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Nutrients activate distinct patterns of small-
intestinal enteric neurons
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The ability to detect and respond appropriately to ingested nutrients is essential for
an organism’s survival and to ensure its metabolic demands are met. Nutrient signals
from the gut lumen trigger local intestinal reflexes in the enteric nervous system (ENS)

to facilitate digestion and absorption'™, but the precise cellular pathways that are
involved in theinitial neuronal sensory process remain unclear. The extent to which
the ENSis capable of discerning different luminal chemicals is also unknown. Here
we use calcium imaging to identify specific enteric pathways that are activated in
response to luminal nutrients applied to mouse jejunum. Notably, we show that
different nutrients activate neurochemically defined ensembles of myenteric and
submucosal neurons. Furthermore, we find that enteric neurons are not directly
sensitive to nutrients but detect different luminal chemicals through the epithelium,
mainly via a serotonin signalling pathway. Finally, our data reveal a spatial distribution
of luminal information along the radial axis of the intestine, whereby some signals
that originate from the villus epithelium are transmitted first to the myenteric plexus,
and then back to the submucosal plexus, whichis closer to the lumen.

Monitoring of ingested nutrients by the gastrointestinal tractis cru-
cial for energy homeostasis. Precise signalling of sensory cues from
the intestinal lumen is key for guiding physiologically appropriate
responses atnotonly at the organ butalso the behavioural level. For
instance, neuropod cellsin the intestinal epithelium make specialized
connections with the vagus nerve, which enables rapid gut-brain
signalling and helps drive the preference for nutritive sugars over
non-caloric sweeteners®. Sensory information from the gut also forms
akeybranch of visceral signals transmitted to the nodose ganglion to
inform the brain of the body’s overall internal state®. However, little is
known about how sensory cues, even basic nutrients, are handled at
theinitial site of contact; namely, by the gutitselfand its ENS. Different
luminal compositions elicit distinct intestinal behaviours. A nutri-
tious meal produces mixing motor patterns to facilitate digestion and
absorption, whereas a non-caloric meal predominantly induces pro-
pulsive contractions’. When presented with cholera toxin® together
with anutritious fatty acid, the intestine apparently overrides signals
to trigger mixing and rapidly evokes propulsive contractions, pre-
sumably prioritizing elimination of the diarrhoea-inducing agent’.
Despite this, how luminal information is communicated to the ENS
remains unclear, and the specific enteric pathways that allow the
gut to distinguish between different luminal chemicals have yet to
be identified.

The ENS comprises arepertoire of intrinsic primary afferent neurons
(IPANs, or intrinsic sensory neurons), interneurons and motor neurons
organized within two ganglionated plexuses: the submucosal plexus

(SMP) and the myenteric plexus (MP)>*1°!, Because the epithelial bar-
rier shields the luminal contents, how the ENS detects luminal cues is
unclear. Although previous work has focused on various aspects of
mechanosensation of the ingested bolus™'®,and mucosal chemosensa-
tion™, less is known about the communication and further process-
ing of these epithelial signals in the ENS plexuses. Here we developed
experimental strategies to record ENS activity in response to mucosal
stimuli ex vivo and in vivo. We show that chemically distinct signals
activate unique combinations of enteric neurons in register with the
overlying villi. We uncover a stereotypic sequence of neuronal activa-
tion, in which some signals that originate from the villi are transmit-
ted to neurons in the outer MP and then return to the inner SMP. The
modaular and hierarchical organization of signal-specific neuronal
circuitsactivated by the exposure of villito distinct chemicals provides
abasis for understanding how the gut’s luminal environment elicits
meaningful physiological responses.

Villireceive local ENS innervation

To anatomically map the innervation of a villus, we injected aneuronal
tracer, Dil, into the tip of a villus. Labelled myenteric and submucosal
neurons were mostly in close vicinity to the labelled villus (71 £ 15%
of labelled neurons situated within a 558-pum radius of the villus;
Fig. 1a-d). This spatial arrangement of enteric neurons relative to
the associated villus is in line with the developmental distribution of
the related neuroglial progenitor cell lineage in radial columns along
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Fig.1|ENSresponses tomucosal highK'. a, Dil wasinjected into asingle villus
tip (n =3 preparations). b, Representative Dil-labelled villus. ¢, Overview of the
mucosainafull-thickness preparation withaDil-labelled villus. d, Dil-labelled
nerve fibres and submucosal (cyan) and myenteric (green) (GCaMP-expressing)
neurons (arrowheads). The point of Dil applicationis marked with an x. e,i, High-
K* (75 mM) Krebs solution was perfused onto the mucosaat ¢ =10-20 s while
imaging the underlying SMP (e) or MP (i). f,j, Submucosal (f) and myenteric (j)
neurons responding (arrowheads) at t = 0 s (left panels), t = 25 s (f, right) and
t=19s(j, right). g k, Ca® transientsin theindicated SMP (g) and MP (k) responders.
h,1, Left, submucosal (h, green) and myenteric (I, cyan) responders. h, Middle,
SMPimmunolabelled for ChAT and VIP (n=4 preparations). Right, responders
included ChAT submucosal neurons. I, Middle, MPimmunolabelled for
calbindin and neuronal nitric oxide synthase (nNOS) (n =4 preparations). Right,
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respondersincluded calbindin® myenteric neurons. m, Myenteric responses to
mucosal highK"in the full-thickness preparation (n =3 preparations). n, Selected
responders (arrowheads) att=0s (left) and t =19 s (right). 0, Ca* transients in
theindicated responders. p-r, The same preparation was peeled apart between
thecircular muscle and the SMP, severing connections between the MP and the
mucosa (p). Theseparated layers werereplaced, and the mucosawas depolarized.
Responsesinthesame ganglionwere abolished after peeling. g, Responders at
t=0s(left)and t=19 s (right).r, Ca® transients.s-u, The mucosal layer was
removed to expose the MP (s). The same neurons were directly exposed to high
K*and depolarized. t,Respondersatt=0s (left) and t =14 s (right). u, Ca*
transients. Scalebars,1mm (c),100 um (d) and 20 um (f,h,j,1,n,q,t). Drawings
ina,e,i,m,pandsareadapted fromref.30 (Wiley).



the lumen-mucosa axis”, and is consistent with findings in guinea
pigs'®®. Having established the topographical organization of enteric
neurons supplyingavillus, we proceeded to examine the functionality
of these neurons.

Mucosal high K" activates the ENS

Under physiological conditions, the gut epithelium is exposed to
aplethora of chemical stimuli, which widely activate enteroendo-
crine cells (EECs), including serotonin (5-HT)-containing entero-
chromaffin (EC) cells?®* %%, A high K* (75 mM) Krebs solution was
used to broadly stimulate these electrically excitable EECs**?*,
and the SMP and MP responses were examined in preparations of
Wntl-Cre;R26R-LsL-GCaMP3 (Wntl|GCaMP3) mouse jejunum (Fig. le-1).
Mucosal highK*evoked Ca* transientsin a subset of submucosal and
myenteric neurons (24 + 6% and 22 + 3% of neurons examined, respec-
tively). To further characterize these neurons, imaged preparations
were labelled for choline acetyltransferase (ChAT) and vasoactive
intestinal peptide (VIP) in the SMP, to distinguish between two major
subtypes of submucosal secretomotor and vasodilator neurons®.
Responders were mostly cholinergic (ChAT"; Fig. 1f-h and Supplemen-
tary Table1).Inthe MP, we labelled for calbindin, whichisacommonly
used marker for IPANs, and for nNOS, which is a marker for inhibi-
tory interneurons and motor neurons®. Most myenteric responders
were calbindin® and few were nNOS" (Fig. 1j-1 and Supplementary
Table 2), suggesting that IPANs and downstream nitrergic neurons
were activated.

We then assessed whether MP-mucosanerve connections are neces-
sary for mucosal signal transmission. First, we verified that mucosal
high K" could elicit responses in myenteric neurons inintact prepara-
tions (Fig. Im-o0). The gut layers were then peeled apart between the
circular muscle and the SMP, severing MP-mucosa connections, and
the separated layers were replaced. This abolished the responses to
mucosal highK*in the ganglia that were imaged previously (Fig. 1p-r),
indicating that the effect of high K* was not due to diffusion through
the epithelium to the underlying MP. To confirm that the neurons
were still viable after peeling, we showed that directly depolarizing
the same ganglia evoked robust Ca®* transients in nearly all neurons,
includingallinitial responders (Fig.1s-u). These data show that MP-
mucosa and/or MP-SMP connections are essential for transmitting
luminal signals.

Nutrients activate the ENS through the mucosa

To examine the effects of different luminal nutrients on ENS activity,
nutrient solutions were applied to the mucosa whileimaging the SMP
or MP (Fig. 2). Glucose (300 mM; Supplementary Videos 1 and 2),
acetate (100 mM; Supplementary Videos 3 and 4) and L-phenylalanine
(L-Phe; 100 mM; Supplementary Videos 5 and 6) were selected as a
model sugar, short-chain fatty acid and amino acid, respectively.
Because glucose (11.5 mM) is present in the Krebs solution, glucose
stimulation was considered as the increase from baseline to 300 mM.
Krebs perfusion alone did not have any effects, demonstrating that
the perfusion pressure applied was not a sufficient mechanical stimu-
lus to evoke mechanosensory responses (Supplementary Tables 1
and 2).

In the SMP (Fig. 2a-1), glucose, acetate and L-Phe each activated a
comparable percentage of mostly cholinergic (ChAT") neurons (21 + 4%,
24 + 7% and 23 + 3%, respectively; Fig. 2j,k and Supplementary Table 1).
Cell size was quantified as another means of classifying responders,
because IPANs tend to have type Il morphology with somas that are
larger than those of other neurons®; this was also comparable between
nutrients (Fig. 2I).

In the MP (Fig. 2m-x), glucose (300 mM) evoked responses in
17 £ 6% of neurons, which included calbindin®, neuronal nitric

oxide synthase” (nNOS®) and calbindin'nNOS™ neurons, whereas
acetate (100 mM) and L-Phe (100 mM) elicited responses in 10 + 2%
and 9 + 2% of neurons, respectively, which included calbindin® and
calbindin'nNOS™ neurons (Fig. 2v,w). The numbers of calbindin®
and nNOS* neurons examined were comparable across prepara-
tions (Supplementary Table 2). However, the relative proportions
of the neurochemical subtypes of responders (P < 0.0001; x° test)
and their cell diameters differed between stimuli (Fig. 2x), confirm-
ing that different nutrients activate unique ensembles of myenteric
neurons.

Tofurther characterize the molecular identity of nutrient-responsive
myenteric neurons, RNAscope was performed, targeting spe-
cific populations informed by RNA sequencing (RNA-seq)-based
classifications”. We labelled three putative myenteric IPAN
populations (distinguished by Nmu, Cck or Nxph2 expression).
Nutrient-responsive neurons exhibited mainly Nmu (Extended
Data Fig. 1), rarely Cck and never Nxph2 expression (Supplementary
Table 3).

To examine the differential response to nutrients, we applied each
nutrient to the mucosa sequentially and imaged the same myenteric
ganglion. Of the total responders, a small fraction were activated
by all or various combinations of nutrients, and more than half
responded uniquely to one nutrient (Extended Data Fig. 2); many were
acetate-responsive. Because extracellular glucose concentration can
influence myenteric neuronal excitability®®, glucose exposure might
affect subsequent nutrient responses. The potential influence of one
nutrient on responses to another should be taken into account when
interpreting these data.

Considering nutrient transport or diffusion across the epithelium, we
tested whether mucosal sensory nerves are directly nutrient sensitive.
Glucose (300 mM), acetate (100 mM) or L-Phe (100 mM) were applied
intoasingle villus, using amicropipette pushed through the epithelium,
totarget sensory nerve endings. Although 5-HT applied in this manner
activates enteric neurons?, this mode of nutrient application was not
effective. Local nutrient application onto myenteric gangliain peeled
longitudinal muscle-myenteric plexus (LMMP) preparations also did
notelicit neuronal responses (Supplementary Table 4). Thus, mucosal
sensory nerves do not directly detect these nutrient solutions, indicat-
ing that the epitheliumis necessary for initial sensory transduction of
nutrient signals.

Toverify that the epithelium senses these nutrients, we applied each
nutrient solution onto the mucosal surface of jejunal preparations
from Villin-cre;R26R-LsL-GCaMP3 (Villin|GCaMP3) mice®®. Nutrients
and high K" elicited epithelial Ca* responses (Extended Data Fig. 3
and Supplementary Videos 7-9). Analysing published single-cell
and single-nucleus RNA-seq datasets?”*"*?, we found clusters of
small-intestinal epithelial cell types expressing genes that encode
associated nutrient sensing receptors and transporters, putative
neuroactive mediators and vesicular release proteins (Extended Data
Fig. 4a).

Consistent with the glucose responses observed, where Ca® signals
were widely distributed throughout the epithelial surface (Supplemen-
tary Video 7), Slc5al (encoding the sodium-glucose co-transporter
1; SGLT1) and Tasir2 and TasIr3 (encoding components of the sweet
taste receptor heterodimer TIR2-T1R3) were most highly expressed
by enterocytes (the most abundant epithelial cell type). By contrast,
acetate and L-Phe responses were confined mainly to distinct clus-
ters of epithelial cells (Supplementary Videos 8 and 9). In accordance
with this, expression of Ffar2 (short-chain fatty acid receptor) was
highest in EECs and goblet cells, which are constituents of a smaller
population of secretory cells sparsely distributed throughout the
epithelium. Similarly, expression of Casr (calcium-sensing recep-
tor) and TaslIrl and TasIr3 (components of the taste receptor het-
erodimer TIR1-T1R3), each associated with sensing L-amino acids,
was found predominantly in EECs and in goblet cells, respectively.
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Fig.2| ENS responses to mucosal nutrient perfusion. a,d,g,m,p,s, Mucosal
perfusion ofglucose (a,m), acetate (d,p) or L-Phe (g,s) activates asubset of
enteric neurons (arrowheads). Nutrients were applied at ¢t =10-40s.b,e,h, Top,
submucosal responders (green) to glucose (b), acetate (e) or L-Phe (h). Middle,
submucosal gangliawere labelled for ChAT and VIP. Bottom, overlays demonstrate
thatsubmucosal responders were cholinergic.n,q,t, Top, myentericresponders
(cyan) toglucose (n), acetate (q) or L-Phe (t). Middle, myenteric gangliawere
labelled for calbindin and nNOS. Bottom, myenteric respondersincluded
calbindin*andnNOS" neurons. ¢,f,i, Ca®* transients in submucosal responders
toglucose (c), acetate (f) or L-Phe (i). o,r,u, Ca* transients in myenteric
respondersto glucose (0), acetate (r) or L-Phe (u). j, The percentage of
submucosal neurons that responded to mucosal highK* (muc hK*), glucose,
acetate and L-Phe was comparable. n = 5-10 fields of view (FOVs) imaged.

Therefore, epithelial cells involved in nutrient signal transduc-
tion might not be limited to EECs, and could include other cell
types.
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k, Submucosal responders were predominantly cholinergic. I, The cell diameter
of responders was comparable between nutrients (ChAT', black; VIP*, cyan).
Adifference was detected between muc hK*and L-Phe responders (*P=0.039;
one-way analysis of variance (ANOVA), Tukey’s multiple comparisons test).
n=4-6preparations.v, The percentage of myenteric responders to muc hK’,
glucose and acetate was comparable. L-Phe evoked a smaller response than
muc hK" (*P=0.0334; one-way ANOVA, Tukey’s multiple comparisons test).
n=5-10 FOVsimaged. w, Many myenteric responders were calbindin®. x, The
celldiameter of myenteric responders differed between stimuli (*P< 0.05,
**+% P <(0.0001; one-way ANOVA, Tukey’s multiple comparisons test; calbindin®,
black; nNOS*, green; calbindin nNOS", blue). n=4-7 preparations. Data are
mean +s.e.m.Scalebars,20 pm. Drawings at the top are adapted fromref. 30
(Wiley).

To assess the importance of epithelium-ENS communication in
transmitting nutrient information, we tested the effect of disrupt-
ing epithelial signalling on neuronal responses. Blocking SGLT1 with



mizagliflozin® (1 uM) attenuated glucose responses in the MP and SMP
(Extended Data Fig. 5), suggesting that SGLT1 has a major role.

Mucosa-ENS signalling involves 5-HT

To identify mediators involved in transducing luminal signals to the
ENS, we assessed the ability of molecules to activate enteric neurons
through mucosal nerve endings. Putative mucosal mediators (5-HT,
ATP, CCK8 and GLP-1; refs. 34,35) implicated in nutrient signalling were
injected into villi (to mimic their basolateral release onto mucosal
nerve endings) while imaging the MP (Fig. 3a and Supplementary
Table 4).

5-HT-5-HT, signalling is considered to be a key mucosal sensory
pathway involved in transducing chemical and mechanical stimuliin
the gastrointestinal tract"*?*3¢, 5-HT puffed onto the mucosa stimu-
lates myenteric neurons®?%, We found thatintravillusinjection of 5-HT
(10 uM) evoked responses in 18 + 10% myenteric neurons (Fig. 3a-€);
many were calbindin® (Fig. 3d). In accordance with our previous find-
ings®,5-HT acted through 5-HT, receptors, because its effect was abol-
ished by ondansetron (10 pM) (Fig. 3e).

ATP is implicated as a mediator in mucosal mechanosen-
sitivity®’. Mucosal application of ATP activates myenteric
afterhyperpolarization-type neurons in guinea-pig ileum through
P2X receptors*. Here, intravillus injection of ATP (200 puM) activated
7 + 2% of myenteric neurons, most of which were calbindin® (Fig. 3f-i).
The P2X antagonist TNP-ATP (5 pM) inhibited the response (Fig. 3i).

In the jejunum, intravillus injection of CCK8 (100 nM) or GLP-1
(100 nM) had no effect, suggesting that the responses to intravillus
injection of 5-HT or ATP were not due to mechanical stimulation. Con-
sidering the enrichment of CCK8-containing I cells in the duodenum
and GLP-1-containing L cells in the terminal ileum, we also examined
these regions. Unlike what was seen with 5-HT, no responses were
observed when CCK8 was injected into duodenal villi or when GLP-1
was injected into terminal ileum villi (Extended Data Fig. 6a-f). GLP-1
might stimulate intestinofugal neurons in the ileum that have mucosal
projections®. We could have missed these neurons, because they form
only asmall proportion of myenteric neurons and tend to be situated
along the mesenteric border. We also cannot rule out the possibilities
that these mediators target extrinsic mucosal nerve endings or that
they modulate activity within the plexus. Indeed, CCK8 or GLP-1applied
ontojejunal LMMP activated some myenteric neurons (Extended Data
Fig. 6g-j).

Onthebasis of an analysis of single-cell and single-nucleus RNA-seq
datasets of small-intestinal enteric neurons®*, Htr3a and P2rx2 are
highly expressed in IPANs, as defined by Calcbh, Calb2 and Nmu expres-
sion (Extended Data Fig. 4b). This is compatible with our RNAscope
data, in which many nutrient responders expressed Nmu (Extended
Data Fig.1). These neurons showed low levels of Glp1r, Cckar, Cckbr
and Calb1 expression, despite the fact that calbindin isa commonly
used marker for IPANs?. Because the calbindin antibody used might
cross-react with calretinin®, calcitonin gene-related peptide (CGRP) was
used as anadditional IPAN marker. CGRPimmunoreactivity is normally
observed only in varicosities, so tissues were cultured in colchicine
to disrupt axonal transport and concentrate the peptide in the soma
before immunostaining®. In colchicine-treated tissues, 85 + 11% of
CGRP-immunoreactive myenteric neurons were labelled with the cal-
bindin antibody (Extended Data Fig. 7).

Having found that mucosal nerve endings were responsive to
5-HT and ATP, we tested for endogenous 5-HT and ATP release after
the application of mucosal high K, using ondansetron (10 uM)
and TNP-ATP (5 uM) (Fig. 3j-k). Ondansetron inhibited but did not
abolish the response, indicating the activation of a 5-HT-5-HT,
receptor-independent pathway. On the other hand, TNP-ATP had no
effect, demonstrating that ATP acting through P2 receptors is not
involved.

Chemosensitive myenteric IPANs

Although mucosal high K" activates calbindin® myenteric neurons, sug-
gestingthatthese are IPANSs, it is unclear whether they respond directly
or synaptically. This was addressed using the nicotinic antagonist
hexamethonium (Hex, 200 pM) to block the major form of excitatory
neurotransmissioninthe ENS (Fig.4a,b). The percentage of myenteric
neurons activated before and after Hex exposure was comparable,
whichindicates that responders (observed locally within the field of
view, FOV) were activated directly.

With repeated mucosal high K" application, the second stimula-
tion activated significantly more myenteric neurons (Fig. 4a, left).
These additional responders were mainly calbindin®, nNOS®, or
calbindin'TnNOS™ neurons with smaller cell bodies than those of the
initial responders (Fig. 4a, right), and were probably excitatory and
inhibitory motor neurons and/or interneurons. The amplified response
with the second mucosal high K* application was inhibited by Hex
(Fig. 4b), demonstrating that the additional neurons were recruited
through nicotinic neurotransmission.

Because direct and synaptic responses to mucosal high K* were
observed, we set out to characterize the myenteric neurons function-
ally connected to an individual villus with a more localized stimulus
using afocal electrode (Fig.4c-g). Train stimulation (20 Hz,1s) in con-
trol and Hex conditions elicited reproducible responses in 14 + 5% of
myenteric neurons (Supplementary Table 4). Like the initial mucosal
high K" responders, electrical stimulation responders were predomi-
nantly calbindin® (Fig.4d-f).In the Hex condition, atotal of 89 + 7% of
initial responders were activated by the second electrical stimulation,
whereas the same numbers responded to both stimulationsin control
conditions (Fig. 4g). The effect of electrical stimulation was therefore
mainly direct, with a minor component being synaptic, and 14 + 5%
of myenteric neurons within the FOV functionally innervate a single
villus. This is comparable to the numbers of myenteric responders
tointravillus 5-HT injection (16 + 4%), suggesting that most (if not all)
mucosal nerve endings are sensitive to 5-HT.

Responses to mucosal high K* in both plexuses were examined
simultaneously using spinning disk confocal microscopy (Extended
DataFig. 8). The Ca®* transient peak in theinitial myenteric responder
typically preceded that of the initial submucosal responder (Extended
Data Fig. 8a-c).

Chemosensitive submucosal IPANs

To examine whether submucosal responses to mucosal high K" occur
directly or synaptically, we applied Hex (Fig. 4h,i). Repeated mucosal
high K" evoked consistent responses in control conditions (Fig. 4h),
and these were partly reduced but not abolished by Hex (Fig. 4i), sug-
gesting that non-nicotinic synaptic signalling or direct activation are
alsoinvolved*®.

Because submucosal but not myenteric responders to mucosal high
K" were Hex sensitive, we assessed the extent to which the SMP receives
myentericinputs. We compared the submucosal responses to electrical
stimulation of asingle villus with and without the MP. First, a train stimu-
lus (20 Hz,1s) was applied to the villus with a focal electrode in anintact
preparation, which activated a subset of submucosal neurons (Fig. 4j-1).
Thesame villus (marked by Dil) was then stimulated after removing the
MP (Fig.4m-q), and the response was significantly reduced (Fig. 40-r).
Thus, some submucosal neurons were activated secondarily through
the MP. Because responses were still observed after removing the MP,
these neurons might be activated directly (IPANs) and/or by antidromic
transmission (secretomotor neurons). Repeated electrical stimulation
inintact preparations elicited reproducible responses (Fig. 4r).

To determine whether the SMP contains IPANs, we applied nutri-
ents onto mucosa-SMP preparations (Extended Data Fig. 9). Glucose,
acetate and L-Phe activated 22 + 4%, 6 + 2% and 7 + 3% of submucosal
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neurons, respectively, providing evidence for submucosal IPANs. How-
ever, fewer neurons were stimulated by acetate and L-Phe in peeled than
in full-thickness preparations, indicating that myenteric inputs con-
tribute to submucosal responsesto acetate and L-Phe, but not glucose.

Nutrient-induced ENS responsesin vivo

Several factors can influence local nutrient responses, including
long-range nerve projections within the ENS, extrinsic innervation,
blood flow, the presence of mucus, the gut microbiota, and pancreatic
and hepatic signals. We examined the integrated system by imaging
the ENS in vivo (Fig. 5). As a proof of concept, we luminally applied
nutrient solutioninto an externalized jejunal loop of an anaesthetized
mouse and imaged the MP. Consistent with our ex vivo data, acetate
(100 mM) acutely activated a subset of myenteric neurons in the jeju-
nalloop in vivo (15 + 2% of neurons) (Supplementary Video 10); these
included calbindin® and nNOS* neurons (6/30 and 13/30 responders,
respectively). Because the imaging site is around 5 mm distal of the
nutrient perfusion site, downstream motor neurons and interneurons
arelikely to have been visualized as well as IPANs. Some neurons might
be sensitive to distension from perfusion, because luminal Krebs also
evoked Ca” responses*® (in 7 + 2% of neurons); many were nNOS" (6/9
responders).

Discussion

Here, using Ca*" imaging, we have shown that specific enteric pathways
areactivated by luminal chemicals, and that the ENS can decipher intra-
luminal contents, with distinct ensembles of neurons responding to dif-
ferent nutrients ex vivo. Similar results were observed when nutrients
were applied into an externalized jejunalloop inlive mice. Our findings
pave the way to abetter understanding of how the intestine monitors
the luminal chemical environment and how luminal cues shape its
functional output. Although further work will be necessary to fully
characterize how luminalinformation is coded and communicated to
the ENS, our findings corroborate previous studies that have identified
5-HT as a key molecule mediating signalling between the epithelium
and myenteric IPANs through 5-HT, receptors®***. Because entero-
cytes and EC cellsin the mouse small intestine lack neuropods®, their
communication with nerve endings must involve another mechanism.
Previous work indicates that mucosal 5-HT is likely to act through par-
acrinesignalling*. In olfactory sensation, most odours are encoded not
by one receptor, but by a pattern of receptors and olfactory receptor
neurons®. Itislikely that different luminal stimuli are similarly encoded
by patterns of mediatorsin addition to 5-HT and depend on combina-
tions of epithelial mediators and corresponding neuronal receptors.

Across all modes of mucosal stimulation, calbindin* CGRP* Nmu-
expressing myenteric neurons were prominent responders, inline with
the initial responders to luminal signals being myenteric IPANs?6748,
Downstream of myenteric IPANs are myenteric interneurons, motor
neurons and submucosal neurons activated through nicotinic trans-
mission (Extended Data Fig. 10). Studies suggest that IPANs are also
presentin the mouse SMP, on the basis of neuronal morphology, pro-
jection patterns, advillin expression*” and RNA-seq data®. Indeed, we
observed submucosal responses to nutrients even without the MP,
adding functional evidence for submucosal IPANs. Antidromic acti-
vation was unlikely, because cholinergic and VIPergic submucosal
neurons supplying the mucosa are abundant®, but responders were
almost exclusively cholinergic. Mucosal stimulation also activates some
submucosal neurons through the MP, in agreement with previous work
that showed that submucosal neurons receive nicotinic inputs from
myenteric neurons®. Myenteric neurons might, in turn, receive inputs
from submucosal neurons®. This bidirectional signalling is likely to
be important in coordinating intestinal motility, secretion and blood
flow for optimizing digestion and absorption®. Collectively, nutrient
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Fig.5|Myenteric neuronal responses to luminal acetate in the jejunumofa
livemouse. a, Schematic (left; adapted fromref. 30 (Wiley)) and imaging
set-up (right) for Ca* imaging of enteric neuronal activity inresponse to
luminalinfusion of nutrient solutioninaloop of mouse jejunuminvivo. The
mouse was anaesthetized usingisofluraneandits body temperature was
maintained using aninfrared lamp. Flexible tubing was inserted into aloop of
jejunum proximal to the imaging site to infuse nutrient (acetate, 100 mM; n=3
mice) or Krebs solution (control; n =2 mice), and distal to theimaging site for
the outflow of solution. The jejunal loop was stabilized using a custom-designed
silicone mesh. b,c, Top, acetate (b) or Krebs solution (c) was applied, and
examples of responding neurons areindicated (arrowheads). Frames from the
liverecording (green overlay, live) are mapped onto animage of the fixed MP
(greyscale, fixed) using asemi-automated registration strategy. Middle, traces
depict Ca* transientsin the responding neurons (greenarrowheads). The start
ofacetate or Krebs application is marked with white arrows. Bottom, with post
hocimmunolabelling (immunohistochemistry; IHC) of imaged myenteric
neurons (Hu®), acetaterespondersincluded calbindin*and nNOS* neurons (b),
whereasKrebs infusion activated nNOS* neurons (c). Scale bars, 50 pm.

signals locally activate submucosal and myenteric sensory circuits,
as well as motor circuits, and some myenteric neurons converge onto
submucosal pathways.



Our study shows that the MPis a key site of initial luminal signal pro-
cessing and integration, despite the fact that it is physically further
away from the lumenthanis the SMP. Additional processing occursin
the SMP, in which neurons receive luminal information directly, and
viathe MP. This spatial organization of sensory circuits might reflecta
functional advantage, in which priority is assigned to initiating motil-
ity programs and the initial responders are those that are close to the
target smooth muscle. The ENS of lower vertebrates, such as zebrafish,
comprises a MP layer but lacks a SMP%, suggesting that fine-tuned
secretomotor and vasomotor control evolved later. We speculate that
myenteric neurons are evolutionarily wired to rapidly process lumi-
nal signals, and that this is conserved across species. Further studies
will be necessary to determine the full extent of neuronal activation
beyond the stimulation site—with regard to not only downstream
enteric interneurons and motor neurons, but also extrinsic nerves—
and establish how the net activity ultimately translates into complex
intestinal behaviours.
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Methods

Mice and tissue preparation

Adult C57BL/6, WntI-Cre;R26R-LsL-GCaMP3 (Wnt1|GCaMP3) and
Villin-cre;R26R-LsL-GCaMP3 (Villin|GCaMP3) mice aged at least six
weeks old and of either sex were euthanized by cervical dislocation. The
mice used in this study were maintained on anormal diet (Sniff; Soest)
and water was provided ad libitum. All procedures were approved by
the Animal Ethics Committee of the University of Leuven (Belgium).
Wnt1|GCaMP3 mice express the fluorescent Ca* indicator GCaMP3in
all enteric neurons and glia, whereas GCaMP3 is expressed in the gut
epitheliumin Villin|GCaMP3 mice®* .

Five-centimetre pieces of duodenum, jejunum and/or ileum were
collected and immersed in Krebs solution (120.9 mM NaCl, 5.9 mM
KCl, 1.2 mM MgCl,, 1.2 mM NaH,PO,, 14.4 mM NaHCO;, 11.5 mM glu-
cose and 2.5 mM CacCl,) bubbled with 95% oxygen and 5% carbon
dioxide. Each intestinal segment was opened by cutting along the
mesenteric border and pinned flat with the mucosal side up in a
silicone-elastomer-coated dish. Theintestinal contents were removed
with Krebs washes and any remnants were carefully removed using
forceps. Experiments were limited to a maximum of three hours
after tissue collection to minimize potential effects of compromised
mucosal integrity.

For Ca*" imaging of neuronal activity, either full-thickness prepara-
tions of Wntl|GCaMP3 tissues with all the layers of the intestinal wall
intact or microdissected submucosal preparations with the mucosa
intact were stretched across aninox ring with the plexus facing up and
stabilized with an outer rubber O-ring®. By mechanically restricting
gut movement in this manner, chemical blockade of smooth-muscle
activity (thatis, with nifedipine or nicardipine) was not necessary. Up
to four ring preparations were obtained from each jejunal segment.
Because we cut open the gut tube along the mesenteric border and
positioned the anti-mesenteric side within the ring preparation for
imaging, intestinofugal neurons, which typically have their cellbodies
situated along the mesenteric border and form only asmall proportion
of total myenteric neurons®* ', were probably under-sampled.

In some experiments, the connections between the MP and the
submucosa were severed by peeling apart the gutlayers between the
SMP and the circular muscle. The two separate layers were then posi-
tioned backin place and mounted between therings. For peeled LMMP
preparations, the mucosa, SMP and circular muscle were removed by
microdissection and the remaining layers were mounted between
rings.

For labelling of CGRP, segments of jejunum from C57BL/6 mice were
collected and dissected in sterile Krebs. Peeled MP preparations with
the mucosaand submucosa removed were cultured overnightat 37 °C
(5% CO0,) inDMEM/F-12 (Thermo Fisher Scientific) containing penicil-
lin (250 U mI™%; Thermo Fisher Scientific), streptomycin (250 pg ml™;
Thermo Fisher Scientific), glutamine, nifedipine (1 pM; Sigma), 2% fetal
bovine serum (FBS; Sigma) and colchicine (to concentrate proteinsin
the neuronal cell soma; 100 pM; Sigma).

Dil labelling to trace enteric neurons innervating a single villus
Ring preparations were placed in a glass-coverslip-bottomed dishand
constantly perfused with Krebs solution bubbled with 95% oxygen
and 5% carbon dioxide. Preparations were viewed using a 20x objec-
tive on a Zeiss Axiovert 200M microscope. Dil (in 100% ethanol) was
applied by pressure ejection (PicospritzerII;10 psi, 2 s; General Valve
Corporation) using a micropipette (tip diameter of 10-20 pm) pushed
throughthe epithelial layer and into a single villus. Tissues were then
removed from the rings, stretched and pinned flat and fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for two hours
atroom temperature. This was followed by three 10-min washes in
PBS, and tissues were then incubated in PBS at 37 °C for up to three
weeks after Dil application.

Live Ca*" imaging of epithelial activity

Villin|GCaMP3 tissues that were stretched and pinned flat with the
mucosal side up in a silicone-elastomer-coated dish were continu-
ously superfused with Krebs solution bubbled with 95% oxygen and
5% carbon dioxide throughout the experiment and imaged at room
temperature. Imaging was performed using a Leica M165 FC fluores-
cent stereomicroscope (Leica) fitted with an X-Cite 200DC stabilized
fluorescence light source (Lumen Dynamics) and an ORCA-Flash4.0
V3 digital CMOS camera (Hamamatsu). The mucosa was perfused with
stimulating solutions using a micropipette tip positioned at the edge
oftheimaged FOV. Perfusion was achieved through a gravity-assisted
tubing system. Recordings were acquired at 2 Hz for a duration of 2 min,
and there was at least 5 min between each stimulus application.

Live Ca® imaging of neuronal activity

Ring preparations were kept at room temperature in a
glass-coverslip-bottomed dish and constantly perfused with Krebs
solutionbubbled with 95% oxygen and 5% carbon dioxide throughout
the experiment. Live Ca® imaging of Wnt1|GCaMP3 ring preparations
was performed using either a wide-field or a spinning disk confocal
microscopy set-up. Some preparations were imaged using a20x objec-
tive onaZeiss Axiovert 200M microscope, equipped with amonochro-
mator (Poly V) and acooled CCD camera (Imago QE) (TILL Photonics).
Images were acquired using TILLVISION software (TILL Photonics). A
separate set of experiments was performed using an Andor Revolution
spinning disk confocal microscope (Andor) equipped with a Nikon
20x lens (NA 0.8). GCaMP3 was excited at 488 nm and 3-dimensional
(3D) stacks (21-29 um) were acquired using a Piezo Z Stage controller.

Mucosal application of nutrient stimuli. Glucose (300 mM), acetate
(100 mM) or L-Phe (100 mM) were locally applied for 30 s onto the
mucosal surface with a perfusion pipette positioned above the im-
aged myenteric or SMP, exposing entire villi within the local FOV (445 x
337 um?) to the nutrient solution. High-K* (75 mM) Krebs solution was
applied onto the mucosa for 10 s to broadly depolarize EECs and EC
cells, which are electrically excitable. For some experiments, tissues
were perfused with various antagonists for 10 min before the second
mucosal stimulus. For experiments involving the sequential applica-
tion of different nutrient solutions to the same ganglia, each nutrient
application was separated by 10 min Krebs perfusion and the order of
nutrient application was alternated between experiments.

Spritz application of agonist into a single villus. To mimic the baso-
lateral release of mucosal mediators, 5-HT, ATP, CCK8 or GLP-1were
applied by pressure ejection (Picospritzer II; 10 psi, 2 s; General Valve
Corporation) using amicropipette (tip diameter of 10-20 pm) pushed
through the epithelial layer and into a single villus as previously de-
scribed®.

Electrical stimulation. To stimulate the nerve endings in a single vil-
lus, atrain of 300-ps pulses (20 Hz, 1s,30 V) was applied using a focal
electrode (50-um-diameter tungsten wire) gently lowered onto the
villus tip, coupled to a Grass stimulation unit. The lipophilic tracer
Dil (dissolved in ethanol) was applied onto the epithelium of villi by
pressure ejection (PicospritzerII;10 psi, 1s) asameans of marking and
relocating asingle villus.

Invivo ENS Ca*" imaging

Adult male Wnt1|GCaMP3 mice aged at least 12 weeks were used for
invivoimaging of the ENS. Mice were fasted for four hours before the
surgical procedure. Mice were anaesthetized using isoflurane (2-3%)
by inhalation until loss of the pedal withdrawal reflex. Anaesthesia
was maintained (around 1.5% isoflurane) throughout the surgical
and imaging procedure. Bupivacaine hydrochloride (0.05%) was



locally administered to the site of abdominal incision. A laparotomy
was then performed and a 3-4-cm jejunal loop with as little gut con-
tents as possible was exposed. The intestinal loop was positioned ina
coverslip-bottomed imaging dish filled with Krebs solution containing
nifedipine (1 tM) to reduce smooth-muscle contractions. The intestinal
segment was further stabilized using a custom-designed 3D-printed
biocompatible silicone mesh, which was attached to the coverslip. For
the infusion of stimulating solutions into the lumen, a small incision
was made along the anti-mesenteric border, avoiding major blood ves-
sels. The tip of aflexible feeding tube (22 ga; Instech) was theninserted
through theincisionandinto thelumen, before sealing offthe opening
using surgical glue (Vetbond). The feeding tube was then connected to
perfusionlines containing Krebs or acetate (100 mM). A second incision
was made distal to the intestinal loop positioned in the imaging dish to
insert tubing allowing for the outflow of perfused solutions. Wet gauze
was placed over the segment of exposed intestine not submerged in
thesolution of theimaging dish to avoid the tissue drying out. Enteric
neuronal activity wasimaged using a20x objective on a Zeiss Axiovert
200M microscope as described above. The mice were euthanized by
cervical dislocation after imaging and the imaged jejunal loop was
dissected out and fixed for post hoc immunohistochemistry.

Recordings were stabilized in Fiji using the Descriptor-based series
registration plug-in®*and/or the Landmark Correspondences plug-in
(transformation method, moving least squares; transformation class,
affine) to overlay the recording onto a template image of the fixed and
peeled MP.

Nutrients and drugs
Glucose (300 mM; Millipore) was prepared in distilled water. Acetate
(100 mM) was prepared with acetic acid (100 mM; EMSURE) ina modi-
fied Krebs solution (inwhich the concentration of NaClwas reduced to
20 mM) and neutralized using NaOH (1 M). L-Phe (100 mM; Sigma) was
also prepared in a modified Krebs solution with the concentration of
NaCladjusted to maintain the osmolarity. The pH of the nutrient solu-
tionswas adjusted to 7.4. The concentrations of nutrient solutions were
selected to be within the range thatis typically ingested. For instance,
popular sweetened beverages containaround 300 mM glucose®, vin-
egar can contain up to 1.17 M acetic acid®* and the concentration of
L-Pheinbeefis around 70 mmol per kg (ref. 65).

5-HT (Sigma), ATP (Tocris), GLP-1(7-36)-amide (Phoenix Pharmaceu-
ticals), CCK8 (PolyPeptide Laboratories), hexamethonium bromide
(Sigma), ondansetron (Sigma), TNP-ATP (Tocris) and mizagliflozin
(MedChemExpress) were prepared as stock solutions and diluted to
the final concentration using standard Krebs solution.

Analysis

Ca® imaging analyses were performed with custom-written routinesin
Igor Pro (WaveMetrics)®. Regions of interest were drawn over each cell
to calculate the average [Ca*'];signal intensity. Values were then normal-
ized to the baseline fluorescence intensity (F;/F,). Responses were con-
sidered when the [Ca*']; signal increased above baseline by at least five
times theintrinsic noise. [Ca*"]; peaks were calculated for each response,
with the peak amplitude taken as the maximumincrease in [Ca®'], from
baseline (AF;/F,). Image overlays highlighting responding neurons
(activity-over-time images) were generated in Igor Pro. Image overlays
highlighting active regions of Ca** activity in Villin-cre;R26R-LsL-GCaMP3
tissues were created in Fiji using the AQUA plug-in®. The images pre-
sented were adjusted for brightness and contrast. Quantification of the
cell diameters of neuronal responders was performed in Fiji.

Immunohistochemistry

After Ca*" imaging experiments, some full-thickness ring preparations
were fixed in 4% formaldehyde in PBS for 90 minatroom temperature,
followed by three 10-min washes in PBS. Fixed tissues were first sepa-
rated into SMP and MP preparations by microdissection. The SMP was

isolated by dissecting the submucosa and mucosafrom the underlying
muscle and myenteric layers, and the mucosawas then gently scraped
off. MP preparations were obtained by removing the circular muscle
from the remaining preparation.

Cultured colchicine-treated MP tissues were fixed in 4% formalde-
hyde in PBS for 60 min at room temperature, followed by three 10-min
washes in PBS. The circular muscle was then removed by microdissec-
tion before immunostaining.

SMP and MP preparations were then processed for immunohisto-
chemistry. Tissues were incubated first in a blocking solution for two
hours at room temperature (4% donkey serum and 0.5% Triton X-100)
and then in primary antisera (Supplementary Table 5) for 48-72 h at
4 °C. Tissues were washed in PBS (three 10-min washes) before incu-
bating in secondary antisera (Supplementary Table 5) for two hours
atroom temperature, and then washed again (three 10-min washes in
PBS) before mounting onto slides using Citifluor.

RNAscope

After Ca*" imaging experiments, some full-thickness ring preparations
were dissected to isolate the MP layer and then fixed in 4% paraform-
aldehyde in PBS for 24 h at 4 °C, followed by three 10-min washes in
PBS. Fixed myenteric preparations were further dissected to remove
the circular muscle by microdissection before further processing for
fluorescenceinsitu hybridization using the RNAscope Multiplex Fluo-
rescent Reagent Kit v2 assay according to the manufacturer’sinstruc-
tions. Protease Ill was used to digest the whole-mount preparations.
The RNAscope probes (Advanced Cell Diagnostics) used were Nmu-C1
(446831), Cck-C2(402271) and Nxph2-C3 (870131). After hybridization,
tissues were counterstained for DAPI (Invitrogen; 62248) and/or GFP
and mounted using VECTASHIELD Antifade Mounting Medium with
DAPI (VectorLabs; H-1200-10) or with Citifluor.

Imaging immunolabelled, Dil-labelled or RNAscope-labelled
tissues

Labelled preparations were viewed under either an epifluorescence
microscope (Olympus BX41) with an Olympus XM10 camera, or
a Zeiss Axio Imager M2 with an Axiocam 705 (Zeiss). Images were
acquired using Photoshop software or ZEN Blue, and were adjusted
for contrast and brightness before overlay and quantification. The
Landmark Correspondences plug-in in Fiji (transformation method,
moving least squares; transformation class, affine) was used to trans-
form the image of immunolabelled preparations for overlay with
the activity-over-time image highlighting responding neurons from
Ca*-imaging recordings. Colchicine-treated tissues, Dil-labelled tis-
sues and RNAscope-labelled tissues were also imaged on an LSM 780
confocal microscope (Zeiss) using a water-immersion 25x objective (NA
0.8, Zeiss). Some RNAscope-labelled tissues were imaged on an LSM
880 confocal microscope (Zeiss) using an oil-immersion 40x objec-
tive (Zeiss). Confocal micrographs display maximum projections of
confocal z-stacks. Images were adjusted for brightness and contrast.
Neuronal cell counts and analysis of Dil-labelled preparations were
performed inImageJ-Fiji.

Data and statistics

Data are presented as mean + s.e.m. At least three mice were used for
eachset of experiments, unless stated otherwise. Two-sided t-tests were
performed. One-way ANOVA or two-way ANOVA followed by a multiple
comparisons test was used to determine statistical significance. Where
appropriate, the Pvalues presented were adjusted to account for mul-
tiple comparisons. P < 0.05was considered significant. Analyses were
performed using GraphPad Prism.

Analysis of RNA-seq data
Single-cell and single-nucleus RNA-seq datasets were downloaded
from the Single Cell Portal (SCP44 (ref. 31) and SCP1038 (ref. 32)) and
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the Sequence Read Archive (SRP135960). The datawere analysed in R
(v.4.1.2) using the Seurat (v.4.1.0) package. All data were normalized
using standard Seurat normalization: for each cell the gene counts
were divided by total counts and multiplied by a scaling factor of 10*,
followed by log transformation. The data were subsequently scaled
gene-wise using Seurat’s ScaleData function. The metadata from the
original publications were used as cluster and cell-type annotations.
Genes relating to nutrient sensing and transport, synaptic release,
and neurotransmitters, neuropeptides and hormones, as well as their
corresponding receptors, were selected for further downstream analy-
sis. Violin plots for these genes were generated using Seurat’s VInPlot
function with basic parameters.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasets analysed in this study are available in the main text and
supplementary information. For Ca* imaging analysis, the source code
and installation instructions can be found at ref. 66 ‘Source code I’
(https://doi.org/10.7554/eLife.42914.039; Ca*" imaging analysis source
code) and ‘Source code 2’ (https://doi.org/10.7554/eLife.42914.040;
installationinstructions and user guide). None of the materials men-
tioned in this study have use restrictions for which material transfer
agreements (MTAs) are required. Source data are provided with this
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Extended DataFig.1|Many nutrient-responsive myentericneuronsexpress  Tissues wereimmunostained with anti-GFP to enhance the GCaMP signal after
Nmu. a-r,Myenteric (GCaMP*GFP*) neurons which responded to the mucosal RNAscope and nuclei were counterstained with DAPI. Scale bars, 20 um. Ca*
applicationof glucose (300 mM) (n =2 ganglia, N=2mice) (a-f),acetate 100 mM)  transientsinthe nutrient-responsive neurons (arrowheads) are also shown
(n=4ganglia; N=3mice) (g-1) and L-Phe (100 mM) (n = 6 ganglia; N =4 mice) (a’,g’,m’). Nutrient solutions were applied from¢t=10stot=40s.

(m-r) together with the corresponding RNAscope labelling for Nmu and Cck.
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Extended DataFig.2|Myentericresponses tosequentially applied nutrients.
a-d, Sequential application of glucose (300 mM) (a,a’), acetate (100 mM) (b,b”)
and L-Phe (100 mM) (c¢,c¢’) by mucosal perfusion activates common myenteric
neurons as well as neurons that respond uniquely to one nutrient—many neurons
responded only to acetate (d). n =706 neurons, N =24 preparations examined
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(13 mice). The specific sequence of nutrient application was alternated
between experiments. Each nutrient application was separated by 10 min of
Krebs perfusion. Nutrient-responsive neurons are marked by arrowheads.
Corresponding Ca® transientsinresponding neurons are shownina’-c’, Scale
bars,20 pm.Drawinginaisadapted fromref. 30 (Wiley).
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Extended DataFig. 3 |Nutrients elicit defined epithelial Ca* responses.
a-e’,Representative wide-field images of the mucosal surface of Villin|GCaMP3
mousejejunumatbaseline (¢ = 0 s) (a-e) and during the application of a’, glucose
(300 mM) (n =3 preparations), b’, acetate (100 mM) (n =3), c¢’,L-Phe (100 mM)
(n=3),d’, highK' (75 mM) Krebs (n=5) to depolarize the mucosaor e’, control
Krebs buffer (n=3). Regions of villithat showed anincrease in fluorescence

+

Mucosal high K

intensity inresponse to each stimulus are highlighted inblue. For each stimulus,
examples of Ca* transientsinselected regions of epithelium (arrowheads) are
shownatthebottom (a”-e”).Stimuliwere applied from¢t=20stot=80s.The
timing and duration of stimulus application are indicated by the blue boxes.
Scalebars, 200 pm. Drawinginaisadapted fromref.30 (Wiley).
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Extended DataFig.4 |Expression ofgenesinvolvedin luminal nutrient
signallinginepithelial cells and enteric neurons of the mouse small
intestine. a,b, Summary of findings extrapolated from single-cell RNA-seq
dataonsmall-intestinal epithelium and myenteric neurons sourced from Haber
etal.’ (a) and Morarachetal.” (b), respectively. a, Violin plots depicting the
differential expression of key genesinvolved in nutrient signalling across
defined epithelial cell types. Genes encoding the sweet taste receptor (TIR2-
T1R3) and sodium-glucose co-transporter 1(SGLT1) (highlighted in blue) are
most highly expressedin enterocytes. The free fatty acid receptor 2 (FFAR2;
involvedinsensing SCFAs e.g. acetate; yellow) is expressed in EECs and goblet
cells.Genes encoding the calcium-sensing receptor (CaSR) and TIR1-T1R3,
bothassociated with detecting L-amino acids (e.g. L-Phe; magenta), are
expressedin EECsand goblet cells, respectively. EECs also express genes
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related to synthesis and storage of neuroactive molecules (5-HT, ATP) and
peptide hormones (CCK, GLP-1), as well assynapticrelease (green). Goblet cells
highly express the gene encoding vesicular nucleotide transporter (VNUT;
involvedin vesicular storage of ATP), along with synaptic proteingenes (green).
b, Violin plots showing enteric neuronal gene expression of receptors
corresponding to key signalling mediators expressed by EECsi.e.5-HT3
receptors, purinergic P2X2receptors, CCK receptors (CCKAR and CCKBR) and
GLP-1receptors.SHt3a and P2rx2were most highly expressed in neurons that
express the IPAN markers Nmu, Calcb and Calb2 and low levels of Cckar, Cckbr,
Glplr, Calbl and Nos1 expression. Abbreviations: cholecystokinin, CCK;
calcitoningene-related peptide, CGRP; glucagon-like peptide-1, GLP-1.
Drawings are adapted fromref. 3 under a Creative Commons licence CCBY 4.0.
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Extended DataFig.5|Submucosal and myentericresponses to luminal under control conditions. a’, Submucosal (n = 6 preparations) and b’, myenteric
glucoseare partly mediated by SGLT1. a,b, Repeated mucosalglucose (300mM)  (n=6 preparations) responses to mucosal glucose perfusion were significantly
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Extended DataFig. 6 | Myentericresponses to CCK8, GLP-1and 5-HT inthe
smallintestine.a-f, Myentericresponses tointravillusinjection of agonistsin
duodenum (a,c,d) and terminalileum (b,e,f) full-thickness preparations. While
5-HT (10 pM) evoked neuronal responses in myenteric neurons of both gut
regions (d, n =10 villiexamined; f, n = 6 villi; respondersindicated by arrowheads),
noresponses wereobserved to (c) CCK8 appliedinto villi of the duodenum
(n=12villi) or to (e) GLP-lin the villi of terminalileum (n =12 villi). The tracesin
the panelsontheright show changesin fluorescenceintensity over time for
neuronsindicated by filled arrowheads (responders) orempty arrowheads
(non-responders). g-j, CCK8 (100 nM) or GLP-1(100 nM) were also applied
directly onto myenteric gangliain peeled jejunum LMMP preparations by
pressure ejection fromamicropipetteatt=10s.g,g’, Two CCK8 applications
(separated by a5 min Krebs washout) evoked reproducible responsesina
subset of myenteric neurons (n =10 FOVs examined). h,h’, Responses to GLP-1
(two applications separated by a5 min Krebs washout) were less reproducible
with only asmall percentage of total neurons responding to both applications
(n=8FOVs examined).i, Some CCK8-responsive neurons as indicated by
arrowheads (left, middle) and corresponding Ca*' transients (right). j, Some
GLP-1-responsive myenteric neurons as indicated by arrowheads (left, middle)
and corresponding Ca* transients (right). Scale bars, 20 pm. Data are mean +
s.e.m.Drawingsinaand gareadapted fromref.30 (Wiley).
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Extended DataFig.7|Myenteric CGRP' neuronsincolchicine-treated tissues  and/or Hu-immunoreactivity. Scale bars, 50 um.f, Graphshowing the percentage
show calbindinimmunoreactivity. a-c, Confocal images of a colchicine- oftotal Hu" myenteric neurons that are CGRP*and the percentage of total Hu*
treated LMMP preparationimmunolabelled for a, calcitonin gene-related myenteric neurons that are both CGRP"and calbindin® (n =10 FOVs assessed;
peptide (CGRP) (cyan), b, calbindin (magenta), and ¢, Hu (pan-neuronal marker;  n=458 Hu" neurons, N=2mice). Most CGRP-immunoreactive neuronal cell
green).d,e, Merged imagesillustrating the overlap between CGRP-, calbindin- bodies also show calbindin-immunoreactivity. Dataare mean +s.e.m.
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mucosal highK'. a-a”, Representative spinning disk confocal microscope
recording of Ca*"activity inthe MP and SMP in response to mucosal highK*
application (fromt=20stot=30s). Maximum XY projections of the Z stack
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intheresponding neuronsindicated in the previous panels. b-b”, Mucosal
perfusion ofacetate (100 mM) activates asubset of submucosal neurons as
marked by white arrowheads. Acetate was applied from¢t=10stot=40s.
c-c”,Mucosal perfusion of L-Phe (100 mM) activates a subset of submucosal
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neurons as marked by white arrowheads. Acetate was applied from¢=10sto
t=40s.Scalebars, 20 pm. d-f, Nutrientresponders in the SMP of full-thickness
(FT) preparations versus peeled preparations with the MP removed. While the
percentage of submucosal responderstod, glucose were comparable (peeled:
n=8FOVsexamined; FT: n=5FOVs), fewer responders were observedin
responsetoe,acetate andf, L-Phein peeled preparationscomparedtoinFT
preparations (two-sided unpaired t-test; acetate, peeled:n=15FOVs,FT:n=7
FOVs; L-Phe, peeled:n =18 FOVs, FT: n=10 FOVs). Dataare mean + s.e.m.
Drawinginaisadapted fromref.30 (Wiley).
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Extended DataFig.10 |Simplified schematic of proposed model for the
detection of luminal nutrientinformation by the ENS of the mouse small
intestine. a, Luminal nutrients are first detected at the mucosal surface by
enteroendocrine (EEC) cells, whichinclude EC cells, as well as other epithelial
cellssuchasenterocytes. The basolateral release of 5-HT from EC cells after
nutrientactivation then stimulates 5-HT,receptor (5-HT;R)-expressing
intrinsic sensory nerve endings that supply the villi. Other mucosal mediators
thatactivateintrinsic nerve endings and their corresponding neuronal
receptors have yet tobe established. Schematic adapted fromref.3 undera

Creative Commons licence CCBY 4.0.b, Intrinsic sensory neurons (IPANs) that
projecttothe mucosaresideinthe MP and respond mainly to the luminal
stimulus. Interneurons and motor neurons of ascending excitatory and/or
inhibitory descending pathways may be activated secondarily through
nicotinic transmission. ¢, IPANs are also found in the SMP and respond directly
to luminal stimuli. Other submucosal (secretomotor) neurons respond
secondarily throughinterneurons and/or myenteric sensory neurons, and
theirresponses are mediated by nicotinic transmission.
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Data collection | Widefield Ca2+ imaging recordings of ENS were acquired using TILLVISION software (TILL Photonics; v4.01) and epithelium recordings were
acquired using HC Imagelive software (Hamamatsu; v4.4.2.7), fluorescence images of post-hoc immunostainings and RNAscope labelled
preparations were acquired using Olympus DP2-TWAIN software (v8.2) or ZEN blue (v3.7.97.05000), spinning disk confocal images were
acquired using Andor iQ software (v2.9.1), confocal images were taken using Zeiss ZEN 2012 SPS5 FP3 (black edition; v14.0.27.201) and ZEN 2.3
SP1 FP3 (black edition; v14.0.29.201).

Data analysis Analysis of Ca2+ imaging recordings were performed using Igor Pro (Wavemetrics) with custom-written routines (already published via Li et al.
2019 Elife. DOl:https://doi.org/10.7554/elife.26850) , and in Fiji (Image J version 2.1.0/1.53t). Published scRNAseq datasets were analysed in
R (v.4.1.2) using the Seurat (v4.1.0) package. Statistical analyses were performed using GraphPad Prism.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Literature in the field and experience were used to determine the approximate number of neurons, preparations, and animals needed for
experiments. No formal sample size calculation was performed, as this is the first study to investigate the effect of nutrient activation of
enteric neurons in intact tissues. At least three animals were used per experiment. Depending on the specifics of certain experiments, where
more or less biological variability was expected, the number of animals was increased to achieve the same power. All experiments included
animals of the same genetic background to reduce variation. The exact number of biological or technical replicates (animals, tissue
preparations, neurons, and/or fields of view imaged, where appropriate) is reported in the manuscript text.

Samples with poor immunohistochemical staining quality were excluded from further analysis.

Unhealthy enteric neurons/ganglia (nuclear GCaMP fluorescence) or instances where recordings in which image registration fails to correct
for tissue contraction were excluded from Ca2+ imaging analyses.

All the measurements that didn't require statistical testing were taken from at least 2 animals in independent experiments (otherwise at least
3). All replication attempts were successful (except cases listed as reason for exclusion).

Animals from different litters were randomly assigned and used across different experiments.

No biological groups of animals, or pathological or treatment conditions were compared in these experiments and therefore did not require
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Antibodies

Antibodies used VIP Rabbit 1:1000 Millipore (AB982)
ChAT Goat 1:500 Chemicon (AB144P)
nNOS Sheep 1:1000 Gift from Dr. P. Emson
Calbindin D-28k Rabbit 1:1600 Swant (cb-38a)
CGRP Goat 1:1000 BioRad (1720-9007)
HuCD Mouse 1:500 Molecular Probes (A21271)
HuCD Human 1:5000 Gift from Thomas J Kryzer
GFP Rat 1:400 Nacalai Tesque (04404-84)

Anti-goat AF594 Donkey 1:1000 Invitrogen (A11058)

Anti-goat Cy3 1:500 Jackson Immuno Labs (705-165-147)

Anti-sheep AF647 Donkey 1:500 Molecular Probes (A21448)
Anti-rabbit AF594 Donkey 1:500 Molecular Probes (A21207)
Anti-rabbit AF674 Donkey 1:500 Jackson Immuno Labs (711-605-152)
Anti-mouse AMCA Donkey 1:250 Jackson Immuno Labs (715-155-151)
Anti-human AF488 Donkey 1:1000 Jackson Immuno Labs (709-545-149)
Anti-rat AF488 Donkey 1:500 Invitrogen (A21208)

Validation VIP Millipore (AB982) was validated by the manufacturer for immunohistochemistry application and reactivity against mouse;
reactivity against mouse tissue was observed in this manuscript
ChAT Chemicon (AB144P) was validated by the manufacturer for immunohistochemistry application and reactivity against mouse;
reactivity against mouse tissue was observed in this manuscript
nNOS (Gift from Dr. P.C. Emson - The Babraham Institute, Cambridge, UK) has been widely used in other published studies (Parathan
et al., 2020 Developmental Biology; Spencer et al., 2018 J Neurosci; Sander et al., 2003 J Histochem Cytochem); reactivity against
mouse tissue was observed in this manuscript
Calbindin D-28k Swant (cb-38a) was validated by the manufacturer for immunohistochemistry application and reacts with mouse.
This antibody has been reported to cross-react with CALR based on cross-validation with different antibodies, literature
and scRNAseq data (Morarach et al. Nature Neuroscience 2021)
CGRP BioRad (1720-9007) was validated by the manufacturer for immunohistochemistry application and reactivity against mouse;
reactivity against mouse tissue was observed in this manuscript
HuCD Molecular Probes (A-21271) was validated by the manufacturer for immunohistochemistry application and reacts against
mouse; reactivity against mouse tissue was observed in this manuscript
HuCD (Dr. Vanda Lennon, Mayo clinic) has been widely used in other published studies (Hao et al., 2013 J Comp Neurol; Rao et al.,
2017 Gastroenterology; Cheng et al., 2017 J Surg Res.); reactivity against mouse tissue was observed in this manuscript
GFP Rat 1:400 Nacalai Tesque (04404-84) was validated by the manufacturer for immunohistochemistry application and reacts
against mouse; reactivity against mouse tissue was observed in this manuscript and has been reported in published studies
(Boesmans et al., 2019 Glia; Laddach et al., 2023 Nature Communications)

Anti-goat AF594 Donkey 1:1000 Invitrogen (A-11058) was validated by the manufacturer for immunohistochemistry application
Anti-goat Cy3 1:500 Jackson Immuno Labs (705-165-147) was validated by the manufacturer for immunohistochemistry application

Anti-sheep AF647 Donkey 1:500 Molecular Probes (A-21448) was validated by the manufacturer for immunohistochemistry §
application )
Anti-rabbit AF594 Donkey 1:500 Molecular Probes (A-21207) was validated by the manufacturer for immunohistochemistry §)
application

Anti-rabbit AF674 Donkey 1:500 Jackson Immuno Labs (711-605-152) was validated by the manufacturer for immunohistochemistry
application

Anti-mouse AMCA Donkey 1:250 Jackson Immuno Labs (715-155-151) was validated by the manufacturer for immunohistochemistry
application

Anti-human AF488 Donkey 1:1000 Jackson Immuno Labs (709-545-149) was validated by the manufacturer for




immunohistochemistry application
Anti-rat AF488 Donkey 1:500 Invitrogen (A21208) was validated by the manufacturer for immunohistochemistry application

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

Adult mice (at least 6 weeks of age) were used in this study.

Wnt1-Cre;R26R-LsL-GCaMP3 and Villin-cre;R26R-LsL.-GCaMP3 mice were used for calcium imaging experiments.
Wnt1-Cre;R26R-LsL-GCaMP3 mice were used for Dil labelling experiments.

C57BL/6 mice were used for CGRP-immunolabelling experiments involving colchicine-treatment.

N/A

Both male and female mice were used in this study and were randomly assigned across different experiments. Thus, findings apply to
to both sexes. Examining potential sex-specific differences was beyond the scope of this study, thus data were not disaggregated for
sex.

N/A

All animal procedures are approved by the Animal Ethics Committee of the University of Leuven (Belgium).

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