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Supplementary Fig. 1.  

Related to Fig. 1.  

 

The stepwise autonomic specification method promotes neuronal differentiation in comparison with the 

conventional neural crest induction method. 

a, Schematic representation of the differentiation pathways from NC subtypes and subsequent PNS neuronal 

subtypes. Sensory neurons are majorly induced from cranial and trunk NC cells with the effects of WNT 

activation [15,16]. Enteric neurons are majorly induced from vagal and sacral NC cells with the effect of 

SHH activation [17]. Sympathetic neurons are majorly induced from trunk NC cells, whereas 

parasympathetic neurons are majorly induced from cranial NC cells. Induction of both sympathetic and 

parasympathetic neurons was promoted by the effects of BMP activation. b, Gene Ontology (GO) analysis 

for biological processes of genes enriched in cNC-induced cells on day 13. c-e, Pairwise comparisons of 

RNA-seq data in aNC-induced cells between day 7 and 0 (c), day 9 and 7 (d), and day 13 and 9 (e) revealed 

differentially expressed genes as MA plots. Selected GO terms for biological processes of enriched genes 

are also shown. GO term selection was based on P-values after Benjamini correction lower than 0.05. f, 

Developmental changes in FPKM values of selected marker genes. Genes were considered to be expressed 

when the value of log2 FPKM was larger than 0. g, Developmental changes in FPKM values of selected 

trunk NC marker genes. Genes were considered to be expressed when the value of log2 FPKM was larger 

than 0. 

 



 

 



 

Supplementary Fig. 2.  

Related to Fig. 2. 

 

Stepwise autonomic specification methods applicable for various human pluripotent stem cell (hPSC) lines. 

a, Immunostaining of human ESC (H1 line)-derived neurons for MAP2, PRPH, PHOX2A, PHOX2B, TH, 

and CHAT. Scale bar; 100 m. b, Immunostaining of human iPSC (253G1 line)-derived neurons for MAP2, 

PERIPHERIN, and TH. Scale bar; 100 m. c, PNMT-positive chromaffin cells emerged in the induced cells. 

Some PNMT-positive cells were positive for TH. Scale bar; 100 m. d, Immunostaining results of neurons 

for TH and CHAT at day 13, 16, 21 and 36. Scale bar; 100 m. e, Typical traces of calcium transients of 

induced neurons (green) or non-neuronal cells (red) indicated in the phase-contrast image on day 45. Neurons 

were selected within the ganglion-like structures. We measured spontaneous activity for 150 s. f, Averaged 

calcium spike numbers between neurons and non-neuronal cells (n = 25 cells for iNS; n = 23 cells for non-

iNs; error bar shows SDs; Welch’s t-test *P < 0.001). g, Typical traces of calcium transients of induced 

neurons on day 49. Calcium signals after electrical stimulation were normalized to the signals before 

stimulation (middle panel). The colour bar shows the fluorescent intensity. Right panel shows representative 

traces of calcium transients in 5 neurons indicated in the middle panel for 150 s. h, Calcium transients of 

cNC-induced neurons with indicated drugs. Calcium signals after menthol and capsaicin application were 

normalized to the signals before application (middle panel). The right panel shows representative traces of 

calcium transients in five cells as shown in the phase-contrast and fluorescent image for 350 s (see also 

Supplementary Movie 3). The colour bar shows the fluorescent intensity. Scale bar; 100 m. 

  



 

 

 

 

 



 

 



 

 

 

Supplementary Fig. 3.  

Related to Fig. 3. 

 

Single-cell RNA-seq revealed distinct populations of human pluripotent stem cell (hPSC)-derived autonomic 

nervous system (ANS) neurons. 

a, Top ten enriched genes and Gene Ontology terms for biological process in clusters A–E. b, Left, t-SNE 

visualization based on K-means clustering (k = 2) result in clustering non-neuronal (cluster 1, green, n = 

906) and neuronal (cluster 2, red, n = 87) populations; right, pairwise comparison of neuronal vs non-

neuronal populations shows differentially expressed genes as a volcano plot (green genes, cluster 1 enriched; 

red genes, cluster 2 enriched; fold-change ≥ |16|, adjusted P < 0.05). Peripheral neuron markers (STMN2 

and PRPH), sympathetic neuron markers (TH, DDC, and DBH), and parasympathetic neuron markers 

(SLC5A7 and SLC18A3) are identified in red genes. c, The top ten enriched genes based on the adjusted P-

value in clusters 1 and 2. Peripheral neuron markers (STMN2 and PRPH) were identified in cluster 2 and 

are highlighted in yellow. 



 

 

 

 

 



 

Supplementary Fig. 4.  

Related to Fig. 4. 

 

Activation of human pluripotent stem cell (hPSC)-derived sympathetic-like and parasympathetic-like 

neurons modulate spontaneous beating of human induced PSC (hiPSC)-derived cardiomyocytes. 

a, Left, application of 20 M nicotine increased the beating rate of cardiomyocytes co-cultured with 

sympathetic-like neurons; right, application of 20 M nicotine decreased the beating rate of cardiomyocytes 

co-cultured with parasympathetic-like neurons. Representative traces of local field potential (LFP) recorded 

in a single electrode site for duration of 5 LFPs before and after nicotine application are shown. b, Beat 

frequency changes in hiPSC-derived cardiomyocytes immediately before and after 20 M nicotine 

stimulation. Nicotine was applied to the sample at 0 s. Each point was calculated from the interval between 

two LFPs and points from 30 LFPs for both before and after nicotine application are shown. Each trace 

indicates a different sample (n = 3, cardiomyocyte-sympathetic co-culture sample; n = 3, cardiomyocyte-

parasympathetic co-culture sample; n = 2, cardiomyocyte culture sample). In the yellow window, LFPs were 

not recorded because of artifacts in nicotine application. Stimulation of sympathetic-like neurons transiently 

increased the beating rate of hiPSC-derived cardiomyocytes and parasympathetic-like neurons decreased 

their beating rate. In contrast, in the cardiomyocyte only culture sample, nicotine application induced slight 

changes in the beating rate. 

 

  



 

Supplementary List 

All enriched genes of five clusters in single-cell RNA-seq data. Genes were considered to be expressed when 

UMI count > 1, UMI count -fold change >2, and adjusted P-value < 0.05.  

 

Supplementary Movie 1.  

Time-lapse images of Synapsin-1-GFP-infected neurons, Related to Fig. 2. 

The movie shows phase-contrast and GFP-fluorescence images of neurons during days 19–22. Images are 

captured every 30 min.  

 

Supplementary Movie 2.  

Pharmacological evaluation of aNC-induced neurons, Related to Fig. 2. 

The movie shows calcium imaging of neurons exposed to 10 M capsaicin, 100 M menthol, and 40 M 

nicotine with aNC method. Calcium signals are drastically increased upon nicotine application. The 

observation period was 350 s. 

 

Supplementary Movie 3.  

Pharmacological evaluation of cNC-induced neurons, Related to Fig. 2. 

The movie shows calcium imaging of neurons exposed to 10 M capsaicin, 100 M menthol, and 40 M 

nicotine with cNC method. Calcium signals are drastically increased upon menthol and capsaicin application. 

The observation period was 350 s. 

 

Supplementary Movie 4.  

Response of hPSC-derived sympathetic-like neurons to 6-OHDA, Related to Fig. 3. 

The movie shows 100 µM 6-OHDA-treated sympathetic-like neurons for approximately 20 h (5-min 

intervals). Neurons were labelled with Synapsin-1-GFP vector for visualization.  

 

Supplementary Movie 5.  

Response of human pluripotent stem cell (hPSC)-derived parasympathetic-like neurons to 6-OHDA, Related 

to Fig. 3. 



 

The movie shows 100 µM 6-OHDA-treated parasympathetic-like neurons for approximately 20 h (5-min 

interval). Neurons were labelled with Synapsin-1-GFP vector for visualization. 

 

Supplementary Movie 6.  

Photoactivation of ChR2-expressing sympathetic-like neurons increases the beating rates of human induced 

PSC (hiPSC)-derived cardiomyocytes, Related to Fig. 4. 

The movie shows that blue-light stimulation of ChR2-expressing hPSC-derived sympathetic-like neurons 

results in increased beating rates of co-cultured hiPSC-derived cardiomyocytes.  


