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G53-G65, 2020. First published November 4, 2019; doi:10.1152/
ajpgi.00264.2019.—Detection of nutritional and noxious food com-
ponents in the gut is a crucial component of gastrointestinal function.
Contents in the gut lumen interact with enteroendocrine cells dis-
persed throughout the gut epithelium. Enteroendocrine cells release
many different hormones, neuropeptides, and neurotransmitters that
communicate either directly or indirectly with the central nervous
system and the enteric nervous system, a network of neurons and glia
located within the gut wall. Several populations of enteric neurons
extend processes that innervate the gastrointestinal lamina propria;
however, how these processes develop and begin to transmit infor-
mation from the mucosa is not fully understood. In this study, we
found that Tujl-immunoreactive neurites begin to project out of the
myenteric plexus at embryonic day (E)13.5 in the mouse small
intestine, even before the formation of villi. Using live calcium
imaging, we discovered that neurites were capable of transmitting
electrical information from stimulated villi to the plexus by E15.5. In
unpeeled gut preparations where all layers were left intact, we also
mimicked the basolateral release of 5-HT from enteroendocrine cells,
which triggered responses in myenteric cell bodies at postnatal day
(P)0. Altogether, our results show that enteric neurons extend neurites
out of the myenteric plexus early during mouse enteric nervous
system development, innervating the gastrointestinal mucosa, even
before villus formation in mice of either sex. Neurites are already able
to conduct electrical information at E15.5, and responses to 5-HT
develop postnatally.

NEW & NOTEWORTHY How enteric neurons project into the gut
mucosa and begin to communicate with the epithelium during devel-
opment is not known. Our study shows that enteric neurites project
into the lamina propria as early as E13.5 in the mouse, before
development of the submucous plexus and before formation of intes-
tinal villi. These neurites are capable of transmitting electrical signals
back to their cell bodies by E15.5 and respond to serotonin applied to
neurite terminals by birth.

enteric nervous system development; gut mucosa; neurite extension;
serotonin
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INTRODUCTION

The lumen of the gastrointestinal tract is a complex milieu of
ingested nutrients, waste products, and microbiota that are
separated from the body by a layer of intestinal epithelial cells.
Receiving and interpreting information about luminal contents
is important not only for gastrointestinal function, but also has
an impact on many other body systems, including control of
food intake and host defense (20). The enteric nervous system
(ENS) is a network of neurons and glia located within the wall
of the gastrointestinal tract that is vital for control of gut
function and plays a crucial role in detecting gut contents.
Intrinsic primary afferent neurons (IPANs), also known as
intrinsic sensory neurons with Dogiel type II morphology and
afterhyperpolarizing (AH) electrophysiological characteristics
(19), have cell bodies that are located within the plexus layers
of the gut and extend processes toward the gut mucosa.
Although these IPANs are present in both the myenteric and
submucous plexus in guinea pig (34, 35), they have not been
conclusively identified in the submucous plexus of mice (40,
52). Secretomotor and vasodilator neurons also project into the
mucosa. In mice and other small mammals, these neurons
generally have cell bodies in the submucous plexus and control
fluid secretion (18).

Information from the gut lumen is relayed to the nervous
system via enteroendocrine cells, which are dispersed among
the epithelial cells that line the gut mucosa surface (23). Many
elegant studies have shown that in response to chemical and
mechanical stimuli, serotonin (5-hydroxytryptamine, 5-HT) is
released from one type of enteroendocrine cell, the enterochro-
maffin cells (1, 3, 5, 12, 34, 35, 38). It has been assumed that
this 5-HT then acts on the processes of IPANs in the enteric
nervous system; however, this has not been definitively proven.
Studies from several laboratories have now shown that 5-HT
released from the gut mucosa is not necessary for establishing
gut motility (2, 32, 51, 53, 59), but it does have a role in
modulating colonic propulsions (26, 47). Whether, and to what
extent, enteric neurons respond to 5-HT in the mucosa and how
this could then have an impact on other aspects of gut function
has not yet been examined. Interestingly, enteroendocrine cells
have recently been found to synapse with vagal neurons and
directly communicate information from the gut lumen to the
brain (31).

Communication between enteroendocrine cells and the ENS
is important after birth, but little is known about the develop-
ment of this communication. In the developing mouse, motility
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of the duodenum is under neural control by embryonic day
(E)18.5, just before birth (45). Neurons with AH type electro-
physiology and Dogiel type II morphology have been identified
in the postnatal gut (17); however, it is not known how and
when intrinsic sensory neurons develop their stereotypical
mucosal projections and begin to receive information from the
gut lumen. Previously, neurites have been identified in the
mucosa of the mouse small intestine at E16.5 (10) and E18.5
(57). However, in a recent study, neurites were reported to be
absent in the villi of wild-type mice at E18.5, but were present
in mutant mice that had defects in the hedgehog signaling
pathway (29).

In our current study, we identified enteric neurites extending
from the myenteric plexus layer of the small intestine at E13.5
and innervating the basolateral surface of the epithelial cell
layer by E14.5. Using calcium imaging and electrical stimula-
tion, we showed that neurites are capable of transmitting
electrical information back to the plexus by E15.5. In addition,
we showed that enteric neurons are capable of responding to
5-HT applied to the gut mucosa, and that this starts at postnatal
day (P)0, with considerable postnatal maturation.

METHODS

Ethical approval and mice strains. Wntl-Cre;R26R-GCaMP3 mice
were generated by mating Wnt/-Cre [Research Resource Identifiers
(RRID): MGI:2386570] (15) with R26R-GCaMP3 mice (RRID:
IMSR_JAX:014538; from The Jackson Laboratory, Bar Harbor, ME)
(60). All neural crest-derived cells in these embryos express the
genetically encoded calcium indicator GCaMP3 (8). Wild-type
C57BL6 mice and ChAT-Cre;R26R-YFP mice were also used for
immunohistochemical studies. ChAT-Cre;R26R-YFP mice were gen-
erated by mating ChAT-Cre mice (RRID: IMSR_JAX:031661) with
floxed YFP mice (RRID: IMSR_JAX: 006148). Midday of the day on
which a plug was found was designated E0.5. All mice were housed
in rooms with standard light-dark cycles and fed ad libitum with
standard chow. Adult mice were killed by cervical dislocation or CO»
asphyxiation followed by cervical dislocation, and embryos were
decapitated immediately upon removal. Mice of both sexes were used
in experiments, and no discrimination was made between male or
female at any embryonic or postnatal ages. Experiments were per-

Table 1. Primary antisera
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formed in accordance with the ethical guidelines of the University of
Leuven (KU Leuven) and the University of Melbourne. All experi-
ments were approved by the Anatomy & Neuroscience, Pathology,
Pharmacology and Physiology Animal Ethics Committee of the Uni-
versity of Melbourne (project no. 1112330) and the Animal Ethics
Committees of KU Leuven (project no. 192/2013).

Tissue preparation and immunohistochemistry. Small intestine
from E13.5, E14.5, E15.5, E16.5, PO, and adult (~3 mo old) wild-type
C57BL6, Wntl-Cre;R26R-GCaMP3, or ChAT-Cre;R26R-YFP mice
were dissected in Krebs solution (in mM: 120.9 NaCl, 5.9 KCI, 1.2
MgCl, 1.2 NaH,PO4, 14.4 NaHCOs3, 2.5 CaCl,, and 11.5 glucose)
and fixed in 4% formaldehyde in phosphate buffered saline (PBS) for
1 h. The rostral half of the small intestine (including the duodenum
and rostral jejunum) was used for all embryonic immunohistochem-
ical experiments. For cryosections, the rostral small intestine was
washed and placed in PBS containing 30% sucrose as a cryopro-
tectant, stored overnight at 4°C, then embedded in OCT compound
(Tissue-Tek), and frozen in liquid nitrogen. Then 10-pwm, 20-pwm, and
40-pm-thick frozen sections were cut transversely through the entire
thickness (all layers) of the gut and collected on polylysine-coated
slides for immunohistochemistry. For whole mount three-dimensional
(3D) confocal scans, the small intestine was first opened along the
mesenteric border before fixation.

All preparations for immunohistochemistry were blocked for 2 h in
PBS containing 0.5% Triton-X and 4% donkey serum and incubated
in primary antisera at 4°C overnight (Table 1). All antibodies have
been previously tested on postnatal and adult mouse tissue and have
been found to label the correct cell populations. After washing in PBS,
samples were incubated in secondary antisera for 2 h at room tem-
perature: donkey anti-rabbit Alexa Fluor 488 (1:1,000; Molecular
Probes, A21206; RRID:AB_141708); donkey anti-sheep FITC (1:
100; Jackson 713-095-003; RRID:AB_2340718); donkey anti-rabbit
Alexa Fluor 594 (1:1,000; Molecular Probes A21207, RRID:
AB_141637); donkey anti-sheep Alexa Fluor 594 (1:100; Molecular
Probes, A11016; RRID:AB_10562537); donkey anti-mouse Alexa
Fluor 594 (1:1,000; Molecular Probes, A21203; RRID:AB_141633);
donkey anti-sheep Alexa Fluor 647 (1:500; Molecular Probes
A21448; RRID:AB_1500712), and DAPI (1:5000; Invitrogen).

All preparations were imaged on a Zeiss LSM780 or LSM880
laser-scanning confocal microscope.

Immunohistochemical analysis. For quantifying neuronal fibers in
cryosections, a minimum of five sections were examined for each gut

Company,
Antibody Name Dilution Cat. No. RRID

Rabbit anti-neuronal class IIT B-tubulin (Tujl) 1:2,000 Covance, AB_291637
PRB-435P-100

Mouse anti-Tujl 1:2,000 Covance, AB_2313773
MMS-435P

Goat anti-GFP 1:400 Rockland, AB_218182
600-101-215

Rabbit anti-GFP 1:500 Molecular Probes, AB_221569
Al1122

Sheep anti-NOS 1:2,000 From Dr. Piers Emson

Rabbit anti-neurofilament M 1:1,000 Chemicon, AB_91201
AB1987

Goat anti-CGRP 1:1,000 Bio-Rad, AB_2290729
1720-9007

Mouse anti-HuC/D 1:500 Molecular Probes, A21271 AB_221448

Goat anti-Sox 10 1:300 Santa Cruz Biotechnologies, sc17342 AB_2195374

Rabbit anti-calbindin 1:1,600 Swant AB_10000340
CB-38a

Rabbit anti-calbindin 1:1,000 Chemicon AB_2307441
AB149

CGRP, calcitonin gene-related peptide; GFP, green fluorescent protein; NOS, nitric oxide synthase; RRID, Research Resource Identifier.
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sample, and a sample was counted as “positive” if immunoreactive
fibers were identified in any section. For counting submucous plexus
cells, whole transverse cryosections through all gut layers from
Wntl-Cre;R26R-GCaMP3 mice were imaged, and GCaMP+ cells
located in the submucous plexus were counted. GCaMP+ cells were
identified using antisera against GFP. Sox10+ or Hu+ cells were then
counted and calculated as a proportion of the total number of
GCaMP+ cells. Myenteric plexus cells were counted in the same
fashion. For post hoc analysis of cells after live calcium imaging,
imaged preparations were fixed and processed for immunohistochem-
istry, as above. The location of cells was identified by noting the
relative location of the field of view that was imaged and the shape
and orientation of the ganglia. For measurement of Hu™ cells, their
diameters were measured at their longest point using ImageJ (National
Institutes of Health, Bethesda, MD).

Live calcium imaging. For imaging experiments, the rostral small
intestine was dissected from E14.5, E15.5, E16.5, PO, P7, and adult
Wntl-Cre;R26R-GCaMP3 mice and placed in Krebs solution bubbled
with carbogen (5% 0,-95% CO,) throughout the duration of the
experiment. For embryonic gut preparations, the opened gut was
suspended on Millipore filter paper with a window cut out to maintain
the 3D structure of the villi. For postnatal and adult preparations,
dissections were carried out in Sylgard-lined dishes. The gut was
opened along the mesenteric border, and the contents were flushed
out. The whole gut, including all tissue layers, were then stretched
over a stainless-steel inox ring and immobilized by a matched rubber
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O-ring, as previously described (50). The inox rings are custom-made,
5-7 mm in diameter, with a 0.5-mm wide lip, and are 2 mm in height.
Tissue was firmly stretched over the ring to reduce muscle con-
tractions and movement during recording. Technical drawings of
the inox rings can be made available upon request (please contact
P. Vanden Berghe: pieter.vandenberghe @kuleuven.be). Prepara-
tions were placed in glass coverslip-bottom chambers and imaged
with a Zeiss Axiovert 200M microscope equipped with a monochro-
mator (Poly V) and a cooled charge-coupled device camera (Imago
QE), both from TILL Photonics. GCaMP3 was excited at 470 nm, and
its fluorescence emission collected at 525 nm using a X20 (NA 0.75)
objective. Images were collected using TILLVISION software (TILL
Photonics), and analysis was performed using custom-written macros
in IGOR PRO (Wavemetrics; available for download via www.targi-
d.eu, select LENS).

Regions of interest (ROIs) were drawn over each cell, and fluores-
cence intensity was calculated and normalized per ROI to its baseline
starting value. All recordings were performed at room temperature,
and all preparations were constantly perfused with Krebs solution
bubbled with carbogen with 1 wM nifedipine to reduce muscle
contractions. Changes in fluorescence intensity were calculated and
expressed as a fraction of the baseline fluorescence, as F/F,. Peaks in
[Ca”*]; were individually determined, with a minimum increase of
five times the intrinsic noise level. The amplitude of the [Ca®"]; peak
was calculated as the maximum increase in [Ca®*]; above baseline (A
F/Fo). In many cases, muscle contractions caused displacement of the

Tuj1/DAPI ||

Hu/DAPI |

E14.5 I E13.5

E16.5

merge

Fig. 1. Neurite projections in embryonic ros-
tral small intestine. Transverse cryosections
at E13.5 (A-A"), E14.5 (B-B”), and E16.5
(C-C”) with immunohistochemistry per-
formed against Hu, Tujl and DAPI. Tujl+
fibers extend into the mucosa at E13.5
(arrows), some of which can be seen con-
tacting the basolateral surface of the epi-
thelium by E14.5. Many more Tujl+ fi-
bers are present at E16.5; however, the
majority of Hu-positive cell bodies are
located in the myenteric and not submu-
cous plexus. All scale bars = 20 pum.
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tissue. Custom written macros were used to reduce displacement in
movies post hoc. In the majority of cases, the movement occurred
after the maximum [Ca?™"]; peak; therefore, the displacement did not
disturb the measurement of [Ca®*]; transient amplitude.

Electrical stimulation. Electrical stimulation was applied as a train
of 300-ps pulses at 20 Hz for 1 s using a focal electrode placed on the
tip of a villus (50-wm diameter Tungsten wire), coupled to a Grass
stimulation unit (amplitude 30 V). Tetrodotoxin (TTX; 1 wM; Sigma)
or hexamethonium (200 wM; Sigma) was diluted in Krebs solution
with nifedipine and perfused in the organ bath for a minimum of 10
min before recording. For all drug recordings, ganglia in the same
field of view were stimulated twice, the first time in control Krebs
solution, and then a second time after 10 min wash-in of the drug.

5-HT spritz application. 5-HT (10 uM, Sigma) was applied by
pressure ejection from a micropipette (tip diameter 10—20 wm) using
Picospritzer II (10 psi, 2 s, General Valve Corporation). To examine
the effect of 5-HT application onto the epithelial surface, the micropi-
pette was placed adjacent to a villus for pressure ejection. To examine
responses to 5-HT injected into the mucosa for application directly
onto neurite terminals, the micropipette was first placed adjacent to a
villus and given a gentle tap to push the tip through the external
epithelial cell layer. To calculate the volume of solution injected, the
micropipette was placed within an oil droplet, and the volume of
aqueous solution ejected was calculated from the diameter of the
resulting sphere. Ondansetron (10 wM; Sigma) and hexamethonium
(200 wM; Sigma) was diluted in Krebs solution with nifedipine and
perfused in the organ bath for a minimum of 10 min before recording.

E14.5

Mucosa

E16.5

: myenteric
-
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Again, for each drug, ganglia in the same field of view were stimu-
lated twice, the first time 5-HT was injected while tissue was perfused
in control Krebs solution, and the second time, 5-HT was injected
after a 10-min wash-in of the drug. Time controls were also performed
where the 5-HT was injected twice in control Krebs solution only, 10
min apart.

Experimental design and statistical analysis. All data were col-
lected from different gut preparations (n) isolated from different
animals (pups from a minimum of two independent litters) for each
experimental condition at each embryonic or postnatal age. Experi-
mental design for calcium imaging, electrical stimulation, and 5-HT
injections are described above. For the majority of data sets, n
represents the number of gut preparations examined, unless otherwise
stated. All data are shown as means = SE. To compare calcium
responses across different ages, one-way ANOVA was used with a
Bonferroni post hoc test. To examine responses in the presence of
different drugs, paired Student’s ¢ tests were used to examine the
evoked [Ca®*]; amplitude for each cell in control conditions and after
drug wash-in. Results were considered significant if P < 0.05.

RESULTS

Enteric neurites project out to the epithelium at E13.5 one
day before villus formation. Villi develop in the mouse small
intestine from E14.5 to E15.5 (41). To examine neurite pro-
jections to the developing lamina propria, transverse sections
of rostral small intestine from E13.5 and E16.5 mice were

A2: epithelium base

BS: villi tips

Fig. 2. Confocal imaging of Tujl-immunoreactive fibers through whole mount preparations of embryonic gut at E14.5 (A/-A2) and E16.5 (B1-B5). The locations
of each scan are shown diagrammatically in A and B. Many Tujl+ cell bodies and fiber bundles are present in the myenteric plexus at E14.5 (A7), as well as
at the base of the epithelium (A2). Both A7 and A2 were imaged from the same location on the tissue, at different levels through the radial plane. At E16.5, there
is greater separation of individual ganglia in the myenteric plexus, interconnected by Tujl+ fibers (B1), which also extend into the circular muscle layer (B2).
There are few Tujl+ cell bodies in the submucous plexus, but fibers are still present, presumably from the myenteric plexus (B3). Tujl+ fibers extend from
the base of villi (B4, arrows) into their tips (B5, arrows). Likewise, images B/-B5 were taken from the same location on the tissue, at different levels through

the radial plane.
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immunostained with the pan-neurite marker, Tujl. Tujl-im-
munoreactive neurites were observed in the lamina propria in
all gut preparations examined at all four ages (n = 3/3 for
E13.5, n = 5/5 for E14.5, n = 8/8 for E15.5, and n = 5/5 for
E16.5). Previous studies in mice have shown that the first
neural crest-derived cells settle on the outer side of the circular
muscle layer in the location of the myenteric plexus, and
submucosal ganglia form several days later from a secondary,
centripetal, migration of myenteric cells (28). At E13.5, Tujl-
immunoreactive neurites appeared to project from the pre-
sumptive myenteric plexus toward the mucosa (Fig. 1A4), and
some processes extended to the basolateral surface of the
epithelial cells by E14.5 (Fig. 1B). Villi could be morpholog-
ically detected at E15.5 (data not shown) and E16.5, and there
were abundant Tujl+ neurites projecting to the epithelial cell
layer at the tips, as well as near the bases of villi (Fig. 1C).
Immunohistochemistry was also performed on whole-mount
gut preparations with all tissue layers intact. 3D confocal scans
through the E14.5 and E16.5 rostral small intestine revealed
many Tujl-immunoreactive fibers in the developing lamina
propria at both ages (Fig. 2, Supplemental Movies S1 and S2:
http://doi.org/10.5281/zenodo.3518046 and http://doi.org/10.
5281/zenodo.3518194, respectively). Though Tujl-immunore-
active fibers may appear sparse in the 10- to 40-pwm-thick
cryosections, whole-mount preparations show that Tujl fibers
are present throughout the lamina propria (compare Figs. 1C
and 2B). At E14.5, there was an extensive network of neurites
projecting into the developing mucosa, with many Tujl+
neurites present at the basolateral surface of the epithelial cell
layer (Fig. 2A, Supplemental Movie S1: http://doi.org/10.5281/
zenodo.3518046). At E16.5, neurites were present throughout
the developing circular muscle and submucous cell layers, and
the majority of villi also contained Tujl-immunoreactive neu-
rites (Fig. 2B, Supplemental Movie S2: http://doi.org/10.5281/
zenodo.3518194. Very few Tujl+ cell bodies were detected in
the submucous plexus at either E14.5 or E16.5 (Fig. 2).
Neurochemistry of neurites innervating the lamina propria.
We first used immunohistochemistry against neuronal nitric
oxide synthase (nNOS) to identify the neurochemistry of the
fibers, as nNOS-immunoreactive neurites were previously de-
scribed in villi at E18.5 (57). nNOS + fibers appeared in the gut
in a time-dependent manner. Our results show that nNOS+
fibers were not present at E14.5 (n = 0/6, data not shown), and
only a very few were detected in two out of six E16.5
preparations (n = 2/6, data not shown). nNOS+ fibers were
clearly present in the gut by PO (n = 6/6 gut samples, Fig. 3A).
The cholinergic markers ChAT and vAChT did not label any
fibers at any of the embryonic ages (data not shown). To
exclude the possibility of bias resulting from low sensitivity of
the antisera in the gastrointestinal tract, we also used ChAT-
Cre;R26R-YFP mice as a genetic tool to investigate the timing
of mucosal innervation by cholinergic neurons. Faint YFP+
fibers were observed at PO (n = 3/4, Fig. 3B), but not at E14.5
(n = 0/4) or E16.5 (n = 0/5). We tested two other markers
(neurofilament-M and calcitonin gene-related peptide, CGRP)
that are characteristically expressed by IPANs in the adult
mouse (43). We detected neurofilament-M-immunoreactive
neurites extending toward the mucosa at E14.5 (Fig. 30),
E16.5, and PO. However, although neurofilament-M is specific
for IPANs in the adult mouse (43), subtype specificity is not
guaranteed during development, as Young et al. (58) reported
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NOS/DAPI

B. PO ChAT-YFP
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Fig. 3. Neurochemical phenotype of projections in the mucosa. A: many villi
were observed to contain neuronal nitric oxide synthase (nNOS)-immunore-
active fibers at PO (arrows), with cell bodies in both the myenteric (mp) and
submucous plexus (smp; arrowheads). B: cholinergic fibers were examined
using ChAT-cre;R26R-YFP mice, very few faint yellow fluorescent protein
(YFP)+ fibers were observed in the mucosa at PO (arrows), and cell bodies can
be identified in the outer plexus layer (arrowheads). C: neurofilament-M
(NF-M) immunoreactive fibers were observed in the mucosa at E14.5 (arrows).
Cell bodies were present in the myenteric plexus (arrowheads).

neurofilament-M expression in all enteric neurons at E11.5.
Unlike neurofilament-M, CGRP-immunoreactive neurites were
not detected in the mucosa between E14.5 and E16.5 (data not
shown), which is in line with previous work by Branchek and
Gershon (9), who reported that CGRP immunoreactivity in the
cell bodies of myenteric neurons is first detected at E17.5.
First projections to the mucosa arise from the myenteric
plexus. In the mature ENS, both myenteric and submucous
neurons project to the gut mucosa (18). During development,
the submucous plexus arises from a secondary migration of
enteric neural crest-derived cells (ENCCs) from the myen-
teric plexus (28, 49). We found that the appearance of neurites
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in the lamina propria, which was first observed at E13.5,
preceded the formation of submucous ganglia. ENCCs were
observed in the submucous plexus region from E15.5 onward
in Wntl-Cre;R26R-GCaMP3 mice, but only 14.5% of GFP+
cells in the presumptive submucous plexus expressed the
pan-neuronal marker Hu (117 cells from six E15.5 and E16.5
gut preparations, Fig. 4A). Consistent with these data, 83.5% of
GFP+ submucous plexus ENCCs were immunoreactive for
Sox10 (Fig. 4; 85 cells from 5 E15.5 and E16.5 gut prepara-
tions, Fig. 4B), which is expressed by neural precursors and
glial cells but not neurons (56). In the myenteric plexus at the
same age, 56.9 = 1.7% of GFP+ cells were identified to be
Hu+, while 31.3 = 1.2% were Sox10+ (299 cells from 4
E15.5-E16.5 gut preparations). The proportions of Sox10+ and
neuronal cells are consistent with a previous study (56) and show
that neuronal differentiation in the myenteric plexus is more
advanced than in the submucous plexus. Therefore, it appears that
the first enteric neurons to innervate the lamina propria at E13.5
are myenteric neurons, but it is likely that submucosal neurons
also contribute to the mucosal innervation after E15.5.

Enteric neurites in the mucosa transmit electrical signals as
early as EI5.5. To examine the ability of neurites in the
mucosa to conduct electrical signals, live calcium imaging was
performed using intact preparations of rostral small intestine
from Wntl-Cre;R26R-GCaMP3 mice at various ages. A focal
stimulating electrode was placed on the tip of an individual
villus (Fig. 5, A and A’), or in the case of E14.5 preparations,
on the surface of the mucosa, where the generated electrical
field activates the neurites in the vicinity. In adult small
intestine, electrical stimulation triggered intracellular Ca*
([Ca**];) responses in subpopulations of enteric neurons in
both the myenteric and submucous plexuses (Fig. 5, B—C”;
Table 2; Supplemental Movie S3: https://doi.org/10.5281/
zenodo.3518231). Electrical stimulation of individual villus
tips also triggered [Ca®*]; transients in the myenteric plexus at
PO (n = 19/20, Table 2, Fig. 5, D-D”), E16.5 (n = 12/12, Fig.
5, E-E”), and E15.5 (n = 14/19, Fig. 5, F-F”, Supplemental
Movie S4: https://doi.org/10.5281/zenodo.3518231). The fact
that distinct responder cells are surrounded by unresponsive
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ones (Fig. 5) and do not appear in a concentric pattern,
confirms that specific projections are present and excludes the
possibility that the electric field activates neuronal cell bodies
in the plexus layers directly. Very few cells were responsive at
E15.5, making up only 3.5% of the total number of cells visible
in the field of view (Table 2). This proportion of responsive
cells in each field of view increases with age, but this may be
dependent on changes in enteric network density that occur
with time (Table 2, Fig. 5). At E14.5, stimulation of the
mucosa surface also triggered [Ca®"]; transients in myenteric
neurons (Fig. 5, G-G”). However, at this age, it is possible that
some cell bodies were directly stimulated, as the mucosa is
very thin at E14.5 and villi have not yet formed.

The amplitude of the Ca>™ transients increased from E15.5
to PO, but decreased between PO and adult (Fig. SH). In the
embryonic gut, the responses were abolished by the application
of the voltage-dependent Na™ channel inhibitor, tetrodotoxin
(TTX; 1 wM; only 2/33 cells continued to respond to electrical
stimulation in TTX and their [Ca®*]; amplitudes were reduced;
Fig. 5I). The timing of responses varied within each prepara-
tion. For example, in the adult submucous plexus and at E15.5,
the peaks of the [Ca®™]; transients do not occur simultaneously
(Fig. 5, C” and F”). However, it is currently difficult to draw
conclusions about response timing, as the kinetics of the
GCaMP proteins are not necessarily fast enough to discrimi-
nate events at this timescale (7). This is further complicated by
contractions of the gut muscle (Supplemental Movie S4,
https://doi.org/10.5281/zenodo.3518231), which appear to be
mediated by myogenic activity that is at embryonic ages
insensitive to inhibition of L-type voltage-dependent Ca**
channels by nifedipine (45).

To examine the contribution of fast cholinergic transmis-
sion, we applied the nicotinic receptor antagonist hexametho-
nium to preparations of PO small intestine (n = 3). Because a
supramaximal concentration (200 wM) of hexamethonium did
not reduce the number of responding neurons, we conclude that
fast nicotinic transmission is not involved in this signaling
pathway.

Fig. 4. Confocal images of transverse cryosections of E16.5 Wnt/-CRE;R26R-GCaMP3 gut. The submucous plexus can be seen as green fluorescent
protein-positive (GFP+) cells that are distinct from the more densely populated myenteric plexus. A: some GFP+ submucous cells are also Hu+ (arrows).
Although more Hu+ cell bodies are present in the myenteric plexus (arrowheads). B: majority of GFP+ submucous cells are Sox10+ (arrows). Tujl
neurites are present in the submucous plexus (arrow), but cell bodies are sparse; there is only one GFP+ cell in the submucous plexus in this cryosection

and it is Sox10+.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00264.2019 - www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi at Universiteit Maastricht (137.120.004.050) on January 7, 2020.


https://doi.org/10.5281/zenodo.3518231
https://doi.org/10.5281/zenodo.3518231
https://doi.org/10.5281/zenodo.3518231
https://doi.org/10.5281/zenodo.3518231

DEVELOPMENT OF INNERVATION OF THE GUT MUCOSA

Postnatal enteric neurons respond to 5-HT stimulation of
neurite terminals. We also investigated the ability of enteric
neurons to respond to 5-HT applied directly to their neurite
terminals within the mucosa. 5-HT (10 uM) was applied into
villi using a micropipette coupled to a pressurized picospritzer,
while the pipette was pushed through the epithelial surface of
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the villus (Fig. 6A). Thus, 5-HT could be injected into the
villus to directly act on nerve terminals in the mucosa, mim-
icking the release of 5-HT from the basolateral surface of
enterochromaffin cells. To ensure [Ca®*]; transients were not
elicited by activation of mechanosensitive elements due to
pressurized spritz injections, controls were performed where
Krebs solution was injected into villus tips. The injection of
control Krebs solution did not produce detectable activation of
[Ca?™); transients in enteric neurons (Fig. 6, B-B”; Table 2).
The volume of solution injected was calculated to be 5.5 = 0.8
nl (n = 3).

In the adult small intestine, 5-HT injections elicited [Ca
transients in myenteric neurons in the majority of adult prep-
arations (Fig. 6, C—C”; Table 2; Supplemental Movie S5,
https://doi.org/10.5281/zenodo.3518231). Responses to 5-HT
were blocked by the 5-HT3R antagonist, ondansetron (Fig. 6D;
0/48 cells from n = 9 gut preparations), while the cholinergic
nicotinic blocker hexamethonium did not reduce the number of
responders (n = 8 adult gut preparations).

Post hoc immunohistochemistry was performed to examine
the morphology and neurochemistry of neurons responding to
5-HT injections. 5-HT-responsive myenteric neurons had
larger cell diameters compared with Hu+ nonresponsive neu-
rons (Fig. 6, E-E”’). As described above, neurofilament-M and
CGREP are distinct markers of IPANs in the adult mouse (43).
Therefore, we examined whether 5-HT-responsive neurons
were immunoreactive for these markers. None of the neurons
responsive to 5-HT injections were immunoreactive for neu-
rofilament-M, and we found very few neurofilament-M+ cells
in any preparations examined (data not shown). In addition, we
were unable to obtain successful staining of CGRP in cell
bodies to identify whether 5-HT responsive cells were CGRP-
immunoreactive. [IPANs also express calbindin, although in the
mouse not all calbindin+ cells are IPANs (43). We found that
71 = 13% of 5-HT responsive neurons were immunoreactive
for calbindin (Fig. 6, F-F’, 29 cells from seven gut prepara-
tions). Both “strong” and “faint” immunoreactivity to calbindin
has previously been reported in the mouse (43), and both

2+]_
i

Fig. 5. Responses of enteric neurons to focal electrical stimulation at the villus
tip in the small intestine. A: diagram of gut preparation and imaging setup. The
small intestine was kept intact as much as possible to preserve all cell layers.
The focal electrode was placed on a villus tip, and calcium imaging was
performed simultaneously on myenteric or submucosal neurons. A’: transmit-
ted light image of the electrode positioning on an embryonic preparation.
B-G": representative images of [Ca®*]; transients in the adult myenteric
plexus (MP; B-B”), adult submucous plexus (SMP; C—C”), and the myenteric
plexus of PO (PO MP; D-D”), embryonic day 16.5 (E16.5; E-E”), embryonic
day E15.5 (E15.5; F=F”), and embryonic day (E14.5; G-G”) gut. Cells
responsive to electrical stimulation of villi are highlighted by arrows: blue
arrows denote cell 1, purple arrows denote cell 2, and orange arrows denote
cell 3. Traces from individually labeled cells are shown B”, C”, D”, E”, F”,
and G”), all drawn to the same scale. Time point of images shown in B’, C’,
D’, E’, F’, and G’ are indicated by a dotted line in B”, C”, D”, E”, F”, and
G”, where the arrowhead shows the time of the electrical stimulation (Estim).
H: box and whisker plot of the amplitude of [Ca?"]; transients in cells
responsive to electrical stimulation at E15.5, E16.5, PO, and adult (numbers of
responding cells examined at each age are: 50 cells at E15.5, 45 cells at E16.5,
83 cells at PO, 10 cells at the adult stage; **P < 0.01; one-way ANOVA with
Bonferroni post hoc test). Box shows means = SD, whiskers the entire range
of data. I: amplitude of responses in control conditions and after application of
TTX at E16.5. TTX abolished responses in the majority of cells and signifi-
cantly decreased response amplitude (*P < 0.0001, paired ¢ test, n = 28 cells).

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00264.2019 - www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi at Universiteit Maastricht (137.120.004.050) on January 7, 2020.


https://doi.org/10.5281/zenodo.3518231

G60

Table 2. Responses to various villi stimuli

DEVELOPMENT OF INNERVATION OF THE GUT MUCOSA

Average Total Number
of Cells per Field

5-HT Injection

Krebs Injection 5-HT onto Epithelium Krebs onto Epithelium

of View* Electrical Stimulation into Villus Into Villus Surface Surface
Adult 312 6.5 £ 2% (n = 4/8*%*) 25.2 * 3% (n = 29/35) (n=0/14) 11.2 = 4% (n = 12/40) 4.5%
(n = 1/20)
P7 72*5 na 18.3 = 3% (n = 13/14) (n=0/4) 11.7 = 4% (n = 5/12) (n=0/4)
PO 122 =8 13.2 = 2% (n = 19/20) 8.6 = 2% (n = 12/21) na 1 £03% (n=2/12) na
E16.5 147 = 19 10.7 = 5% (n = 12/12) (n=0/4) (n=0/4) (n=0/4) na
E15.5 214 =42 3.5+ 1% (n = 14/19) na na na na

Values are expressed as means * SE of the percentage of cells responding to each stimulation; » = number of responsive gut preparations/total gut
preparations examined. E, embryonic day; na, not applicable; P, postnatal day; 5-HT, serotonin. *Please note: there are large differences in the total number of
cells visible per field of view between the different ages, as enteric neural crest-derived cells are more densely packed in the younger gut and individual ganglia
are less distinct. **In adult electrical stimulation, although sometimes responsive cell bodies were not observed, responsive fibers were present in 7/8

preparations.

populations were found to respond to 5-HT (Fig. 6, F-F”).
Approximately half of 5-HT responsive cells were also immu-
noreactive for calretinin (42 *£ 12%, Fig. 6, G -G, 25 cells
from 7 gut preparations), but none were nNOS+ (data not
shown, 54 cells from 14 preparations).

To examine the development of responses to 5-HT, record-
ings were also performed in E16.5, PO, and P7 mice. At P7,
5-HT injections triggered [Ca®"]; transients in many cells
and responses appeared similar to adult preparations (Fig. 7,
A-A”; Supplemental Movie S6, https://doi.org/10.5281/
zenodo.3518231). At PO, [Ca®*]; transients in response to
5-HT injections were observed in ~50% of preparations exam-
ined (Fig. 7, B-B”’; Table 2). The total number of responding
cells and the amplitude of responses were difficult to calculate
at PO due to spontaneous contractions and also spontaneous
[Ca?™]; transients. Of the preparations that remained stable
during recording, the amplitude of responses was significantly
smaller at PO compared with P7 and adult (Fig. 7C). No
responses were observed to 5-HT at E16.5 (n = 4, data not
shown); however, as the villi were quite small and short, it was
not possible to determine whether we had successfully placed
the micropipette into the mucosa beneath the epithelial surface.

Responses to 5-HT on the gut epithelial surface. In addition
to basolateral release, 5-HT is also released into the gut lumen
(5, 55), and previous studies have shown that 5-HT application
to the epithelial surface evokes action potentials in enteric
neurons (6, 24). We therefore also applied 5-HT onto the
epithelial surface using a micropipette and picospritzer (Fig.
8A). Although many GCaMP3-expressing cells were visible in
each field of view, detectable [Ca®]; transients were only
observed in 30% of adult preparations examined (Table 2; Fig.
8, B—B”). The amplitude of responses was smaller than when
5-HT was injected into the villus (0.19 = 0.02 F/Fy, n = 35
cells vs 0.45 = 0.02 F/Fp, n = 186 cells; P < 0.0001, Student’s
t-test). The differences in the appearance of [Ca®"]; transients
between responses elicited by 5-HT spritzed onto the epithelial
surface versus 5-HT injected into the villi are most likely due
to different mechanisms of enteric neuron activation. 5-HT
spritzed onto the epithelial surface will activate enteroendo-
crine cells that may then communicate with enteric neurites via
release of various compounds, possibly including 5-HT itself.
Whereas, 5-HT injected into the mucosa acts directly on nerve
terminals.

Responses to epithelial surface application of 5-HT were
also examined at E16.5, PO and P7. No cells responded at

E16.5, however, small responses would have been difficult to
detect because there was also spontaneous activity. At PO, only
two cells were observed to respond to application of 5-HT to
the gut epithelium out of 12 gut preparations examined (Table
2). By P7, there was an increase in both the proportion of
responsive preparations (Table 2) and the amplitude of [Ca®"];
responses (Fig. 8, C-D).

DISCUSSION

The detection of luminal contents by enteric neurons is a
crucial first step in the control of motility induced by ingested
food and in the regulation of gut function by the microbiota. In
this study, we examined the anatomical and functional devel-
opment of the innervation of the mucosa. We show that
neurites extend from the myenteric plexus, forming close
associations with the basolateral surface of the intestinal epi-
thelium by E14.5, and transmit electrical signals by E15.5.
Responses to 5-HT applied to the terminals of mucosal pro-
jecting neurons were recorded at birth.

The first neurites innervating the mucosa come from the
myenteric plexus. Previously, immunohistochemical studies
have reported innervation of the mouse intestinal mucosa at
E16 (10) and E18.5 (57). Recently, one study in the developing
chick gut has also revealed neurites projecting to the mucosa at
E16.5 (13). Our study shows that the first neurites to innervate
the mucosa are present as early as E13.5, preceding the
formation of the submucous plexus. Therefore, the first cells to
innervate the mucosa appear to come from the myenteric
plexus. Some of the mucosal innervation may also arise from
extrinsic neurons, as vagal fibers are present in the proximal
small intestine by E16.5 (44). However, extrinsic innervation is
unlikely to account for the high density of fibers present in the
mucosa at embryonic ages. Additionally, focal electrical stim-
ulation of villus tips resulted in [Ca®*; transients in cell bodies
in the myenteric plexus at E15.5.

After the formation of submucous ganglia, it was not pos-
sible to identify the relative contribution of projections from
the myenteric versus submucous ganglia at different ages. The
extension of neurites to the mucosa occurs at a similar time to
the migration of ENCCs from the myenteric to submucous plexus,
which involves the GDNF/Ret/GFRa1 and DCC/netrin signaling
pathways (28, 49). It is possible that similar signals attract neurites
to extend out of the myenteric plexus centripetally toward the
mucosa. Hedgehog signaling has been proposed to inhibit the
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Fig. 6. Responses of adult myenteric neurons to 5-HT injected into mucosa. A: diagram of gut preparation and positioning of spritz pipette beneath epithelial
surface for application of 5-HT directly onto neurite terminals. B-B”: representative responses of control Krebs solution injected into villus. Traces from three
cells are shown (blue arrows denote cell I, purple arrows denote cell 2, and orange arrows denote cell 3), and no change in [Ca®>*]; could be detected after
injection of Krebs. C—C”: representative responses to 5-HT injection into the mucosa in adult myenteric neurons. Time point of images shown in B” and C’ are
indicated by a dotted line in B” and C”. D: changes in [Ca®"]; responses to 5-HT injections in control Krebs and after application of ondansetron (Ond).
Ondansetron abolished all responses to 5-HT (*P < 0.0001; paired t-test; n = 48). E~E”: identification of diameters of cells responding to 5-HT injections and
nonresponsive cells using post hoc Hu immunolabelling. 5-HT-responsive cells (orange arrows; E) were identified after post hoc immunohistochemistry for Hu
(E’). The diameters of nonresponsive Hu+ cells, some of which are shown by blue open arrows, in the same fields of view were also measured. The merged
images are shown in E”. E”’: Box and whisker plot of the diameters of 5-HT responsive and nonresponsive neurons. 5-HT-responsive neurons (n = 55) had
significantly larger diameters compared with nonresponsive neurons (n = 177; *P < 0.0001; Student’s ¢ test). F' and G”’: post hoc identification of
5-HT-responsive cells using immunohistochemistry against calbindin (F—F"’) and calretinin (G-G”’). The amplitude of calcium responses is shown by the
intensity of the fluorescence in F' and G. 5S-HT-responsive cells that are also calbindin+ or calretinin+ are indicated by yellow arrows. Other 5-HT-responsive
cells that are not immunoreactive for these markers are indicated by white arrows.

Furthermore, myenteric IPANs express CGRP in the adult
mouse, which has not been detected before E17.5 (9). In the

projection of neurites toward the mucosa during embryonic de-
velopment (29); however, in their study, neurites were not ob-

served at E18.5 in wild-type mice, and earlier ages were not
examined. The discrepancy between this study and our data could
be due to differences in the region of the gut examined. In our
study, the rostral half of the small intestine was investigated in all
experiments; it is unclear which region of small intestine was
examined by Jin et al. (29).

Development of IPANs and electrical circuits. There is
evidence for postnatal development of IPANS, as cells exhib-
iting AH-electrophysiology and Dogiel type II morphology
have been detected at PO (17), but not at E11.5 and E12.5 (25).

current study, it was not possible to determine the neurochem-
ical coding of the myenteric neurons projecting to the mucosa
during prenatal development. They are most likely to be
IPANSs, which would suggest that these neurons develop earlier
than previously reported, and this could have important impli-
cations on the development of enteric neural circuitry. How-
ever, we cannot rule out the possibility that embryonic mucosal
neurites arise from enteric neurons that project there tran-
siently, particularly as some neurites express nNOS, which is
not found in adult mucosal fibers (57).
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Fig. 7. Responses of postnatal myenteric neurons to 5-HT injected into mucosa. A-B”: representative responses to 5-HT injection of myenteric neurons at
postnatal day 7 (P7) (A-A") and PO (B—B”). Time-point of images shown in A’ and B’ are indicated by a dotted line in A” and B”. C: amplitudes of [Ca>*];
transients in cells responsive to 5-HT injections. [Ca®*]; responses are significantly smaller at PO compared with P7 and adult (*P < 0.01, **P < 0.001; one-way
ANOVA with Bonferroni post hoc test; numbers of cells responding at each age are 64 cells at PO, 155 cells at P7, and 86 cells in adult gut). Blue arrows denote

cell 1, purple arrows denote cell 2, and orange arrows denote cell 3.

As early as E15.5, stimulation of villi tips by focal electrical
stimulation triggered [Ca®*]; responses in cell bodies in the
myenteric plexus. These responses were blocked by TTX,
indicating that action potentials were elicited and were needed
to generate detectable [Ca®™"]; responses. Although excitatory
nicotinic neurotransmission is present in the ENS as early as
E14.5 (16), application of hexamethonium did not reduce the
responses to electrical stimulation in our study, suggesting that
nicotinic transmission was not involved.

Responses to 5-HT by adult neurons. The gut epithelium is
the largest source of 5-HT in the body (22). It has been
assumed that 5-HT released from enterochromaffin cells di-
rectly communicates with enteric neurons. Our study is the first
to show that enteric neurons respond to 5-HT applied to the gut
mucosa, beneath the epithelium. Although this mimics 5-HT
release from enterochromaffin cells, further investigation will
be necessary to also prove that endogenous 5-HT released from
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these cells activates mucosal processes of enteric neurons. The
downstream effects of enteric neuron activation require further
investigation. Although 5-HT from the gut mucosa can regu-
late and modulate colonic motility (2, 26), intestinal transit
time is not affected in Tphl-knockout mice, which lack mu-
cosal 5-HT (37). For a comprehensive review on the role of
5-HT in the control of colonic motility, we refer to Keating and
Spencer (33). Whether 5-HT released from the enterochromaf-
fin cells influences other aspects of gut function, such as
secretion or communication with the CNS, needs to be exam-
ined.

On the basis of their neurochemical coding and cell body
size, myenteric neurons responding to 5-HT injected into the
mucosa are likely to be IPANs. Responses to 5-HT appear to
be mediated by 5-HT; receptors, as all responses were abol-
ished in the presence of ondansetron. Post hoc immunohisto-
chemistry showed that ~30% of 5-HT-responsive cells were

D e 0.8 —
O <
o w 0.6
2 =
'E_g‘m 0.4
gg 024 =
< 0.0 T T
Q A »
< Q O
Y‘b

Fig. 8. Responses of enteric neurons to 5-HT application onto epithelial surface. A: diagram of gut preparation and pressurized 5-HT spritz onto gut epithelium.
B-C”: representative images of responses in adult (B—B”) and P7 (C-C”) myenteric neurons to 5-HT spritz. Responding cells are highlighted by arrows (blue
arrows denote cell 1, purple arrows denote cell 2, and orange arrows denote cell 3) and representative traces from individual cells shown (B” and C”). Time
point of images shown in B’ and C’ are indicated by a dotted line in B” and C”. D: box and whisker plot of amplitudes to 5-HT spritz onto epithelial surface
at PO, P7, and adult (*P < 0.05; one-way ANOVA with Bonferroni post hoc test; numbers of cells found to respond to 5-HT spritz at each age are: 2 cells at
PO, 31 cells at P7, and 35 cells in the adult gut). MP, myenteric plexus; P7, postnatal day 7; SMP, submucous plexus; 5-HT, serotonin.
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not immunoreactive for calbindin, suggesting that they were
not IPANSs. Using the current GCaMP-based technology, it was
not possible to determine conclusively which neurons were
directly activated by 5-HT application and which ones were
indirectly activated via synaptic communication. Our hexame-
thonium data suggest that at least fast nicotinic transmission is
not involved. The responsive fields of IPANs in the mucosa
have been mapped previously using dye tracing and electro-
physiological recordings in the adult guinea pig ileum, where
cell bodies tend to closely underlie the villi they functionally
innervate (4, 46). This is in line with findings by Lasrado et al.
(36), who described that clonal units organize themselves in a
columnar fashion to form the functional ENS.

So far, intrinsic sensory neurons with the electrophysiolog-
ical, morphological, and neurochemical characteristics of
IPANs have not been identified in the submucous plexus of the
mouse (40, 52). Our functional Ca?* imaging data show that a
population of adult submucous neurons responds to 5-HT.
However, whether these are IPANs or secretomotor neurons
remains to be investigated, as all submucous neurons, at least
in humans, appear to express the 5-HT3 receptor (39). It is also
possible that these submucosal neurons are synaptically acti-
vated by myenteric neurons.

We also investigated the ability of enteric neurons to re-
spond to 5-HT release into the gut lumen and onto the epithe-
lial surface. Previously, 5-HT applied to mucosa surfaces was
found to elicit action potentials in enteric neurons (6, 24).
Although we did detect some responses to 5-HT applied to the
epithelial surface, in most cases, only a few cells responded
with a small [Ca®"]; transient. As several action potentials are
needed to elicit a visible [Ca®"]; transient, it is possible that
smaller responses were not detected using GCaMP3 (54).

Maturation of the gut epithelium and the development of
neuronal responses to mucosal 5-HT. During development, the
appearance of different epithelial cell types has been identified
as early as E18.5 (11, 21). While the appearance of different
enteroendocrine cells has not been extensively examined, im-
munoreactivity to 5-HT in the gut epithelium has been shown
at E16.5 (9). Our results show that by birth, neurons were
responsive to 5-HT applied directly to neurite terminals in the
small intestine villi. It is possible that this response is present
before birth, as 5-HT3R mRNA has been detected in the gut at
E14.5 (48); however, this was technically difficult to examine.
There is significant maturation of 5-HT responses in the first
postnatal week, which may reflect maturation of the mucosa, as
well as changes in the ENS as the gut becomes responsible for
nutrient absorption. Changes may also arise due to colonization
of the gut by the microbiota, which has been shown to influ-
ence postnatal ENS development, including enteric glial mi-
gration (14, 27, 30, 42). Additionally, the presence of micro-
biota can enhance 5-HT release from enteroendocrine cells into
the gut lumen (55).

Conclusions. Overall, our data show that the gastrointestinal
mucosa is innervated by myenteric neurons before the forma-
tion of intestinal villi. Neurites conduct electrical signals and
respond to exogenous 5-HT applied to their terminals by birth.
The communication between enteroendocrine cells and nerve
terminals appears to develop later. This early innervation of the
gut mucosa could have important implications on the develop-
ment of intrinsic sensory neurons and the formation of neural
circuits in the ENS.
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