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BACKGROUND & AIMS: The enteric nervous system (ENS) is
the largest branch of the peripheral nervous system,
comprising complex networks of neurons and glia, which are
present throughout the gastrointestinal tract. Although
development of a fully functional ENS is required for gastro-
intestinal motility, little is known about the ontogeny of ENS
function in humans. We studied the development of neuronal
subtypes and the emergence of evoked electrical activity in the
developing human ENS. METHODS: Human fetal gut samples
(obtained via the MRC-Wellcome Trust Human Developmental
Biology Resource-UK) were characterized by immunohisto-
chemistry, calcium imaging, RNA sequencing, and quantitative
real-time polymerase chain reaction analyses. RESULTS: Hu-
man fetal colon samples have dense neuronal networks at the
level of the myenteric plexus by embryonic week (EW) 12,
with expression of excitatory neurotransmitter and synaptic
markers. By contrast, markers of inhibitory neurotransmitters
were not observed until EW14. Electrical train stimulation of
internodal strands did not evoke activity in the ENS of EW12
or EW14 tissues. However, compound calcium activation was
observed at EW16, which was blocked by the addition of 1
umol/L tetrodotoxin. Expression analyses showed that this
activity was coincident with increases in expression of genes
encoding proteins involved in neurotransmission and action
potential generation. CONCLUSIONS: In analyses of human
fetal intestinal samples, we followed development of neuronal
diversity, electrical excitability, and network formation in the
ENS. These processes are required to establish the functional
enteric circuitry. Further studies could increase our under-
standing of the pathogenesis of a range of congenital enteric
neuropathies.
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he enteric nervous system (ENS), the largest branch

of the peripheral nervous system, is composed of
complex networks of neurons and glia, which are present
throughout the gastrointestinal tract." The ENS is derived
primarily from vagal neural crest cells,” which enter the
foregut at embryonic day (E) 9 in mice and migrate in a
rostrocaudal fashion to colonize the entirety of the devel-
oping gut by E14.>* In avian and mouse models, a smaller
population of sacral neural crest-derived cells has also been
shown to contribute to the developing ENS in the terminal

hindgut.*® During ENS development, enteric neural crest
cells (ENCCs) proliferate and migrate extensively in a highly
complex manner, with elongation of migratory chains of
ENCCs throughout the gut, including transmesenteric
migration pathways that have been shown in the mouse.’
Recent murine work has proposed that topographically,
the ENS is built from parallel, overlapping columns of
clonally derived ENCCs. Such topographic organization
relies on residual founder ENCCs at the level of the myen-
teric plexus, which give rise to progeny that extend through
the width of the gut wall and are arranged along the serosa-
mucosa axis.” Previous work has shown the spatiotemporal
development of neuronal subtypes in the mouse gut, with
the appearance of nitrergic neuronal nitric oxide synthase-
expressing neurons at approximately E12.5% and subse-
quent development of cholinergic neurons expressing
choline acetyltransferase (ChAT) at E14.5.° Furthermore,
physiological studies in the murine colon have shown the
emergence of spontaneous calcium transients in ENCCs at
the migratory wavefront at E12.5'° and the emergence of
induced electrical activity in colonic networks at approxi-
mately E15.5."

Despite these significant advances in our knowledge
regarding the development of the ENS in animal models,
insight to many of these developmental milestones in
the human ENS is lacking. Previous work has provided
evidence of similar rostrocaudal colonization in the
human gut, whereby ENCCs enter the foregut at embry-
onic week (EW) 4 and migrate in an oro-anal fashion to
fully colonize the length of the gut by EW7.'*'® After
ENCC colonization, development and maturation of the
tunica muscularis occurs, with rostrocaudal differentia-
tion of the smooth muscle layers and development of
interstitial cell of Cajal networks."® Hence, at approxi-
mately EW11, the human colon has adopted an

Abbreviations used in this paper: ChAT, choline acetyltransferase; E,
embryonic day; ENCC, enteric neural crest cell; ENS, enteric nervous
system; EW, embryonic week; nNOS, neuronal nitric oxide synthase; gRT-
PCR, quantitative real-time polymerase chain reaction; Sub P, substance
P; TTX, tetrodotoxin; VAChT, vesicular acetylcholine transporter; VIP,
vasoactive intestinal peptide.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Despite advances in our knowledge regarding the
functional development of the gut nervous system in
animal models, much of the knowledge regarding this
process in humans is still lacking.

NEW FINDINGS

The researchers defined the development of a number of
nerve cells and the onset of electrical activity within the
developing human gut nervous system.

LIMITATIONS

This study relied on small sample sizes for each timepoint
examined, due to the scarcity of human fetal gut material.

IMPACT

These findings provide a timeframe for the development
of a functional gut nervous system, within human
gestation, which was previously unknown.

anatomically mature phenotype. These studies established
the critical time frame for colonization and development
of the ENS in human fetal gut tissues. However, there is
a paucity of evidence regarding the development of
neuronal subtypes or of coordinated electrical activity
in the human ENS, which are vital processes for the
establishment of the normal functional circuitry that
underpins neuromuscular function of the gastrointestinal
tract.

Here, we show that the spatiotemporal development
of multiple enteric neuronal subtypes in the human
fetal colon occurs in the early second trimester. We further
show the onset of coordinated neural activity in the human
enteric neural network and show that this activity is coin-
cident with increases in expression of various genes
involved in neurotransmission and action potential gener-
ation. Thus, we propose that the period from the late first
trimester to the early second trimester is crucial for the
development of a repertoire of enteric neural subtypes and
to the establishment of a functional ENS.

Methods

Human Samples

Human fetal colonic samples were obtained via the Joint
MRC/Wellcome Trust Human Developmental Biology
Resource under informed ethical consent with Research Tis-
sue Bank ethical approval (08/H0712/34+5 and 08/H0906/
21+5).

Immunohistochemistry

Immunohistochemistry was performed on fetal whole-
mount colonic segments and cryostat sections, as previously
described'* (see Supplementary Materials and Methods) by
using the primary and secondary antibodies listed in
Supplementary Tables 1 and 2, respectively.
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Calcium Imaging

Fetal intestinal samples were obtained as previously
described, and calcium imaging was performed as previously
reported.'> After tissue excision and preparation (see
Supplementary Materials and Methods), electrical train stimu-
lation (2 s, 20 Hz of 300-us electrical pulses) (Electronic
Stimulator 1001; ADInstruments, Oxford, UK) was applied via a
platinum/iridium electrode, and images were collected with
OptoFluor software (Cairn Research Limited, Faversham, UK).

RNA Extraction and Sequencing

Total RNA from the hindgut of 1 individual embryo from
each time point (EW12, EW14, and EW16) was extracted with
the RNeasy kit and protocol (Qiagen, Venlo, The Netherlands).
RNA quantity and quality were determined using the Lab-on-
Chip RNA 6000 Nano (Agilent Technologies, Santa Clara, CA)
on the Agilent 2100 Bioanalyzer. Library preparation of 3
technical replicates per developmental time point per embryo
was performed on an Illumina HiSeq 4000 (150-base pair
paired-end reads), according to the Illumina TruSeq Stranded
mRNA Library Prep Kit protocol (Illumina, San Diego, CA). RNA
sequencing analysis, candidate gene expression evaluation, and
causal network analysis were performed as outlined in
Supplementary Materials and Methods.

Quantitative Real-Time Polymerase Chain
Reaction

Complementary DNA was prepared from hindgut samples
of 3 embryos from each time point (EW12, EW14, and EW16),
and quantitative real-time polymerase chain reaction (qRT-
PCR) was performed on each sample with technical triplicates,
as described before.'® Expression levels were normalized with
2 housekeeping genes (ACTB and GAPDH) and averaged. The
primers used are described in Supplementary Table 3.

Statistical Analysis

Data are expressed as mean + standard error of the mean.
Differences in the data were evaluated between groups using
1-way analysis of variance (ANOVA), and intergroup differences
were determined by Tukey test or unpaired Student t test.
P values < .05 were taken as statistically significant. The
n values reported refer to the number of individual fetal colonic
segments used for each protocol.

Results

Development and Maturation of Key ENS Cell
Types

To assess the development and maturation of the human
fetal ENS, immunohistochemistry was performed on prox-
imal colonic cryosections at EW12-16. This approach and
time frame allowed for fate mapping of typical ENS cell
types, including enteric neurons and glia, in the second
trimester. Human fetal colonic samples at EW12 displayed
robust neuron-specific TuJl expression, highlighting
the presence of enteric neurons. The TuJ1" cells, termed
neurons from here on, were located in multiple discrete
ganglia-like structures at the level of the myenteric plexus
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(Figure 14 and D, arrows). Few TuJ1" neurons were iden-
tified in the submucosal layer at EW12 (Figure 14 and D,
arrowheads). At this stage, SM22 staining, a marker of
mature smooth muscle, showed 2 distinct muscle layers
(Figure 1A and D), the inner circular layer (Figure 1D,
asterisk) and outer longitudinal layer (Figure 1D, hash),
reflective of the morphology of the mature human enteric
neuromusculature. Further maturation of the tunica mus-
cularis was observed with thickening of muscle layers at
EW14 (Figure 1B and E) and EW16 (Figure 1C and F).
Maturation and thickening of the circular muscle was more
apparent across this time frame, with SM22" smooth mus-
cle cells adopting a more uniform phenotype, with elongated
nuclei in the circumferential orientation (Figure 1E and F,
asterisk). Maturation of the ENS was also observed by
EW14, as TuJ1" ganglia in the myenteric plexus gradually
coalesce and increase in size by EW14 (Figure 1B and E,
arrows). At this stage, more robust TuJ1" expression was
identified in the submucosal layer, forming a rudimentary
and interrupted submuscosal plexus (Figure 1B and E,
arrowheads), with neuronal projections extending into
mucosal villi. At EW16, TuJ1" expression and localization
were still observed in the myenteric plexus, with further
restriction of ganglia-like structures (Figure 1C and F,
arrows). Further development of TuJ1" neurons in the
submucosal regions showed a more continuous submuco-
sal plexus (Figure 1C and F, arrowheads), and TuJ1"
neuronal projections were also observed extending into
mucosal villi.

Onset of Electrical Activity in the Human ENS 1485

To assess the development of enteric glial cells, expres-
sion of S100 was examined with immunohistochemistry
over a similar time frame. At EW12, S100 expression was
observed in the myenteric plexus alongside robust Tujl
expression (Figure 24, D, and G, arrows). Such S100
expression appeared in isolation at this stage, with little
coexpression of TuJl in either the myenteric plexus or
submucosal layer (Figure 24, D, G, arrows). At EW14,
occasional and weak coexpression of S100 and TuJl was
observed in some cells, both in the myenteric ganglia
(Figure 2B, E, and H, arrows) and in the submucosal layer
(Figure 2B, E, and H, arrowheads). Weak S100 expression
was additionally observed as a diffuse single cell layer on
the serosal surface of EW14 tissue (Figure 2B, E, and H,
hash). However, by EW16, this diffuse serosal S100
expression was no longer evident, and both S100™ glia
(Figure 2C, F, and I, arrowheads) and TuJ1% neurons
(Figure 2C, F, and I, arrows) were observed discretely in
close apposition in myenteric ganglia and in the submucosal
plexus with little coexpression.

Neuronal Subtype Development in the Human
ENS

Having shown the development of enteric neurons and
glia, as well as the maturation of ganglia from EW12 to
EW16, we further assessed the development of specific
neuronal subtypes in the human fetal colon. Immunohisto-
chemistry of proximal colonic sections at EW12 showed
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Figure 1. Development and maturation of the enteric neuromusculature in the human fetal colon. (A-C) Representative cry-
osection images at (A) EW12, (B) EW14, and (C) EW16 showing the expression of TuJ1 (red), SM22 (green), and DAPI (blue).
Tud1* neurons were identified in the myenteric plexus (arrows) and in the submucosal region (arrowheads). (D-F) High-power
images of (D) EW12, (E) EW14, and (F) EW16 showing the expression of TuJ1 (red), SM22 (green), and DAPI (blue). TuJ1™"
neurons were identified in the myenteric plexus (arrows) between the other longitudinal muscle (#) and inner circular muscle (*)
layers together and in the submucosal region (arrowheads). Scale bars, 50 um. DAPI, 4’,6-diamidino-2-phenylindole.
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coexpression of TuJl and vesicular acetylcholine trans-
porter (VAChT) (Figure 34 and Supplementary Figure 14,
arrows) and substance P (Sub P) in ganglia-like structures in
the myenteric plexus (Figure 3D and Supplementary
Figure 24, arrows). Robust VAChT' expression was
observed in myenteric ganglia (Figure 3B and C and
Supplementary Figure 1B and C, arrows) and in the sub-
muscosal region (Figure 3B and C, arrowheads) at both
EW14 and EW16, respectively. Sub P was also observed to
be more robustly expressed in myenteric ganglia (Figure 3E
and F and Supplementary Figure 2B and C, arrows) and in
the submuscosal region at EW14 and EW16 (Figure 3E and
F, arrowheads). Examination of inhibitory neuronal sub-
types showed no neuronal nitric oxide (nNOS) (Figure 3G
and Supplementary Figure 34) or vasoactive intestinal
peptide (VIP) (Figure 3] and Supplementary Figure 44)
expression in EW12 colonic sections, despite robust TuJ1"
expression in the myenteric plexus. By EW14, TuJ1" neu-
rons were visualized both in the submucosal region and

Figure 2. Development
and maturation of the
enteric glia in the human
fetal colon. (A-F) Repre-
sentative cryosection im-
ages at (A-C) low, (D-F)
medium, and (G-/) high
power at (A, D, G) EW12,
(B, E,H)EW14,and (C, F, )
EW16 showing the
expression of Tud1 (red),
S100 (green), and DAPI
(blue). (A, D, G) At EW12,
S100" glial cells were
identified in the myenteric
plexus (arrows) in isolation,
with little coexpression of
Tud1. B, E, H) At EW14,
occasional and weak
coexpression of S100 and
Tud1 was observed in
myenteric ganglia (arrows)
and in the submucosal
layer (arrowheads). Weak
S100 expression was also
observed as a diffuse layer
on the serosal surface (#).
(C, F, I) At EW16, discrete
S100" glia (arrowheads)
and TuJ1™ neurons (ar-
rows) were observed in
myenteric ganglia and in
the submucosal plexus.
Scale bars, 50 um (A-F),
25 um (G-/). DAPI, 4'.6-
diamidino-2-phenylindole.

extending into mucosal villi (Figure 3H, arrowheads), but
the nNOS™ neurons were largely restricted to the myenteric
plexus (Figure 3H and Supplementary Figure 3B, arrows) at
this stage. Similarly, VIP colabeled TuJ1" neurons at the
level of the myenteric plexus at EW14 (Figure 3K and
Supplementary Figure 4B, arrows). However, VIP" neurons
were also visualized in the submucosal region at this stage
and extended processes into mucosal villi. With further
development to EW16, more extensive nNOS" (Figure 31
and Supplementary Figure 3C, arrows) and VIP" (Figure 3L
and Supplementary Figure 4C, arrows) expression was
observed at the level of the myenteric plexus. nNOS™ neu-
rons at EW16 appeared to remain restricted to the myen-
teric region, with little coexpression in Tuj1t neurons
throughout the remaining gut wall (Figure 31, arrowheads).
By contrast, strong VIP' expression was observed in the
submucosal region and in villus structures at EW16
(Figure 3L, arrowheads). Taken together, these data suggest
that the initial development of excitatory neurons (VAChT
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Figure 3. Birth-dating of neuronal subtypes within the human fetal colon. (A-C) Representative immunofluorescent images
showing expression of Tud1 (red), VAChT (green), and DAPI (blue). At (A) EW12, coexpression of TuJ1 and VAChT was
observed in the myenteric plexus (arrows) alone. At (B) EW14 and (C) EW16, coexpression was observed in the myenteric
plexus (arrows) and in the submucosal region (arrowheads). (D-F) At (D) EW12, coexpression of Tud1 and Sub P was observed
in the myenteric plexus (arrows) alone. However, robust coexpression was observed in the myenteric plexus (arrows) and in the
submucosal region (arrowheads) at (E) EW14 and (F) EW16. (G-/) At (G) EW12, expression of nNOS was not observed
alongside Tud1 in any region across the gut wall. At (H) EW14, coexpression of nNOS and TuJ1 was restricted to the myenteric
plexus (arrows). TuJ1' neurons were observed in the submuscosal region extending into the villus crypts. These TuJ1*
neurons did not express nNOS. At (/) EW16, nNOS and TuJ1 coexpression was restricted in the myenteric plexus (arrows), with
little NNOS coexpression in TuJ1™ neurons throughout the remaining gut wall (arrowheads). (J-L) TuJ1 expression was found in
the myenteric plexus and sparsely in the submucosal region at (J) EW12 in the absence of VIP staining. At (K) EW14, coex-
pression of nNOS and TuJ1 was observed in the myenteric plexus (arrows) and the submuscosal region and extending into the
villus crypts (arrowheads). At (L) EW16, robust nNOS and TuJ1 coexpression was present in the myenteric plexus (arrows), the
submuscosal region, and extending into the villus crypts (arrowheads). Scale bars, 50 um. DAPI, 4',6-diamidino-2-
phenylindole.
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and Sub P) in the human fetal colon occurs before EW12,
whereas the development of inhibitory neurons (nNOS and
VIP) occurs later, between EW12 and EW14.

Having shown the maturation of the fetal ENS using
cryosections, including the birth-dating of neuronal sub-
types, we further assessed neural development in whole-
mount colonic preparations. Similar to cryosections,
immunohistochemistry of EW12 whole-mount colonic
preparations showed robust TuJ1" neural networks at the
level of the myenteric plexus. Here, TuJ1™ neurons were
observed in complex anastomosing networks with ganglia-
like structures (Figure 4A4, arrows) and interganglionic
neuronal connections (Figure 4B, arrowheads). At EW14
(Figure 4B) and EW16 (Figure 4C€), TuJ1" immunohisto-
chemistry showed further network maturation, including
the development of dense neural connections (Figure 4B
and C, arrows) and the formation of discrete ganglion
structures (Figure 4B and C, arrowheads).

Development of Coordinated Electrical Activity in
the Human ENS

To assess the development of coordinated electrical
activity in fetal tissues, calcium imaging of whole-mount
colonic preparations was performed from EW12 to EW16.
Little basal activity was observed in the presumptive ENS of
EW12, EW14, or EW16 colonic preparations. However,
occasional calcium transients in underlying smooth muscle
cells were observed in basal conditions (Supplementary
Movies 1-3). Upon electrical point stimulation, no
stimulation-induced calcium transients were observed in 3
of 3 EW12 colonic samples (AF/Fy = 1.033 + 0.002, n = 3)
(Figure 4D, G, J, M, and N and Supplementary Movie 1).
Similarly, electrical stimulation did not elicit calcium tran-
sients in fetal tissues in most (4/5) EW14 preparations (AF/
Fo = 1.055 + 0.029, n = 5, P = .813 by Tukey test)
(Figure 4E, H, K, M, and N and Supplementary Movie 2). By
EW16, there were statistically significant differences in
mean values of stimulation-induced calcium transients
between control EW12, EW14, and EW16 groups, as
determined by 1-way analysis of variance (ANOVA) (Fzg =
11.36, P = .0046), with 3 of 3 EW16 colonic preparations
displaying compound activation of the ENS (1.211 + 0.026,
n = 3) (Figure 4F, I, L, M, and N and Supplementary Movie
3) compared with either EW12 (P = .007, Tukey test) or
EW14 (P = .008, Tukey test). Additionally, this stimulation-
induced activation of enteric neuronal networks at EW16
was found to be blocked (3/3) in the presence of 1 umol/L
tetrodotoxin (1.029 + 0.012, n = 3), compared with
stimulation in control conditions (1.211 + 0.026; n = 3;
P = .0028, Student ¢ test) (Figure 40 and Supplementary
Movie 4). This result suggests the presence of voltage-
dependent sodium channels in the ENS at EW16 of human
development.

To determine if the stimulation-induced compound
activation observed at this stage could be due to the
development of synaptic connectivity, we performed
immunohistochemistry for synaptophysin across each of the
time points examined. At EW12, coexpression of TuJ1 and
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synaptophysin was observed (Figure 54, arrows) in ganglia-
like structures of the myenteric plexus. This coexpression
was maintained at both EW14 and EW16 (Figure 5B and C,
arrows), with additional coexpression visualized in the
submuscosal region (Figure 5B and C, arrowheads). These
results suggest that although synaptic protein expression is
in place by EW12, the development of simulation-induced
coordinated electrical activity is not established until later
in development, between EW14 and EW16. To investigate
whether postsynaptic specialization is a limiting factor in
the development of compound activation in the developing
ENS, pharmacologic activation and blockade of nicotinic
neurotransmission were performed at EW14 and EW16,
respectively. At EW14, application of 1 umol/L acetylcholine
led to significant contraction of fetal colonic tissue. This
application did not result in compound activation of
the presumptive ENS (Figure 5D, E, and H and
Supplementary Movie 5). By contrast, application of high K*
(300 mmol/L) led to stimulation of robust calcium tran-
sients in the presumptive ENS and contraction of the tissue
(Figure 5F, G, and H and Supplementary Movie 5) (n = 2).
Furthermore, by EW16, when electrical stimulation was
found to elicit calcium transients in the ENS (Figure 5/, J,
and O and Supplementary Movie 6), application of 300
umol/L hexamethonium did not diminish such responses
(Figure 5K, L, and O and Supplementary Movie 6, n = 1),
whereas subsequent application of tetrodotoxin (TTX)
(1 wmol/L) blocked compound activation of the fetal ENS
(Figure 5M, N, and O and Supplementary Movie 6). Taken
together, these results suggest that both synaptic and
postsynaptic specialization are not rate-limiting factors in
the development of stimulation-induced calcium activity in
the early fetal ENS.

Transcriptional Changes in the Human Fetal Gut
To determine whether transcriptional changes might
account for the apparent onset of electrical activity between
EW14 and EW16, RNA sequencing analysis was performed
across all developmental stages (EW12, EW14, and EW16)
with stringent and more lenient read alignment procedures.
Only minor differences between these procedures were
observed (see Supplementary Materials sections “Lenient
Alignment” and “Stringent Alignment”), allowing us to
discriminate the expressions of different candidate gene
homologues. With either one of these alignments, 13,828
genes were found to be expressed during EW12-EW16.
Very low transcript levels were detected for 8,612 genes,
making interpretation difficult, because such low levels may
represent noise. For 30,828 genes, we were unable to detect
any transcripts. With stage-specific analysis parameters
(counts-per-million > 2 in specific embryonic week and
<1 in the remaining 2), few of the detected genes were
found to be specific for each of the time points included in
this study (43 in EW12, 70 in EW14, and 80 in EW16). Many
genes were also found to have different expression levels
between EW12 and EW14 (n = 2265), between EW14
and EW16 (n = 3610), and between EW12 and EW16 (n =
3792). Most of these genes are known to affect many ca-
nonical pathways and biological functions, more than
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Figure 4.Induced calcium activity in the
human fetal colon. (A-C) Representative
confocal z-stacks of whole-mount colonic
preparations. In (A) EW12, (B) EW14, and (C)
EW16, whole-mount colonic preparations
showed robust Tud1t neural networks at
the level of the myenteric plexus. In the
myenteric plexus, TuJ1™ neurons were
observed in complex anastomosing net-
works with ganglia-like structures (arrows)
and interganglionic neuronal connections
(arrowheads). (D-F) Whole-mount prepara-
tions loaded with Fluo-4AM (Thermo Fisher
Scientific, Waltham, MA) calcium indicator.
(G-) Representative pseudo-colored im-
ages at t = 0 seconds in (G) EW12, (H)
EW14, and (/) EW16. (J-L) Representative
pseudo-colored images at t = 22 seconds,
after electrical stimulation, in (G) EW12, (H)
EW14, and () EW16 preparations. Arrows
represent regions of interest shown in
representative traces below. (M) Represen-
tative traces of calcium activity in regions of
interest indicated in G-L; magenta arrow
represents time of stimulation. Note the
absence of any induced calcium transient in
EW12 and EW14 colonic preparations. In
contrast, calcium transients were observed
upon stimulation in EW16 preparations. (N)
Summary data showing peak stimulation-
induced calcium activity (AF/Fo) in EW12
(grey bar, n = 3), EW14 (blue bar, n = 5), and
EW16 (red bar, n = 3) colonic preparations.
P < .01 by Tukey test. (O) Summary data
showing peak stimulation-induced calcium
activity (AF/Fg) in EW16 colonic prepara-
tions in control conditions (solid red bar, n =
3) and after application of 1 umol/L TTX
(hashed red bar, n = 3). *P < .01 by Student
t test. ns, not significant.
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expected by chance alone. Comparing EW12 to EW14 and
EW16, we could see that, from a neuronal perspective,
interesting characteristics and biological functions such as
axogenesis, neuronal and synaptic development, quantity of
neurons and neuronal tissue, sprouting, and ion transport
were significantly enriched (negative Z-score). Moreover,

Gastroenterology Vol. 156, No. 5

we observed that expression of messenger RNA encoding
proteins that may contribute to functions such as Ca?" flux
and cation, divalent cation, ionic, and Ca®*" mobilization,
were significantly up-regulated (negative Z-score)
compared with earlier time points (EW12-EW14) but
were down-regulated (positive Z-score) at later stages
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(EW14-EW16) (see Supplementary Materials section
“Pathway Enrichment”). To validate these results, we spe-
cifically looked at the expression levels of 36 genes known
to encode ion channels, neuronal subtypes, glial cells, syn-
apsins, and semaphorins. We initially analyzed expression
levels by plotting their counts-per-million values in a heat-
plot (Figure 6 and Supplementary Figure 5). This approach
showed up-regulation of almost all of these genes in EW14
and EW16 colonic tissue compared with EW12. We also
performed qRT-PCR analysis on 3 independent colonic
samples from each developmental stage (EW12-EW16). The
results obtained showed an up-regulation of the expression
levels of candidate Na* (SCN) and K™ (KNCQ) channel-
expressing genes known to be involved in the generation
and modulation of ENS action potentials. Each candidate ion
channel examined (SCN2A, SCN3A, SCN5A, SCN8A, SCN9A,
KCNQ2, and KCNQ3) displayed a trend toward increased
expression between EW12 and EW16 (Figure 74 and
Supplementary Table 4). SCN34, which encodes a TTX-
sensitive, fast-inactivating, voltage-gated Na' channel and
plays a major role in neuronal action potentials, displayed a
linear increasing trend in expression, with a 1.10-fold in-
crease at EW14 and a 1.44-fold increase at EW16, compared
with EW12 colonic tissue. Similarly, SCN94, which has been
shown to modify neuron excitability during the relative
refractory period, displayed a linear increasing trend in
expression, with a 1.51-fold increase at EW14 and a 2.13-
fold increase at EW16, compared with EW12 colonic tis-
sue. In contrast, other candidate genes, KCNQZ2 and KCNQ3,
which encode delayed rectifier K* channels and act to
regulate membrane excitability and the threshold for action
potential generation, displayed increases in expression be-
tween EW12 and EW14, with subsequent reduction in
expression at EW16. Up-regulation of these ion channels
might account for evoked activity at EW16. Concerning the
expression levels of several ENS candidate genes,
the expression patterns observed in terms of neuronal
subtypes corresponded to the temporal development
pattern observed in immunohistochemical analysis. VAChT
expression was maintained at a relatively constant level
across the 3 developmental time points (Figure 7B and
Supplementary Table 4), whereas nNOS expression dis-
played an increase at EW14, which corresponds to the birth-
dating of this neuronal subtype. Expression of both TAC-1, a

d
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precursor of Sub P, and VIP also mimicked immunohisto-
chemical observations, with increasing expression up to
EW16. S100 expression increased at EW14, which appears
to match a possible transitional and transient period of
$100% glial cell development, as visualized by immunoflu-
orescence. SYN1 expression remained relatively constant
across each time point, supporting our earlier findings that
synaptic proteins are already expressed by EW12. Finally,
SEMA3A, a gut morphogen previously found to affect ENS
development, showed a modest increase in expression be-
tween EW12 and EW14, which appeared to plateau at
EW16. Taken together, these data suggest that rather than a
significant shift in expression of a single ion channel or ion
channel family, a trend in increasing expression of a range of
critical ion channels appears to account for the changes in
ENS neurotransmission across this 4-week period. These
data also confirm our immunohistochemical findings, further
supporting the idea that the developmental time window
between EW12 and EW16 is critical for the establishment of
a repertoire of neuronal subtypes and enteric glia.

Discussion

Extensive murine studies with immunohistochemical
analysis and various reporter mice have established the
temporal development pattern of the enteric nervous sys-
tem (ENS), including the onset of spontaneous and induced
electrical activity in embryonic mouse gut.**'*7~2> How-
ever, such knowledge about the developing human gut is
lacking. In this study, we report that the onset of evoked
electrical activity in the human fetal ENS appears at
approximately EW16. We show that such activity appears to
coincide with increases in gene expression of various ion
channels known to modulate enteric action potentials, and
we clearly establish the temporal development of a number
of neural subtypes and enteric glia between EW12 and
EW16. Furthermore, we confirm such temporal develop-
ment with gene expression studies that highlight the
developmental processes required for the establishment of a
functional ENS.

In this study, the proximal colon was chosen as a site of
investigation for both technical and translational purposes.
The identification of the caecum in intestinal specimens,
across developmental time points, critically allowed for
characterization of an anatomically consistent region

<

Figure 5. Synaptic protein expression and functional postsynaptic specialization in the human fetal colon. (A-C) Represen-
tative high-power immunofluorescent images of colonic cryosections at (A) EW12, (B) EW14, and (C) EW16 showing the
expression of Tud1 (red), synaptophysin (SYP, green), and DAPI (blue). (A) At EW12, coexpression of TuJ1 and synaptophysin
was observed in ganglia-like structures of the myenteric plexus (arrows). (B, C) At EW14 and EW16 coexpression of TuJ1 and
synaptophysin was observed in the myenteric plexus region (arrows) and in the submuscosal region (arrowheads). Scale bars,
50 um. (D-H) Representative activity of EW14 fetal colonic tissue in the presence of acetylcholine (1 umol/L) and high K*. (D, E)
Pseudo-colored images of calcium activity in the presumptive ENS at (D) t = 0 seconds and (E) t = 22 seconds, after
application of acetylcholine (1 umol/L). (F, G) Pseudo-colored images of calcium activity at (F) t = 0 seconds and (G) t = 22
seconds, after application of high K. Arrows represent regions of interest shown in representative traces shown in H. (H)
Representative traces of calcium activity in regions of interest are indicated in D-G; magenta arrow represents time of
pharmacologic application. (I-N) Representative pseudo-colored images of calcium activity in the ENS at t = 0 seconds and,
after electrical stimulation, at t = 27 seconds in control conditions (Krebs; /, J), in the presence of hexamethonium (300 umol/L;
K, L) and after the application of TTX (1 umol/L; M, N). Arrows represent regions of interest shown in representative traces
shown in O. (O) Representative traces of calcium activity in regions of interest indicated in /I-N; magenta arrow represents time
of electrical stimulation. DAPI, 4',6-diamidino-2-phenylindole.
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(proximal colon) in all specimens. Moreover, the most
common congenital gut motility defects, including Hirsch-
sprung disease and slow transit constipation, are known to
affect the colonic region.”® Therefore, a better understand-
ing of the normal ENS developmental timeline, in this re-
gion, may provide a means of understanding factors and
disease processes that influence functional development.
The formation of circuitry and the development of
coordinated electrical activity are crucial requirements for
normal bowel function. Disruptions in neuronal plexus for-
mation, density, or diversity severely affect physiological
output."”?”*! In showing the development of several key
enteric neuronal subtypes from EW12 to EW14 and the
subsequent development of coordinated electrical activity at
EW16, we believe that this 4-week developmental time
period is critical for the correct assembly of a functional
ENS. Of note, the current study examined the development
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Figure 6. Representative
gene expression heatplot
for candidate genes in the
human fetal colon. Heat-
plot based on RNA
sequencing analysis
(lenient analysis parame-
ters) (left) of individual fetal
colon samples, showing
gene expression (left) at
EW12, EW14, and EW16

(low relative expression
[red] and high relative
expression [greeny).

Average expression by
time point (right) shows
directionality of expression

from lower expression
(red) to higher expression
(green). Significant

changes in gene expres-
sion represent false dis-
covery rate values < 0.05.

of evoked activity in the proximal colon and, as such, the
findings presented may not be reflective of the functional
development of other gut segments. Recent studies in ani-
mal models have highlighted that routinely available phar-
macologic agents such as ibuprofen or vitamin A deficiency
can affect ENS development.32’33 Hence, it is conceivable
that in this critical developmental window in the early
second trimester, the ENS is vulnerable to insult, which may
be clinically relevant in terms of subtle disease processes.
Our findings from both RNA-sequencing and qRT-PCR
analyses suggest a general up-regulation of a number of
ion channels and increasing diversity of enteric neurons and
glia over this period. The methodology used in the current
study involved whole-tissue segments rather than direct
isolation of native ENCCs. As such, the inclusion of non-
ENCCs may have diluted the expression of specific ENCC-
related genes and may account for the failure of our
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comparison analysis to reach statistical significance. A pre-
vious murine study showed a similar general up-regulation
of ion channel expression between E11.5 and E14.5.°* This
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study made use of endogenous yellow fluorescent protein
(YFP) expression in murine ENCCs to enable specific isola-
tion of ENCCs at each time point via fluorescence activated
cell sorting. Although previous studies have successfully
isolated small numbers of ENCCs from human fetal tis-
sue'™*> using p75 fluorescence-activated cell sorting isola-
tion, the limited availability of fetal human gut samples and
the need for physiological and immunohistochemical ana-
lyses in the current study prevented the specific isolation of
sufficient numbers of ENCCs. Furthermore, 1 embryo per
time point was examined for this initial analysis, and the
groups presented in the differential expression analysis
represent technical replicates. Therefore, our differential
expression analysis should be viewed as an indicator of the
transcriptional difference between the developmental
stages examined.

In this study, we clearly show that coordinated com-
pound activation of enteric networks occurs between EW14
and EW16, showing a critical period of gut development
that may underpin functionality in later life. The finding that
4 of 5 human colon samples at EW14 did not display elec-
trical activity, compared with 3 of 3 at EW16 that did
display Ca®" transients upon electrical stimulation, suggests
that this window of activation is consistent across numerous
fetal gut specimens. Similarly, immunohistochemical anal-
ysis of the temporal development of neural subtypes and
glia was found to be consistent across multiple specimens.
The staging method used in this study relies on measure-
ment of either knee-to-heel length or foot length. Although
this method has been validated, the resolution of gestational
age in weeks may lead to minor discrepancies in precise
staging. It is therefore likely that the sample (1 of 5) that
displayed electrical activity at EW14 in response to stimu-
lation may represent late-stage EW14/EW15 tissue. Spon-
taneous Ca®" oscillations were not resolved in the human
ENS specimens examined. Previous investigations in murine
gut samples suggest that spontaneous calcium transients
occur from E11.5 to E15.5, which can propagate to neigh-
boring ENCCs. This spontaneous calcium activity appeared
to be a transient phenomenon, as such activity was not
observed in either E10.5 or E16.5 tissue.'’ Given that this
transient activity in mice commences before full coloniza-
tion of the gut and then ceases shortly after ENCCs have
completed their rostrocaudal migration along the length of
the gut, it is likely that spontaneous calcium activity was not
observed in human specimens because of the timeframe of
our current study, because complete colonization of the
human gut has been shown to occur by approximately EW7.

The finding that inhibitory neuronal subtypes in the
colon, including nNOS and VIP, appear to arise at approxi-
mately EW14 after excitatory neuronal subtypes (VAChT

P
<

Figure 7. gRT-PCR analysis of candidate gene expression in
the human fetal colon. (A) Quantification of candidate ion
channel gene expression in EW12 (grey bars), EW14 (blue
bars), and EW16 (red bars). (B) Quantification of candidate
gene expression for markers for enteric neurons and glia in
EW12 (grey bars), EW14 (blue bars), and EW16 (red bars).
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and Sub P) suggests that there is an extended period of
neuronal modulation after ENCC colonization. In murine
studies, ChAT " neurons were found to develop in the colon
from E14.5,'° whereas nNOS" neurons have previously
been shown to arise between E12.5° and E13.5 (E11.5 + 48-
hour culture).'” The reasons behind the contrasting findings
in terms of neuronal birth-dating are unclear. Unfortunately,
in our hands, various immunohistologic assays with ChAT
antibodies in human gut tissue proved unsuccessful. How-
ever, complexities in the transcriptional and post-
transcriptional regulation of ChAT and VAChT may account
for the different timings observed in the 2 species.*® Our
finding that synaptic proteins are expressed at EW12,
several weeks before the onset of coordinated activity,
suggests that although physical expression of synaptic pro-
teins exists in the human ENS by the end of the first
trimester, further modulation and refinement of the mecha-
nisms involved in neuronal excitability occurs in the
following weeks to allow coordinated, networked activity by
EW16. We show that acetylcholine stimulation, at EW14 did
not elicit compound activation of the presumptive ENS and
that blockade of nicotinic acetylcholine receptors at EW16
did not block stimulation-induced Ca** transients in the fetal
ENS. This suggests that both synaptic and postsynaptic
nicotinic specializations are not critical factors in the devel-
opment of evoked calcium activity in the early human ENS.

Previous studies have suggested that neural activity may
act to influence ENS wiring.'”*® During mouse development,
neurons transition from inactive to action potential firing
with increasing voltage-gated sodium channel expression
and increasing Na™ current density."” All embryonic action
potentials in murine neurons in that study appeared to be
TTX sensitive. Similarly, in our current study, coordinated
firing of enteric neural networks upon stimulation at EW16
were TTX sensitive. Taken together, these results suggest
that a similar developmental pattern may be responsible for
action potential firing in early human fetal gut. The
requirement for coordinated firing of the human ENS rela-
tively early in gestation remains unclear. Although there is
accumulation of meconium in the fetal human gut at the
early stages, fully developed motor patterns are not estab-
lished until well into postnatal development.>’>? Therefore,
further studies will be required to establish how the
development of ENS activity in the human gut influences not
only neural development per se but also the impact on
associated cell types in the neuromuscular syncytium that
ultimately dictate motility.

We conclude that this study provides critical evidence
describing the birth-dating of neuronal subtypes and the
subsequent emergence of coordinated electrical activity in
the human ENS and thus may provide a platform for future
studies to understand the developmental and pathophysio-
logical basis of enteric neuropathies in the human gastro-
intestinal tract.

Data Availability

The data that support the findings of this study
are available from the corresponding author upon reason-
able request. Transcript profiling: RNA sequencing data are
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deposited in the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/) under the accession
number GSE111307.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2018.12.020.
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Supplementary Materials and Methods

Immunohistochemistry

Whole-mount immunohistochemistry was performed on
fetal colonic segments after excision and removal of the
mucosa by sharp dissection. Tissues were fixed in para-
formaldehyde (4% weight/volume in 0.1 mol/L phosphate
buffered saline (PBS) for 45 minutes at 22°C), washed for
24 hours in PBS (0.01 mol/L, pH 7.2 at 4°C), blocked for 1
hour (0.1 mol/L PBS containing 1% Triton X-100, 1%
bovine serum albumin [BSA]), and incubated in primary
antibody (diluted in 0.1 mol/L PBS containing 1% Triton
X-100, 1% BSA) (Supplementary Table 1) for 48 hours at
4°C. Immunoreactivity was detected with the secondary
antibodies listed in Supplementary Table 2 (1:500 in 0.1
mol/L PBS, 1 hour at room temperature). Before mounting,
tissues were washed thoroughly in PBS (0.1 mol/L PBS for
2 hours at 22 °C).

For cryostat sections, colonic tissues were fixed in
paraformaldehyde (4% weight/volume in 0.1 mol/L PBS for
45 minutes at 22°C) after excision, washed for 24 hours in
PBS (0.01 mol/L, pH 7.2 at 4°C), cryoprotected in 0.1 mol/L
PBS containing 30% sucrose (24 hours at 4°C), and
embedded in gelatin (7.5% weight/volume in 0.1 mol/L
PBS containing 15% sucrose). Subsequently, tissues were
frozen at -65°C in isopentane and stored at -80°C. Frozen,
embedded samples were sectioned serially (20 wm) with a
Cam 1900 UV Cryostat (Leica Microsystems, Milton Keynes,
UK), and slides were stored at -20°C for further processing.

For cryosection immunohistochemistry, slides were
thawed and heated to 37°C in 0.01 mol/L PBS for 20 mi-
nutes to remove excess gelatin. Tissues were postfixed in
paraformaldehyde (4% weight/volume in 0.1 mol/L PBS for
10 minutes at 22°C), washed 3 x 20 minutes in PBS (0.01
mol/L, pH 7.2 at 4°C), blocked for 1 hour (0.1 mol/L PBS
containing 1% Triton X-100, 1% BSA). Tissues were incu-
bated in primary and secondary antibodies, as described.
Before mounting, sections were washed thoroughly in PBS
(0.1 mol/L PBS 3 x 20 minutes at 22°C). Control tissues
were prepared by omitting primary or secondary
antibodies.

Tissues and sections were examined with a LSM710
Meta confocal microscope (Carl Zeiss, Oberkochen,
Germany). Whole-mount confocal micrographs were digital
composites of the Z-series of scans (0.5-um optical sec-
tions), and confocal micrographs of cryostat sections were
single plane images. Final images were constructed using
FIJI software.*”

Calcium Imaging

Fetal intestinal samples were obtained as previously
described, and calcium imaging was performed as previ-
ously reported.”’ Briefly, tissues were immersed in previ-
ously oxygenated (95% oxygen/5% carbon dioxide) Krebs
solution (in mmol/L: 120.9 NaCl, 5.9 KCl, 1.2 MgCl,, 2.5
CaCly, 11.5 glucose, 14.4 NaHCO3, and 1.2 NaH,PO,). After
excision of the colon and removal of the mucosa by sharp
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dissection, tissue samples were flipped serosal side up, and
strips of the longitudinal muscle were removed by sharp
dissection to show the underlying myenteric plexus. Colonic
preparations were pinned tightly, serosal side up, in a Syl-
gard-lined chamber. Tissues were then loaded with the
fluorescent Ca®" indicator Fluo-4AM (5 wmol/L) (Thermo
Fisher Scientific, Waltham, MA) and Cremophor EL
(0.00001%) (Fluka Chemika, Buchs, Switzerland) in Krebs
solution at room temperature for 20 minutes with contin-
uous oxygenation. After loading, tissues were washed (2 x
10 minutes, Krebs) before imaging. Subsequently, the
myenteric plexus was identified, and live fluorescence
imaging was performed on an Olympus BX51 microscope
equipped with a 20x water dipping lens (XLUMPlanFL N,
NA 1; Olympus Europa; Hamburg, Germany), and an EMCCD
camera (iXon Ultra 897; Andor Technology, Belfast, UK).
Fluo-4 was excited at 470 nm using an OptoLED (Cairn
Research Limited, Faversham, UK), and fluorescence emis-
sion was collected at 525/50 nm. Images (512 x 512
pixels?) were acquired at 2 Hz. Electrical train stimulation
(2 seconds, 20 Hz of 300-us electrical pulses) (Electronic
stimulator 1001, ADInstruments) was applied via a plat-
inum/iridium electrode (tip diameter, 2-4 um) (World
Precision Instruments, Sarasota, FL) placed directly onto
internodal strands in the presumptive myenteric plexus at a
distance of 200 um from the center of the field of view.
Electrical point stimulation was applied as described, and
images were collected with OptoFluor software (Cairn
Research Limited, Faversham, UK). Postacquisition analysis
was performed in Fiji.*> Movement artefacts were removed
by registering the image stack to the first image using the
StackRef plugin.*® Regions of interest (ROIs) of approxi-
mately 25 um? were drawn on ganglia-like structures or
interganglionic strands in the presumptive myenteric
plexus. Subsequently, fluorescence intensity was normal-
ized to basal fluorescence for each ROI (AF/Fy), and peaks
were analyzed. To evaluate statistical differences between
groups, 5 ROIs, chosen at random from across the pre-
sumptive myenteric plexus, were analyzed from each indi-
vidual fetal colon sample. Final images were constructed
using Fiji software.*”

RNA Sequencing Analysis

CLC-Bio (Qiagen, Venlo, The Netherlands) was used for
subsequent quality control assessment, read trimming,
alignment to the National Center for Biotechnology Infor-
mation version 37 Homo sapiens reference genome, tran-
script quantification, and differential expression analysis.
Reads were aligned by using the following settings:
mismatch cost 2, insertion/deletion cost 3, length fraction
0.8, similarity fraction 0.8, alignment to gene regions only.
Paired reads were counted as 1. Trimmed mean of
M values®®*? was used to normalize for sequencing depth
across samples. Counts per million (CPM) values were
calculated for each gene, centered, and scaled to unit vari-
ance. Expression values were counted as total counts and
reads per kilobase of exon model per million mapped reads
(RPKM).*® RPKM values were used for sample gene
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expression comparison and pathway enrichment analysis.
Differential expression was calculated between groups,
with the individual replicates per time point as a group. The
CLC bio (Aarhus, Denmark) generalized linear model and Wald
test were used as statistical models to test between groups.

Candidate Gene Expression Evaluation

Two types of output were generated: one in which reads
were allowed to map to more than one location (lenient
analysis) and another in which we allowed only uniquely
mapped reads (stringent analysis). Lenient analysis was
used for differential analysis, and stringent alignment was
used to validate the specificity of the expression of paralo-
gous genes of interest (sodium voltage-gated channel «
subunits, sodium channel epithelial 8 subunits, synapsins,
and semaphorins). When evaluating expression, we
considered a gene to be expressed if it had an average CPM
value of >2 for all genes across triplicates, uncertain when
CPM values were between 1 and 2, and not expressed if the
average CPM value was <1. If embryologic stages differed
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significantly (FDR < 0.05), we considered the direction of
the change to be true if not we could not determine the
directionality of the change with RNA sequencing. Raw data
and the output of the lenient and stringent alignments,
including CPM, total counts, RKPM, TPM, and statistics, are
available at the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/), under the accession
number GSE111307.

Causal Network Analysis Using Ingenuity
Pathway Analysis

Differently expressed genes (false discovery rate
< 0.05) with a fold change > 1.5 and a RPKM group
mean >1 were uploaded to Ingenuity Pathway Analysis
(Qiagen) for downstream pathway analysis. The causal
networks analysis algorithm embedded in the Ingenuity
Pathway Analysis tool was used to infer cause-effect re-
lationships from the gene expression data results.*! As
thresholds for significance, we used a P value < .05 and a
Z-score of 2.
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EW16 Merge

Supplementary Figure 1. Development of VAChT" neurons
in the human fetal colon. (A-C) Representative high-power
immunofluorescent images showing expression of Tud1
(red), VAChT (green), and DAPI (blue) in the developing fetal
colon. At (A) EW12, (B) EW14, and (C) EW16, coexpression of
TuJ1 and VAChT was observed in numerous cells at the level
of the myenteric plexus (arrows). In addition, TuJ1* cells not
expressing VAChT were observed (arrowheads). Scale bars,
25 um. DAPI, 4',6-diamidino-2-phenylindole.

Gastroenterology Vol. 156, No. 5

EW12 Merge

Supplementary Figure 2. Development of Sub P* neurons in
the human fetal colon. (A-C) Representative high-power
immunofluorescent images showing expression of TuJd1
(red), Sub P (green), and DAPI (blue) in the developing fetal
colon. At (A) EW12, (B) EW14, and (C) EW16 coexpression of
Tud1 and Sub P was observed in cells within ganglia-like
structures at the level of the myenteric plexus (arrows). In
addition, TuJ1™ cells not expressing Sub P were observed
(arrowheads). Scale bars, 25 um.




April 2019

EW12 Merge

EW14 Merge

B &
.

EW16 Merge

Supplementary Figure 3. Development of nNOS™ neurons in
the human fetal colon. (A-C) Representative high-power
immunofluorescent images showing expression of TuJd1
(red), nNOS (green), and DAPI (blue) in the developing fetal
colon. At (A) EW12, Tud1 expression was observed alone with
no evidence of NNOS expression. At (B) EW14 and (C) EW16,
coexpression of Tud1 and nNOS was observed in cells in
ganglia-like structures at the level of the myenteric plexus
(arrows). In addition, Tud1% cells not expressing nNOS were
observed (arrowheads). Scale bars, 25 um.

Onset of Electrical Activity in the Human ENS 1495.e4

EW14 Merge

»

Supplementary Figure 4. Development of VIP™ neurons in
the human fetal colon. (A-C) Representative high-power
immunofluorescent images showing expression of Tud1
(red), VIP (green), and DAPI (blue) in the developing fetal co-
lon. At (A) EW12, Tud1 expression was observed alone with
no evidence of VIP expression. At (B) EW14 and (C) EW16,
Tud1t cells, at the level of the myenteric plexus, were
observed displaying punctate VIP expression (arrows). In
addition, TuJ1™ cells not expressing VIP were observed (ar-
rowheads). Scale bars, 25 um.
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$ 2 2 2 2 2 2 32 Z £ 2 2  Supplementary Table 2.Secondary Antibodies Used for
22 2 2 2 2 2 2 NoEe Immunohistochemistry
Name = L) o = ot & = iC) «
g CHAT
: 8 3| nost H = Alexa
-

GFAP
SCN1A
SCN2A

Secondary antibody Fluor  Concentration Company

SCN1B
SCN2B
SCN3B
SCN4B
KCNQ1
KCNQ2
KCNQ3
KCNQ4
KCNQ5
KCNA2
KCNC4
SEMA3A
SEMA3B
SEMA3C
SEMA3D
SEMA3E
SEMASF
SEMA3G
SNAP25
SYN1
SYN2
SYN3

SYT1 - -
Supplementary Figure 5. Representative gene expression

heatplot for candidate genes in the human fetal colon.  gypplementary Table 3.Primers Used for gRT-PCR
Heatplot based on RNA sequencing analysis (stringent

§ SCN3A Goat anti-mouse 488 1:500 Invitrogen

§ :gx‘; Goat anti-mouse 568 1:500 Invitrogen

£ |scn7a Goat anti-rabbit 568 1:500 Invitrogen

§ SCN8A Donkey anti-goat 488 1:500 Invitrogen

% [0 = Donkey anti-sheep 488 1:500 Invitrogen

5 | sonria DAPI — 1:1000 Sigma-Aldrich
g

S

NOTE. Invitrogen, Waltham, MA; Sigma-Aldrich, St Louis,
MO.

Voltage-gated
Potassium
Channels

Semaphorins

Synaptic
Genes

analysis parameters) of individual fetal colon samples, Gene Primer (5'-3')
showing gene expression (left) at EW12, EW14, and EW16
[low relative expression (red) and high relative expression SCN2AF TCCATGGAATTGGTTGGATT
(green)]. Average expression by time point (right) shows SCN2AR TTGTTTTCAATGCTCGGAGA
directionality of expression from lower expression (red) to SCN3AF TTCCTCTGGAAGGCAAAGAG
higher expression (green). Significant changes in gene SCN3AR AACCATGCATCACAGCAGTC
expression represent false discovery rate values < 0.05. SCN5AF CTCACCAACTGCGTGTTCAT
SCN5AR CCTCGAGCCAGAATCTTGAC
SCNSAF TGTGTGGCCCATAAACTTCA
SCNSAR GCATCAGAACTGTTCCCACA
SCN9AF CCCAACCTCAGACAGAGAGC
SCN9AR TGGAGAGCAATTCCAGATCA
KCNQ2F TCGTGCTGTCTGTGTTTTCC
KCNQ2R ATCCGCACGAAGTACTCCAC
KCNQ3F ATTCTGGCTGTCCTGACCAC
KCNQ3R ACTCGGCTCCAAAGATGAAA
Supplementary Table 1.Primary Antibodies Used for nNOSF ACAGTCCCCCACAAAGAATG
|mmunohistochemistry nNOSR GGAGCCCATGCAGATGTACT
SEMAS3AF AAGGGATCAGCCGTGTGTAT
Primary antibody Concentration Company SEMASAR CCTTGATAAGGCACCCATTG
SYN1F GCCAATGGTGGATTCTCTGT
Mouse anti-TuJ1 1:500 BioLegend SYN1R AACTGCGGTAGTCTCCGTTG
Rabbit anti-TuJ1 1:500 BioLegend VIPF GCTCCTTGTGCTCCTGACTC
Rabbit anti-SM22 1:1000 Abcam VIPR GGTTCATTTGCTCCCTCAAA
Mouse anti-S100 1:100 Abcam TAC1F TGTTGGACTAATGGGCAAAA
Goat anti-VAChT 1:200 Thermo Fisher TAC1R TGTTGGACTAATGGGCAAAA
Scientific VAChTF ACTATGCGGCCTCTGTTTTG
Rabbit anti-nNOS 1:400 Invitrogen VAChTR AATAGGAGATGTCGGCGATG
Mouse anti-Sub P 1:100 R&D Systems  S100BF ATTCTGGAAGGGAGGGAGAC
Sheep anti-SNAP 25 1:200 R&D Systems  S100BR TCCACAACCTCCTGCTCTTT
Mouse anti-Synaptophysin 1:250 Serotec ACTBF AACCGCGAGAAGATGACCC
ACTBR GCCAGAGGCGTACAGGGATAG
GAPDHF CGACCTTCACCTTCCCCAT
NOTE. Abcam, Cambridge, UK; BioLegend, San Diego, CA; GAPDHR TAAAAGCAGCCCTGGTGACC

Invitrogen, Waltham, MA; R&D Systems, Minneapolis, MN;
Serotec, Oxford, UK; Thermo Fisher Scientific, Waltham, MA.




April 2019

Supplementary Table 4.Analysis of Candidate Gene Expression in the Human Fetal Colon

Onset of Electrical Activity in the Human ENS 1495.e6

Relative Expression + SD

Gene EW12 EW14 EW16 P Value
SCN2A 0.004 + 0.004 0.005 + 0.005 0.005 + 0.003 .888
SCNS3A 0.009 + 0.004 0.010 + 0.006 0.013 + 0.006 433
SCN5A 0.002 + 0.002 0.006 + 0.005 0.008 + 0.002 .128
SCNSA 0.003 + 0.001 0.012 + 0.015 0.006 + 0.003 .233
SCN9A 0.026 + 0.013 0.040 + 0.025 0.056 + 0.019 .056
KCNQ2A 0.001 + 0.001 0.003 + 0.003 0.002 + 0.001 .228
KCNQS3A 0.001 + 0.001 0.003 + 0.003 0.002 + 0.002 .305
nNOS 0.003 + 0.002 0.013 + 0.013 0.008 + 0.002 112
VAChT 0.002 + 0.002 0.004 + 0.005 0.008 + 0.002 591
TAC-1 0.276 + 0.553 0.189 + 0.335 0.713 + 1.401 .563
VIP 0.757 + 0.632 0.908 + 0.376 2.559 + 2.333 .080
S100B 0.217 + 0.110 1.279 + 1.420 0.469 + 0.182 101
SYN1 0.004 + 0.006 0.004 + 0.003 0.006 + 0.003 .649
SEMA3A 0.057 + 0.010 0.113 + 0.080 0.101 + 0.058 237

NOTE. Comparison of the relative expression (mean ACT value + SD) of candidate genes in the human fetal colon at EW12,
EW14, and EW16, as analyzed by qRT-PCR. P values were calculated by Student ¢ test.

SD, standard deviation.
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