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Extended Data Fig. 7 | Oxidative stress activates villus EC cells via TRPM2 
channels. (a) In situ hybridization of Trpm2 and Tph1 in the small intestine. 
Yellow arrows indicate Tph1(+) EC cells. Bars indicate the ratio of Trpm2-
positive cells/Tph1-positive cells. Quantification was performed using tissue 
samples from 3 independent animals. Scale bar = 30 µm. (b) Oxidative stress 
activates villus EC cells. Dissociated EC cells expressing GCaMP5g were exposed 
to 200 µM H2O2 for 2 min in the presence or absence of 100 µM A96 or 30 µM 
2-APB. (c) Anti-CD3 antibody induces epithelial cell apoptosis. Quantification 
of cleaved-caspase 3-positive cells (green) per DAPI area. Mean ± s.d.,  
two-sided Welch’s t-test. n = 9 and 10 images per group. Scale bar = 100 µm.  
(d) Anti-CD3 antibody-induced oxidative stress activates villus EC cells ex vivo. 

The epithelial inflammation was induced by anti-CD3 antibody in serotonin 
sensor mice, and basal serotonin levels were measured in freshly isolated  
ex vivo prep in the presence or absence of 60 µM 2-APB. Mean ± s.d., two-way 
ANOVA with Tukey’s multiple comparison test. n = 23–31 villi; N = 2–3 animals.  
(e) Oxidative stress does not activate crypt EC cells. The epithelial inflammation 
was induced by anti-CD3 antibody in gGRAB5-HT3.0 mice, and basal serotonin 
levels were measured in freshly isolated ex vivo prep. gGRAB5-HT3.0 was fully 
activated at the end of recordings for normalization. Mean ± s.d., two-sided 
Welch’s t-test. n = 100 crypts; N = 3 animals. The illustration in (c) was created 
using BioRender (https://www.biorender.com).

https://www.biorender.com
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Extended Data Fig. 8 | Villus EC cells release ATP to activate mucosal sensory 
neurons. (a) Spontaneous activity is diminished in villus-differentiated 
organoids. Peak GCaMP5g signal was compared between control and villus-
differentiated organoids. Mean ± s.d., two-sided Mann-Whitney U test. n = 11 
cells. (b) An example of ATP biosensor experiments. A HEK cell expressing the 
gGRABATP1.0 sensor was positioned 5 µm away from a single primary isolated 
GCaMP5g-expressing villus EC cell. The signals from the gGRABATP1.0 sensor and 
GCaMP5g were simultaneously measured. EC cells were stimulated by high K+ 
(70 mM KCl). The gGRABATP1.0 sensor was fully activated with 20 µM ATP at the 
end of recordings for normalization. Scale bar = 10 µm. (c) Green fluorescent-
conjugated cholera toxin B (CTB) retrograde tracer was injected into the small 
intestine lumen to specifically trace mucosal afferents while excluding fibres 
innervating the muscle layer. The retrogradely traced vagal neurons were 
dissociated for calcium imaging. (d) Representative calcium imaging traces of 
dissociated small intestine mucosa-innervating vagal neurons. 10 µM mCPBG 
(5-HT3 agonist), 1 µM tegaserod (5-HT4 agonist), 50 nM capsaicin (TRPV1 
agonist), 1 µM AITC, 200 µM H2O2, 10 µM ATP, and 40 mM KCl (high K+) were 
applied as indicated above the signals. (e) The percentage of small intestine 

mucosa-innervating vagal neurons responding to the applied agonists.  
n = 93 neurons; N = 4 animals. (f) Immunohistochemical labeling of EC cells in 
Tph1CreER;Rosa26(lsl-ChR2) mice. This reporter line expresses the ChR2-YFP fusion 
protein. Serotonin and ChR2-YFP were immunostained with an anti-serotonin 
(red) and anti-GFP (green) antibodies. 70% (59 ChR2-YFP+ cells/84 serotonin+ 
cells) and 47% (31 ChR2-YFP+ cells/54 serotonin+ cells) of EC cells were  
labeled by YFP in villi and crypts, respectively. Scale bar = 100 µm. (g) (Left) 
Representative image of dissociated ChR2-YFP-positive EC cells. Scale bar = 
3 µm. (Right) Light-activated inward currents in a dissociated EC cell. Various 
intensities of 470 nm laser stimulation were applied as indicated below the 
trace. The membrane potential was held at −80 mV. (h) Representative jejunal 
afferent recordings during optogenetic stimulation of EC cells in the presence 
of, the 5-HT3 antagonist (alosetron, 10 µM), the P2X antagonist (PPADS, 10 µM), 
or a combination of both antagonists (10 µM). The bottom black traces show 
the whole-nerve signal with multiple action potentials of different sizes and 
shapes. The red trace represents single-unit activity discriminated based on 
the spike waveform. The illustration in (c) was created using BioRender 
(https://www.biorender.com).
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Extended Data Fig. 9 | Crypt EC cells detect electrophiles and signal  
to mucosal sensory neurons through serotonergic transmission.  
(a) Schematic of ex vivo ‘flat sheet’ recordings from afferents innervating the 
jejunum of Scn10aCre;Rosa26(lsl-ChR2) mice. TRPA1 or TRPM2 agonists were 
applied to the luminal surface. The illustration was created using BioRender.
com. (b) Ex vivo recordings from jejunal afferents of Scn10aCre;Rosa26(lsl-ChR2) 
mice. The number of action potentials is compared before and after 
application of 100 µM AITC. Two-sided paired t-test. n = 12 recordings; N = 6 
animals. (c) Representative jejunal mucosal afferent recordings with varying 
intensities of optogenetic stimulation of Nav1.8(+) nerve fibres in the absence 
or presence of 100 µM AITC. Red signals represent light-evoked action 
potentials. (d) The percentage of afferents responding at indicated light 
intensities (left) and activation thresholds of jejunal afferents (right) before 
and after AITC treatment. Mean ± s.d., Wilcoxon matched-pairs signed rank 
test. n = 12 recordings; N = 6 animals. (e) Ex vivo recordings from jejunal 

afferents of Scn10aCre;Rosa26(lsl-ChR2) mice. The number of action potentials/sec 
is compared before and after application of 100 µM acrolein in the presence or 
absence of 10 µM alosetron and 10 µM PPADS. Two-sided paired t-test. Acrolein: 
n = 9 fibres; N = 4 animals. Alosetron + acrolein: n = 9 fibres; N = 5 animals. 
PPADS + acrolein: n = 12 fibres; N = 5 animals. (f) Representative jejunal afferent 
recordings with varying intensities of optogenetic stimulation of Nav1.8(+) 
nerve fibres in the absence or presence of 100 µM acrolein. Red signals 
represent light-evoked action potentials. (g) The percentage of afferents 
responding at indicated light intensities (top) and activation thresholds of 
jejunal afferents (bottom) before and after acrolein treatment with or without 
10 µM alosetron and 10 µM PPADS. Mean ± s.d., Wilcoxon matched-pairs signed 
rank test. Acrolein: n = 10 recordings; N = 4 animals. Acrolein + alosetron: n = 11; 
N = 5. Acrolein + PPADS: n = 12 recordings; N = 5 animals. The illustration in (a) 
was created using BioRender (https://www.biorender.com).
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Extended Data Fig. 10 | Villus EC cells detect oxidative stress and signal to 
mucosal sensory neurons through purinergic transmission. (a) Ex vivo 
recordings from jejunal afferents of Scn10aCre;Rosa26(lsl-ChR2) mice. The number 
of action potentials/sec is compared before and after application of 200 µM 
H2O2 in the presence or absence of 10 µM alosetron and 10 µM PPADS. Two-sided 
paired t-test. H2O2: n = 11 fibres; N = 4 animals. Alosetron + H2O2: n = 8 fibres, 
N = 4 animals. Wilcoxon matched-pairs signed rank test: PPADS + H2O2: n = 11 
fibres, N = 4 animals. (b) Representative jejunal afferent recordings with 

varying intensities of optogenetic stimulation of Nav1.8(+) nerve fibres in the 
absence or presence of 200 µM H2O2. Red signals represent light-evoked APs. 
(c) The percentage of afferents responding at indicated light intensities (top) 
and activation thresholds of jejunal afferents (bottom) before and after H2O2 
treatment with or without 10 µM alosetron and 10 µM PPADS. Mean ± s.d., 
Wilcoxon matched-pairs signed rank test. H2O2: n = 11 recordings; N = 4 animals. 
H2O2 + alosetron: n = 8 recordings; N = 4 animals. H2O2: + PPADS: n = 13 recordings; 
N = 4 animals.
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