties of iNs derived from HPF2.  
(i) Representative traces of whole-cell  
currents in voltage-clamp mode in the  
presence of and after washout of TTX  
8 weeks after induction (n = 6).  
(j) Repetitive action potentials  
recorded from iNs in current-clamp mode in  
response to step depolarization by current injection (n = 6). (k) Representative trace of an action potential recorded in current-clamp mode 8 weeks after 
induction. (l) Representative trace of spontaneous postsynaptic currents recorded 8 weeks after induction (n = 7). (m) Post hoc staining of recorded cells 
with antibodies to human nuclei (hNuc), βIII-tub and biocytin (BCT, diffused from path pipette into recorded cell, counterstained with DAPI). Scale bars 
in a–h,m, 20 µm.
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Accession codes. Gene Expression Omnibus: GSE 36246 (raw 
and normalized Illumina HT12v4 gene-expression microarray 
data from a neural induction time-course experiment).

Note: Supplementary information is available in the online version of the paper.
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online methods
Cell culture. Primary HPFs were established from dissociated 
foreskin tissue of a healthy newborn donor (HPF1, passage 9; 
provided by J. Itskovitz-Eldor; see Acknowledgments) and skin 
biopsies from a 1-year-old female donor with Miller-Dieker lis-
sencephaly syndrome (HPF2, passage 7; Coriell Institute, catalog 
ID GM06097), a 4-year-old female donor with epilepsy (HPF3, 
passage 8; cells provided by W.S. Kunz; see Acknowledgments) and 
a 34-year-old healthy male donor (passage 5). Sample acquisition 
was carried out with written informed consent and approved by the 
ethics committee of the University of Bonn Medical Faculty. Cells 
were passaged in DMEM high-glucose (Invitrogen) medium con-
taining 10% FCS (Gibco), 1% sodium pyruvate (stock: 100 mM)  
1% nonessential amino acids (stock: 10 mM) and 1% l-glutamine 
(stock: 200 mM) (Invitrogen). Contamination with neural cells 
was excluded by immunostaining (Supplementary Fig. 1).  
A somatic stem cell line derived from human cord blood  
(CB-SC line 86b, passage 6; provided by P.W. and G.K.) was  
passaged in DMEM (1 g per liter of glucose and no l-glutamine, 
Lonza) containing 30% FCS (Perbio) and 1% l-glutamine  
(stock: 200 mM; Invitrogen).

To generate induced neurons, cells were grown for 2 d in 
serum-containing medium with doxycycline (1 µg ml−1, 
Sigma-Aldrich) before changing to neuronal medium contain-
ing DMEM/F12 (1% (vol/vol) N2 supplement, Invitrogen) and 
Neurobasal (2% (vol/vol) B27 supplement, Invitrogen) mixed 
at a 1:1 ratio, cAMP (100 ng ml−1, Sigma-Aldrich) and doxycy-
cline (1 µg ml−1, Sigma-Aldrich). When indicated, small mol-
ecules were added to reach the following final concentrations: 
SB-431542 (10 µM, Sigma-Aldrich), noggin (500 ng ml−1, R&D) 
or a combination of low noggin (100 ng ml−1) and LDN-193189 
(0.5 µM, Miltenyi) and/or CHIR99021 (2 µM, Miltenyi). Long-
term survival of neurons was promoted by adding 10 ng ml−1 
BDNF, 2 ng ml−1 GDNF, 10 ng ml−1 NT3 (all R&D Systems) and 
0.5 mM dcAMP (Sigma-Aldrich) to the neuronal medium. For 
the BrdU assay, BrdU (10 µM, Sigma-Aldrich) was applied for 
4 d in neuronal medium containing FGF2 and EGF (both R&D 
and 10 ng ml−1).

Two to three weeks after doxycycline induction, cells were 
dissociated using trypsin (Invitrogen), replated onto previously 
established monolayer cultures of primary mouse astrocytes and 
further cultured in neuronal medium. Primary mouse astrocytes 
were prepared as described previously14.

Vector design and virus infection. The Lenti-X Tet-On Advanced 
System (Clontech) was modified by replacing the CMV promoter 
of the pLVX-tetOn Advanced vector with the EF1α promoter, 
resulting in the pLVX-EtO vector. Coding DNA sequences for 
human Ascl1 (A), Olig2 (O), Brn2 (B), Zic1 (Z), Myt1l (M),  
Ngn2 (N) and EGFP were cloned into the pLVX-Tight-Puro con-
struct (Clontech), resulting in the respective pLVXTP vectors. 
Production of lentiviral particles was performed as described 
previously15. Briefly, HEK-293FT cells were co-transfected with 
the packaging plasmid psPAX2, the envelope plasmid pMD2.G 
and the respective lentiviral vector plasmid. Viral particles were 
enriched by centrifugation. HPF and CB-SC were transduced 
with pLVX-EtO and the respective pLVXTP vector and passaged  
in the presence of G418 (200 µg ml−1; PAA) and puromycin  
(1 µg ml−1; Sigma-Aldrich).

Immunofluorescence. For immunofluorescence analysis, cells 
were fixed in 4% PFA for 20 min at room temperature. For 
detection of GABA, 0.05% glutaraldehyde (Sigma-Aldrich) was 
included in the fixative. Cells were permeabilized with 0.1% 
Triton X100 (Sigma-Aldrich) in PBS for 20 min. Blocking was 
performed with 10% FCS (Invitrogen) in PBS with 0.1% Triton 
X-100 for 1 h. Samples were incubated with primary antibodies 
diluted in blocking solution at room temperature for 2–3 h or 
overnight, washed twice in PBS and incubated with secondary 
antibody diluted in blocking solution for 45 min, counterstained 
with DAPI and mounted with Vectashield mounting solution 
(Vector Laboratories). The following antibodies were used for 
our analysis: rabbit anti–βIII-tub (BAbCo, PRB-435P; 1:4,000), 
mouse anti–βIII-tub (Tuj1, Covance, MMS-435P; 1:2,000), 
mouse anti-MAP2ab (Sigma-Aldrich, M1406; 1:250), mouse 
anti-NeuN (Millipore, MAB377; 1:100), rabbit anti-doublecortin 
(Cell Signaling, 4604; 1:250), rabbit anti-GABA (Sigma-Aldrich, 
A2052; 1:500), rabbit anti-VGLUT1 (Synaptic Systems, 135303; 
1:250), rabbit anti-serotonin (Sigma-Aldrich, S5545; 1:800), 
 rabbit anti–tyrosine hydroxylase (Millipore, AB152; 1:500), mouse 
anti–human nuclei (Millipore, MAB1281; 1:50), goat anti–choline 
acetyltransferase (Millipore AB144P; 1:100), mouse anti-HB9 
(Developmental Studies Hybridoma Bank (DSHB), 81.5C10; 
1:200), rabbit anti-peripherin (Chemicon, AB1530; 1:200), 
mouse anti-Sox2 (R&D, MAB2018; 1:250), CD271 (Miltenyi, 
ME20.4-1.H4; 1:10, no Triton), mouse anti–smooth muscle actin 
(anti-SMA, Dako, M0851; 1:100), rabbit anti–α-1-fetoprotein 
(anti-AFP, Dako, A0008; 1:200), mouse anti–Pan cytokeratin clone 
Lu5 (Abcam, AB17155; 1:1,000). Alexa-488–(anti-ms: A11001;  
anti-rb: A11008) and Alexa-555–conjugated secondary antibodies 
(anti-ms: A21424; anti-rb: A21429) were obtained from Invitrogen 
(1:1,000), fluorescein isothiocyanate (FITC)- and Cy3-conjugated 
 secondary antibodies from Jackson ImmunoResearch (FITC:  
111-095-003; Cy3: 016-160-084; 1:500), and streptavidin Cy3–
 conjugated antibody from Sigma-Aldrich (S6402; 1:250).

Whole-genome expression array. For gene-expression micro-
arrays, mRNA samples (HPF2-AN and HPF3-AN before trans-
gene induction; HPF2-AN 4, 7 and 23 d after, and HPF3-AN 
7 d after transgene induction and SM treatment) were isolated 
using an mRNA extraction kit (Qiagen) according to the sup-
plier’s instructions. Samples were analyzed in duplicates on the 
HumanHT-12 v4 Expression BeadChip (Illumina). Primary 
intensity results were manually reviewed by two researchers by 
checking the control probes available on the chips following the 
procedures laid out in the Whole-Genome Gene Expression DASL 
Assay Guide (Illumina). RNA samples were handled following 
Illumina’s laboratory guidelines. Data processing was performed 
using GenomeStudio V2010.3 Gene Expression Module (V1.8). 
Data normalization was performed following our previously pub-
lished protocols16,17. Briefly, we extracted raw-probe and gene-
level data without background subtraction, selected those probes 
with a detection P value of <0.01 as computed by GenomeStudio 
and quantile-normalized the resulting probe-intensity values 
across the data set18. We created hierarchical dendrograms from 
the global-expression microarrays using Euclidean distance and 
complete linkage in GenomeStudio. For heat-map analysis, we 
selected the 84 genes assigned to the GO category ‘generation of 
neurons’ (GO:0048699) as provided by the ToppGene analysis suite  
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(http://toppgene.cchmc.org/)19 from those found to be expressed 
by array in any time-course sample. We displayed a heat-map 
representation with the PermutMatrix software package20.

Electrophysiology. Whole-cell current-clamp and voltage-clamp 
recordings were performed with an Axopatch-200B amplifier 
(Molecular Devices) that was interfaced by an A/D converter 
(Digidata 1440, Molecular Devices) to a PC running pClamp 
software (Version 10, Molecular Devices). Pipette electrodes 
(GB150F-8P, Science Products) were fabricated using a vertical 
puller (Narishige PC-10) and fire-polished (final tip resistance 
2–4 MΩ). All recordings were performed at room temperature 
in a bath solution containing 140 mM NaCl, 5 mM KCl, 2 mM 
CaCl2, 1 mM MgCl2, 10 mM HEPES and 25 mM d-glucose  
(pH 7.2, 310–320 mOsm kg−1). For most recordings of mem-
brane potential or current, the patch pipette contained the fol-
lowing: 110 mM potassium gluconate (C6H11O7K), 20 mM 
KCl, 10 mM NaCl, 10 mM EGTA, 1 mM CaCl2, 4 mM Mg-ATP,  
and 0.4 mM Na-GTP and 10 mM HEPES (pH 7.2, 280– 
290 mOsm kg−1). For some voltage-clamp recording, another 
pipette solution was used: 110 mM cesium methanesulfonate 
(CH3O3SCs), 15 mM CsCl, 10 mM TEA-Cl, 5 mM QX-314,  
10 mM EGTA, 1 mM CaCl2, 10 mM phosphocreatine Na2, 4 mM 
Mg-ATP, and 0.4 mM Na-GTP (pH 7.2, 280–290 mOsm kg−1). 

(For the last solution, holding potential was corrected for 8 mV 
junction potential.) Biocytin (0.25% (vol/vol)) was also present in 
the pipette solution in all recordings. Signals were filtered at 1 or  
10 kHz and recorded at a rate of 10 or 25 kHz, respectively.

Statistics. Quantification for βIII-tub and the calculation for the 
conversion yield of HPFs are based on at least three independent 
experiments and for CB-SCs on at least two independent 
 experiments. Quantification for βIII-tub and MAP2ab or NeuN 
co-stainings are based on two independent experiments. Data 
are presented as mean ± s.d. Statistical analysis was performed 
using Student’s t-test.

See Supplementary Note for additional methods used for  
supplementary data.  
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