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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Oxidative stressactivates villus EC cells via TRPM2
channels. (a) Insitu hybridization of Trpom2and Tphlinthe smallintestine.
Yellow arrowsindicate TphI(+) EC cells. Bars indicate the ratio of Trpm2-
positive cells/Tph1-positive cells. Quantification was performed using tissue
samples from 3independent animals. Scale bar =30 pm. (b) Oxidative stress
activatesvillus EC cells. Dissociated EC cells expressing GCaMP5g were exposed
t0200 pM H,0, for2 mininthe presence or absence of 100 uM A96 or 30 uM
2-APB. (c) Anti-CD3 antibody induces epithelial cell apoptosis. Quantification
of cleaved-caspase 3-positive cells (green) per DAPlarea. Mean +s.d.,
two-sided Welch’s t-test.n =9 and 10 images per group. Scale bar =100 pm.

(d) Anti-CD3 antibody-induced oxidative stress activates villus EC cells ex vivo.

Theepithelial inflammation was induced by anti-CD3 antibody in serotonin
sensor mice, and basal serotonin levels were measured in freshly isolated
exvivo prepinthe presence or absence of 60 tM2-APB. Mean ts.d., two-way
ANOVA with Tukey’s multiple comparison test. n =23-31villi; N = 2-3 animals.
(e) Oxidative stress does not activate crypt EC cells. The epithelial inflammation
wasinduced by anti-CD3 antibody in gGRAB; ;13 , mice, and basal serotonin
levels were measured in freshlyisolated ex vivo prep. gGRAB; 13 o Was fully
activated atthe end of recordings for normalization. Mean £ s.d., two-sided
Welch’s t-test.n =100 crypts; N = 3animals. Theillustrationin (c) was created
using BioRender (https://www.biorender.com).
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8| VillusEC cellsrelease 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) Anexample of ATP biosensor experiments. AHEK cell expressing the
gGRAB,p, 0 S€NSOr was positioned 5 pm away fromasingle primary isolated
GCaMP5g-expressing villus EC cell. The signals from the gGRAB ;. Sensor and
GCaMP5g were simultaneously measured. EC cells were stimulated by high K*
(70 MM KCI). The gGRAB 14, o Sensor was fully activated with20 pM ATP at the
end of recordings for normalization. Scale bar =10 pm. (c) Green fluorescent-
conjugated choleratoxin 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 calciumimaging. (d) Representative calciumimaging traces of
dissociated smallintestine mucosa-innervating vagal neurons.10 pM mCPBG
(5-HT;agonist), 1 pM tegaserod (5-HT, agonist), 50 nM capsaicin (TRPV1
agonist), 1 uM AITC,200 pM H,0,,10 pM ATP, and 40 mM KClI (high K") were
applied asindicated above the signals. (e) The percentage of smallintestine

mucosa-innervating vagal neurons responding to the applied agonists.
n=93neurons; N =4animals. (f) Immunohistochemical labeling of EC cellsin
Tph1“**:Rosa26“""*? mice. This reporter line expresses the ChR2-YFP fusion
protein. Serotoninand 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 YFPinvilliand crypts, respectively. Scale bar =100 um. (g) (Left)
Representative image of dissociated ChR2-YFP-positive EC cells. Scale bar =

3 pum. (Right) Light-activated inward currentsin adissociated EC cell. Various
intensities of 470 nm laser stimulation were applied asindicated below the
trace. The membrane potential was held at -80 mV. (h) Representative jejunal
afferentrecordings during optogenetic stimulation of EC cellsin the presence
of, the 5-HT; antagonist (alosetron, 10 pM), the P2X antagonist (PPADS, 10 pM),
oracombination of both antagonists (10 pM). The bottom black traces show
the whole-nerve signal with multiple action potentials of different sizes and
shapes. Thered trace represents single-unitactivity discriminated based on
the spike waveform. Theillustrationin (c) was created using BioRender
(https://www.biorender.com).
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Extended DataFig. 9|See next page for caption.




Extended DataFig.9|CryptECcellsdetectelectrophiles and signal

to mucosal sensory neurons through serotonergic transmission.

(a) Schematic ofex vivo ‘flat sheet’ recordings from afferentsinnervating the
jejunumof Scn10a“*;Rosa26***? mice. TRPA1or TRPM2 agonists were
applied to the luminal surface. Theillustration was created using BioRender.
com. (b) Exvivo recordings from jejunal afferents of Scn10a“;Rosa26 -2
mice. The number of action potentialsis compared before and after
application of 100 pM 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 Na,1.8(+) nerve fibresin the absence
or presence of 100 pM AITC. Red signals represent light-evoked action
potentials. (d) The percentage of afferents responding atindicated 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=12recordings; N = 6 animals. (e) Ex vivo recordings from jejunal

afferents of Scn10a:Rosa26"“"*? mice. The number of action potentials/sec
iscompared before and after application of 100 pM acroleinin the presence or
absence of 10 puM alosetron and 10 uM PPADS. Two-sided paired t-test. Acrolein:
n=9fibres; N =4animals. Alosetron +acrolein: n =9 fibres; N = 5animals.
PPADS +acrolein:n=12fibres; N = 5animals. (f) Representative jejunal afferent
recordings with varying intensities of optogenetic stimulation of Na,1.8(+)
nervefibresinthe absence or presence of 100 pMacrolein. Red signals
represent light-evoked action potentials. (g) The percentage of afferents
responding atindicated lightintensities (top) and activation thresholds of
jejunal afferents (bottom) before and after acrolein treatment with or without
10 pM alosetron and 10 pM PPADS. Mean +s.d., Wilcoxon matched-pairs signed
rank test. Acrolein: n=10recordings; N =4 animals. Acrolein +alosetron: n=11;
N=5.Acrolein + PPADS: n =12 recordings; N =5animals. Theillustrationin (a)
was created using BioRender (https://www.biorender.com).
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Extended DataFig.10 | VillusEC cells detect oxidative stress and signal to
mucosal sensory neurons through purinergic transmission. (a) Ex vivo
recordings fromjejunal afferents of Scn10a“;Rosa26"""*» mice. The number
ofaction potentials/secis compared before and after application of 200 uM
H,0,inthe presence or absence of10 uM alosetron and 10 uM PPADS. Two-sided
pairedt-test. H,0,: n=11fibres; N =4 animals. Alosetron + H,0,: n = 8 fibres,

N =4 animals. Wilcoxon matched-pairs signed rank test: PPADS + H,0,:n=11
fibres, N =4 animals. (b) Representative jejunal afferent recordings with

varyingintensities of optogenetic stimulation of Na,1.8(+) nerve fibresin the
absence or presence of 200 tM H,0,. Red signals represent light-evoked APs.
(c) The percentage of afferents responding atindicated light intensities (top)
and activation thresholds of jejunal afferents (bottom) before and after H,0,
treatment with or without 10 pM alosetron and 10 puM PPADS. Mean ts.d.,
Wilcoxon matched-pairs signed rank test. H,0,: n =11recordings; N = 4 animals.
H,0,+alosetron: n=8recordings; N =4 animals. H,0,: + PPADS:n=13recordings;
N=4animals.



nature portfolio P —

Corresponding author(s): and David Julius

Last updated by author(s): 11/15/2024

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX O OO0 000F
X

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Immunofluorescence images of tissue sections and cells were captured on a Nikon CSU-W1 spinning disk confocal microscope run by the
Micro-Manager software (v2.0). Immunofluorescence images of traced nodose ganglia and DRGs were captured on a Leica TCS SP8X laser
scanning confocal microscope run by the Leica LAS software (v3.5.5.19976). GCaMP and serotonin sensor images were acquired through a
Leica SP8 confocal microscope run by the LAS X software (v3.5.5.19976) or an upright microscope equipped with a Grasshopper 3 (FLIR)
camera run by the Micro-Manager software (v2.0). Patch-clamp recordings were made by using a Digidata 15508 digitizer (Molecular Devices)
connected to the pClamp software (v10.7). Short-circuit current (Isc) was measured using an EVC4000 multichannel voltage clamp (World
Precision Instruments) connected to the the pClamp software (v10.7). Calcium imaging of dissociated nodose neurons were made by using a
Olympus IX71 microscope equipped with a CCD camera (Retiga ELECTRO). Nerve fiber recordings were made by using a 1401 interface (CED,
Cambridge, UK) run by Spike2 software (V.5.18.).

Data analysis We used the Fiji software (NIH, v2.14.) to generate maximal intensity projections and generate GCaMP and serotonin sensor deltaF/F images
and traces. The Clampfit software (v11.2.2.17, Molecular Devices) was used to analyze patch-clamp recording data. The LabChart 8 software
(AD Instruments) was used to analyze short-circuit currrent data. Immunofluorescence images were analyzed with Leica LAS Lite 4.0 (Leica
Microsystems) or Fiji software v2.14 (NIH). Statistical analyses were done by using the Prism software (GraphPad, v8.4.3). Calcium imaging of
dissociated neurons were analyzed using Metafluor software (Molecular Devices, V.7.8.0.0). Nerve fiber recordings were analyzed using
Spike2 software (V.5.18). Published single-cell RNA sequencing datasets were analyzed with Seurat 5.0.1. on R 4.4.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
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All data generated or analyzed during this study are included in the manuscript (and its supplementary information data files).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For statistical comparisons, sample size was selected based on power calculations performed with reference to previous or present
experiments carried out in our laboratory and in the field. For patch-clamp recording experiments, we collected data from 6-8 cells from 2-4
mice. For Ca2+ imaging experiments, we collected data from 8-13 cells from 2-3 mice. For biosensor experiments, we collected data from 8-9
cells from 8-9 organoids. For serotonin sensor imaging in mice, we collected data from 120-278 crypts and 10-31 villi from 2-4 mice. For
BODIPY staining of tissues, we collected data from 9-21 crypt-villus in 3 mice. For organoid swelling assay, we collected data from 40-41
organoids. For Ussing chamber experiments, we collected data from 5-8 tissues from 3-4 mice. For calcium imaging of traced nodose neurons,
we collected data from 92 neurons isolated from 4 mice. For RT-PCR of traced nodose neurons, we collected data from 25 neurons isolated
from 4 mice. For nerve fiber recordings with Tph1-CreER;IsI-ChR2 mice, we collected data from 81-195 nerve fibers isolated from 33 Tph1-
CreER;IslI-ChR2 and 4 Isl-ChR2 mice). For nerve fiber recordings with Nav1.8-Cre;lsl-ChR2 mice, we collected data from 8-12 jejunal afferents
isolated from 4-6 animals.

Data exclusions  For Ca2+imaging and serotonin sensor experiments, cells and tissues that showed substantial movements during imaging or abnormal high K
+ responses, which indicate unhealthy cells and are commonly removed from data analysis, were not analyzed. For patch-clamp recording, we
selected recordings that were made at an access resistance <15 MQ and showed no drifting or excessive noise, which are common criteria for
whole-cell patch-clamp recordings. As for the nerve fiber recordings, we excluded outliers based the Robust regression and Outlier removal
(ROUT) method.

Replication For patch-clamp recording, serotonin sensor imaging, biosensor experiments, and Ca2+ imaging experiments, we did not repeat the same
stimulation on the same cell or tissue slice. Instead, we repeated the experiments on multiple cells or tissues from multiple animals and
pooled the data for statistical analysis. All experiments involving multiple cohorts were routinely assessed on different days. Replication was
successful on biosensor imaging, calcium imaging, patch-clamp recordings, afferent recordings, swelling assays, in situ hybridization, and
immunohistological experiments.

Randomization  Genetically modified mice or control animals (littermates or age-matched mice) were randomly selected for histological, Ca2+ imaging,
serotonin sensor imaging, afferent recordings, and patch-clamp recording experiments. For biosensor imaging, calcium imaging, and swelling
assays, samples were randomly assigned to different drug treatment groups.




Blinding Where possible, experimenter was blinded from the genotype or drug treatment information when performing quantifications, including
event counting, and intensity measurements.
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Antibodies

Antibodies used Target and Conjugate, Host, Dilution, Manufacturer, Catalog #, RRID

Primary antibodies:

DsRed, Rabbit, 1:500, Takara Bio, 632496, AB_10013483

GFP, Chicken, 1:500, Abcam, ab13970, AB_300798

Serotonin, Rabbit, 1:1000, ImmunoStar, 20080, AB_2313710

Tujl, Rabbit, 1:1000, Abcam, ab18207, AB_444319

Cleaved caspase 3, Rabbit, 1:500, Cell Signaling Technology, 9661, AB_2341188
Lysozyme, rabbit, 1:1000, Agilent (Dako), EC 3.2.1.17, AB_2341231

Secondary antibodies:

Rabbit IgG-Alexa Fluor 568, Donkey, 1:500, Thermo Fisher Scientific, A-10042, AB_2534017
Rabbit IgG-Alexa Fluor 568, Goat, 1:500, Thermo Fisher Scientific, A-11036, AB_10563566
Chicken IgY-Alexa Fluor 488, Goat, 1:500, Thermo Fisher Scientific, A-11039, AB_2534096

Validation DsRed, Rabbit, 1:500, Takara Bio, 632496, AB_10013483
Manufacturer's validation information: The antibody was tested by Western blot analysis. A specific band of approximately 30-38
kDa was observed in the lane loaded with lysate from cells expressing DsRed-Express. No band in this molecular weight range was
detected for the lysates of the untransfected HEK 293 cells or the cells expressing AcGFP1.
Selected citations: PMID:35169021, PMID:35167440

GFP, Chicken, 1:500, Abcam, ab13970, AB_300798
Manufacturer's validation information: This antibody is suitable for WB, ICC/IF
Selected citations: PMID: 34463618, PMID: 34292151

Serotonin, Rabbit, 1:1000, ImmunoStar, 20080, AB_2313710

Manufacturer's validation information: The ImmunoStar Serotonin antiserum was quality control tested using standard
immunohistochemical methods. The antiserum demonstrates significant labeling of rat hypothalamus, raphe nuclei and spinal cord
using indirect immunofluorescent and biotin/avidin-HRP techniques. Staining is completely eliminated by pretreatment of the diluted
antibody with 25 Blg of serotonin/BSA. Cross reactivity of Serotonin antisera was examined. With 5 ug, 10 pg and 25 ug amounts the
following substances did not react with diluted Serotonin antisera using the Bn-SA/HRP labeling method: 5-hydroxytryptophan, 5-
hydroxyindole -3- acetic acid, and dopamine.

Selected citations: PMID: 28648659, PMID: 36949192

Tujl, Rabbit, 1:1000, Abcam, ab18207, AB_444319
Manufacturer's validation information: This antibody is suitable for ICC/IF, Flow Cyt (Intra), IHC-P, and WB.
Selected citations: PMID: 35794374, PMID: 36631663

Cleaved caspase 3, Rabbit, 1:500, Cell Signaling Technology, 9661, AB_2341188

Manufacturer's validation information: Cleaved Caspase-3 (Asp175) Antibody detects endogenous levels of the large fragment (17/19
kDa) of activated caspase-3 resulting from cleavage adjacent to Asp175. This antibody does not recognize full length caspase-3 or
other cleaved caspases. This antibody detects non-specific caspase substrates by western blot. Non-specific labeling may be observed
by immunofluorescence in specific sub-types of healthy cells in fixed-frozen tissues (e.g. pancreatic alpha-cells). Nuclear background
may be observed in rat and monkey samples.

Selected citations: PMID: 38629504, PMID: 38125299

Lysozyme, Rabbit, 1:1000, Agilent (Dako), EC 3.2.1.17, AB_2341231




Manufacturer's validation information: Anti-human Lysozyme EC 3.2.1.17 antibodies. Applicable in the study of primary and
secondary granules of myeloid cells. Produced under GMP standards. Strong batch-to-batch consistency. Analyte specific reagent for
professional users.

Selected citations: PMID: 35728595, PMID:34496236

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293FT (Thermo Fisher Scientific, R70007)
This line is derived from the 293F Cell Line (originally obtained from Robert Horlick at Pharmacopeia) and stably expresses
the SV40 large T antigen from the pCMVSPORT6TAg.neo plasmid.

R-spondin 1 expressing HEK293T (Sigma, SCC111)
This line is derived from the 293T cell line and stably expresses RSPO1, a protein used to establish 3D intestinal organoids.

No authentication information could be found from the vendor's website

Mycoplasma contamination No information about Mycoplasma contamination test could be found from the vendor's website

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

We used mice of both sexes between the age of 8-16 weeks. Mice were raised under regular diurnal (12:12) light-dark cycles at a
temperature of 68-79 degrees F and a humidity of 30-70% with ad libitum access to food and water. Strains/genotypes used include:

Villin-Cre mice (MGI:2448639) from Jackson Laboratory

Tacl-IRES-Cre mice (MGI:5484668) from Jackson Laboratory

Insm1-GFP-Cre line (MGI:5576022) is a gift from Dr. Corey Harwell, UCSF.

ePet1-Flp line (MGI:3795206) is a gift from Dr. Susan Dymecki, Harvard Medical School.

Pirt1-Cre line (MGI:6332952) is a gift from Dr. Xinzhong Dong, Johns Hopkins Medicine.
Polr2aGCaMP5G-tdTomato mice (MGI: 5560331) from Jackson Laboratory.

Rosa26LSL-tdTomato mice (MGI: 3813512) from Jackson Laboratory.

FL-hM3Dg mice (MGI:5771695) from Jackson Laboratory.

Htr3a-GFP mice (MGI:5905283) is a gift from Dr. Massimo Scanziani, UCSF.

Tph1-CreER (MGI:7439062) is a gift from Dr. Juanita L. Merchant, University of Arizona College of Medicine.
Ai32(RCL-ChR2(H134R)/EYFP) (MGI:5013789) from Jackson Laboratory.

Nav1.8-Cre was gifted from Dr. Wendy Imlach, Monash University, Australia. Jackson Laboratory, Strain no. 036564.

gGRABS5HT3.0-P2A-JRGECO1a mice were generated in this study.

The study did not involve wild animals.

We used mice of both sexes and pooled the data for analyses. No sex-based analyses were done as this is beyond the current scope
of the study.

The study did not involve samples collected from the field.

All animal experiments done in UCSF were conducted in accordance with protocol AN192533 approved by the Institutional Animal
Care and Use Committee, University of California — San Francisco. All animal experiments done in South Australian Health and
Medical Research Institute (SAHMRI) were approved and performed in accordance with the guideline of the Animal Ethics
Committees of SAHMRI.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

-
=
C
=
()

5o
o
E‘t\
o
=
—
@

§S,
o
=
)

@
wm
C
=
=
Q
=

<






