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Abstract:

Background & Aims. The enteric nervous system (ENS) is the largestdbraf the
peripheral nervous system, comprising complex nedsvof neurons and glia, which
are present throughout the gastrointestinal (@pttrAlthough development of a fully
functional ENS is required for Gl motility, litthls known about the ontogeny of ENS
function in humans. We studied the developmenteofonal subtypes and the

emergence of evoked electrical activity within tleveloping human ENS.

Methods. Human fetal gut samples (obtained via the MRC-Véatle Trust Human
Developmental Biology Resource-UK) were characeetizy immunohistochemistry,

calcium imaging, RNAseq, and quantitative real-tir@R analyses.

Results: Human fetal colon samples have dense neuronal nietvab the level of the
myenteric plexus by embryonic week (EW) 12, witlpession of excitatory
neurotransmitter and synaptic markers. By contraatkers of inhibitory
neurotransmitters were not observed until EW14ctébsal train stimulation of
internodal strands did not evoke activity withie tBNS of EW12 or EW14 tissues.
However, compound calcium activation was observdtV416, which was blocked
by the addition of AM tetrodotoxin. Expression analyses showed thiviacivas
coincident with increases in expression of genes@ng proteins involved in

neurotransmission and action potential generation.

Conclusions: In analyses of human fetal intestinal samples,allewed development
of neuronal diversity, electrical excitability, andtwork formation in the ENS. These

processes are required to establish the functemaric circuitry. Further studies



could increase our understanding of the pathogemés range of congenital enteric

neuropathies.
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Introduction

The enteric nervous system (ENS), the largest rahthe peripheral nervous
system, is comprised of complex networks of neuesrsglia, which are present
throughout the gastrointestinal tracthe ENS is derived primarily from vagal neural
crest cell$, which enter the foregut at embryonic day 9 (E9nine and migrate in a
rostrocaudal fashion to colonise the entirety efdieveloping gut by E1%? In avian
and mouse models, a smaller population of sactakherest-derived cells has also
been shown to contribute to the developing EN®étérminal hindgut.® During
ENS development, enteric neural crest cells (ENf@Glferate and migrate
extensively in a highly complex manner, with elaingaof migratory chains of
ENCC throughout the gut, including trans-mesentaiigration pathways that have
been demonstrated in the mol$eecent murine work has proposed that
topographically, the ENS is built from parallel,eslapping columns of clonally
derived ENCC. Such topographical organization salipon residual founder ENCC
at the level of the myenteric plexus, which giserio progeny that extend through
the width of the gut wall and are arranged alomgsterosa-mucosa aXisPrevious
work has demonstrated the spatio-temporal develapofeneuronal subtypes in the
mouse gut, with the appearance of nitrergic neunaitrdic oxide synthase (nNOS)
expressing neurons at approximately Ef28d subsequent development of
cholinergic neurons expressing choline acetyltrenasie (ChAT) at E145.
Furthermore, physiological studies in the murinedave demonstrated the
emergence of spontaneous calcium transients WHNIGC at the migratory
wavefront at E12.%7 and the emergence of induced electrical activitydlonic
networks at approximately E155.

Despite these significant advances in our knovdeggarding the



development of the ENS in animal models, insighthtmy of these developmental
milestones in the human ENS is lacking. Previouskvas provided evidence of
similar rostrocaudal colonization in the human gutereby ENCC enter the foregut
at embryonic week (EW) 4 and migrate in an oro-&msthion to fully colonize the
length of the gut by EW? **Following ENCC colonization, development and
maturation of théunica muscularis occurs, with rostrocaudal differentiation of the
smooth muscle layers and development of interktigk of Cajal (ICC) network$®
Hence, at approximately EW11 the human colon haptad an anatomically
“mature” phenotype. These studies establishedritieat time frame for colonization
and development of the ENS in human fetal gut #sstlowever, there is a paucity of
evidence regarding the development of neuronalypeltor of coordinated electrical
activity within the human ENS, which are vital pesses for the establishment of the
normal functional circuitry that underpins neurorwlar function of the
gastrointestinal tract.

Here, we show that the spatio-temporal developrmaemtultiple enteric
neuronal subtypes in the human fetal colon occiuttimthe early second trimester
period. We further demonstrate the onset of coatdohneural activity within the
human enteric neural network and show that thisiacts coincident with increases
in expression of various genes involved in neur@naission and action potential
generation. Thus, we propose that the period fadmfirst trimester to early second
trimester is crucial for the development of a répes of enteric neural subtypes and

to the establishment of a functional ENS.



Methods

Human samples

Human fetal colonic samples were obtained via thet MRC/Wellcome Trust
Human Developmental Biology Resource (HDBR) undérmed ethical consent

with Research Tissue Bank ethical approval (08/12034+5 and 08/H0906/21+5).

I mmunohistochemistry

Immunohistochemistry was performed on fetal wholemaolonic segments and
cryostat sections as previously descrifésee Supplementary Materials and
Methods) using the primary and secondary antibddiesd in Supplementary Tables

2&3 respectively.

Calcium imaging

Fetal intestinal samples were obtained as prewadsscribed and calcium imaging
was performed as previously publistédsollowing tissue excision and preparation
(see Supplementary Materials and Methods) elettriaa stimulation (2 s, 20 Hz of

300 us electrical pulses; Electronic stimulator 1001, lBtruments) was applied via
a platinum/iridium electrode and images were ctdlécusing OptoFluor software

(Cairn Research Limited).

RNA extraction and sequencing

Total RNA from the hindgut of one individual embrfrom each time-point (EW12,
EW14 and EW16), was extracted using the RNeasarkitprotocol (Qiagen, Venlo,
The Netherlands). RNA quantity and quality was deteed using the Lab-on-Chip

RNA 6000 Nano (Agilent Technologies, Santa Clard, GSA) on the Agilent 2100



Bioanalyzer. Library preparation of three techniegdlicates per developmental time-
point/embryo, was perfomed on an Illumina HiSeqAQb0bp paired-end reads),
according to the lllumina TruSeq Stranded mRNA aigrPrep Kit protocol

(llumina Inc., San Diego, CA, USA). RNA sequerginalysis, candidate gene
expression evaluation and causal network analy&ise performed as outlined in

Supplementary Materials and Methods.

Quantitative Real Time (QRT)-PCR

cDNA was prepared from hindgut samples of threergoshfrom each time-point
(EW12, EW14 and EW16), and qRT-PCR was performedamm sample using
technical triplicates, as described befSrExpression levels were normalized with
two housekeeping genes (ACTB and GAPDH), and aeeragrimers used are

described in Supplementary Table 4.

Statistical analysis

Data are expressed as mean + standard error ofdha. Differences in the data were
evaluated between groups using one-way ANOVA atetgnoup differences were
determined by Tukey test or unpaired Student'st-f values < 0.05 were taken as
statistically significant. The ‘n values’ reportegfer 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 thamdetal ENS,
immunohistochemistry was performed on proximal n@@ryosections between
EW12-16. This approach and time frame allowed &e fnapping of typical ENS cell
types, including enteric neurons and glia withia §econd trimester. Human fetal
colonic samples at EW12 displayed robust neuronisp&uJl1 expression,
highlighting the presence of enteric neurons. ThéITcells, termed neurons from
here on, were located within multiple discrete d@nalike structures at the level of
the myenteric plexud{g. 1a&d, arrows). Few TuJ1 neurons were identified
within the submucosal layer at EWIRAd. 1a& d, arrowheads). At this stage, SM22
staining, a marker of mature smooth muscle, redeave distinct muscle layer&ig.
la&d), the inner circular layeiHg. 1d, asterix) and outer longitudinal layeF(g.

1d, hash), reflective of the morphology of the mature huneateric
neuromusculature. Further maturation oftilm@ca muscularis was observed with
thickening of muscle layers at EW1Hig. 1b& e) and EW16 Fig. 1c&f). Notably,
maturation and thickening of the circular musclen@re apparent across this time
frame with SM22 smooth muscle cells adopting a more uniform phgegtwith
elongated nuclei in the circumferential orientat{brg. 1e& f, asterix). Maturation of
the ENS was also observed by EW14, as Tgamglia within the myenteric plexus
gradually coalesce and increase in size by EVWigl (b& e, arrows). Interestingly,
at this stage, more robust TtXxpression was identified within the submucosgia
forming a rudimentary and interrupted submuscokadys Fig. 1b& e, arrowheads),
with neuronal projections extending into mucos#i.vAt EW16, TuJT expression

and localization were still observed in the myeiotplexus with further restriction of
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ganglia-like structures{g. 1c&f, arrows). Further development of TuJdeurons in
the submucosal regions revealed a more continudaawgcosal plexusg. 1c&f,
arrowheads) and TuJ1 neuronal projections were also observed exteridiog
mucosal villi.

To assess the development of enteric glial cetisression of S100 was
examined with immunohistochemistry over a similare-frame. At EW12, S100
expression was observed within the myenteric pletoisgside robust TuJ1
expressionKig. 2a,d& g, arrows). Such S100 expression appeared in isolationst th
stage, with little co-expression of TuJ1 in eittiex myenteric plexus or submucosal
layer Fig. 2a,d& g, arrows). At EW14, occasional and weak co-expression @0S1
and TuJ1 was observed in some cells both withimthenteric gangliaHig. 2b,e& h,
arrows) and within the submucosal layéiig. 2b,e& h, arrowheads). Interestingly,
weak S100 expression was additionally observeddiffuse single cell layer on the
serosal surface of EW14 tissuéd. 2b,e& h, hash). However, by EW16, this diffuse
serosal S100 expression was no longer evidentpatdS100 glia (Fig. 2¢,f&i,
arrowheads) and TuJ1neurons Fig. 2c,f&i, arrows) were observed discretely in
close apposition within myenteric ganglia and ie sfubmucosal plexus with little co-

expression.

Neuronal subtype development in the human ENS

Having demonstrated the development of entericareuand glia as well as the
maturation of ganglia from EW12-16, we further asgel the development of specific
neuronal subtypes within the human fetal colon. tmohistochemistry of proximal
colonic sections at EW12 revealed co-expressiorudfL and vesicular acetylcholine

transporter (VAChT)Kig. 3a, Supplementary Fig.1a, arrows) and substance P (Sub
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P), within ganglia-like structures in the myentgslexus Fig. 3d, Supplementary
Fig.2a, arrows). Robust VAChT expression was observed within myenteric ganglia
(Fig. 3b& c, Supplementary Fig.1b& c arrows) and in the submuscosal regidnd.
3b& c, arrowheads) at both EW14 and EW16 respectively. Sub P wasatserved

to be more robustly expressed within myenteric Gar{gig. 3e& f, Supplementary
Fig.2b& c arrows) and in the submuscosal region at EW14 and EWig 8e& f,
arrowheads). Interestingly, examination of inhibitory neurdsabtypes revealed no
neuronal nitric oxide (NNOSig. 3g, Supplementary Fig.3a) or vasoactive intestinal
peptide (VIP;Fig. 3, Supplementary Fig.4a) expression in EW12 colonic sections,
despite robust TuJExpression within the myenteric plexus. By EW14)T

neurons were visualized both within the submucresgibn and extending into
mucosal villi Eig. 3h, arrowheads), but the nNOSneurons were largely restricted to
the myenteric plexud={g. 3h, Supplementary Fig.3b arrows) at this stage.

Similarly, VIP co-labelled TuJIneurons at the level of the myenteric plexus at BW1
(Fig. 3k, Supplementary Fig.4b arrows). However, VIP neurons were also
visualized within the submucosal region at thigistand extended processes into
mucosal villi. With further development to EW16, re@xtensive nNOSFig. 3i,
Supplementary Fig.3c, arrows) and VIP (Fig. 3l, Supplementary Fig.4c, arrows)
expression was observed at the level of the myiermtxus. Interestingly, nNGS
neurons at EW16 appeared to remain restrictedetontyenteric region with little co-
expression in TuJIneurons throughout the remaining gut waly 3i,

arrowheads). By contrast, strong VIRexpression was observed in the submucosal
region and within villus structures at EWIE(. 3l, arrowheads). Taken together

these data suggest that the initial developmeakoitatory neurons (VAChT and Sub
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P) within the human fetal colon, occurs prior to E:Mvhereas the development of
inhibitory neurons (nNOS and VIP) occurs laterwesn EW12 and EW14.

Having demonstrated the maturation of the fetal ENiBg cryosections, including
the birth-dating of neuronal subtypes, we furttesegsed neural development in
wholemount colonic preparations. Similar to cryasets, immunohistochemistry of
EW12 wholemount colonic preparations revealed rolusI neural networks at the
level of the myenteric plexus. Here, Tudteurons were observed in complex
anastomosing networks with ganglia like structFeg. 4a, arrows) and
interganglionic neuronal connectiortsd. 4b, arrowheads). At EW14 {ig. 4b) and
EW16 (Fig. 4c), TuJT immunohistochemistry revealed further network meation
including the development of dense neural connestféig. 4b& c, arrows), and

formation of discrete ganglion structurésd. 4b& c, arrowheads).

Development of coordinated electrical activity in the human ENS

To assess the development of coordinated elecaatadity within fetal tissues,
calcium imaging of wholemount colonic preparatiores performed from EW12-
EW16. Little basal activity was observed in thesoraptive ENS of EW12, EW14 or
EW16 colonic preparations. However, occasionaligaldransients in underlying
smooth muscle cells were observed in basal comditfsupplementary Movies 1-3).
Upon electrical point stimulation, no stimulatiorduced calcium transients were
observed within (3/3) EW12 colonic sampla$(FO = 1.033+0.002; n=Fig.
4d,9,j,m&n; Supplementary Movie 1). Similarly, electrical stimulation did not elicit
calcium transients within fetal tissues in the mi&q4/5) of EW14 preparations
(AF/FO = 1.055+0.029; n=5; P=0.813 by Tukey tésf;, 4e,h,k,m &n;

Supplementary Movie 2). By EW16, there were statistically significantfeiences
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in mean values of stimulation-induced calcium tramis between control EW12,
EW14 and EW16 groups, as determined by one-waysisalf variance (ANOVA)
(F(2,8)=11.36, P=0.0046), with (3/3) EW16 colonregarations displaying
compound activation of the ENS (1.211+0.026; n=g;, 4f,i,l,m&n;
Supplementary Movie 3) compared to either EW12 (P=0.007, Tukey tesg\ot14
(P=0.008, Tukey test). Additionally, this stimutattinduced activation of enteric
neuronal networks at EW16, was found to be blo¢Bé&8) in the presence ofiA
tetrodotoxin (1.029+£0.012; n=3), compared to stemioh in control conditions
(1.211+0.026; n=3; P=0.0028, Student’s t-t€st}. 40; Supplementary Movie 4).
This result suggests the presence of voltage-demeisddium channels within the
ENS at EW16 of human development.

To determine if the stimulation-induced compountivation observed at this
stage could be due to the development of synaptioectivity, we performed
immunohistochemistry for synaptophysin across @dc¢he time points examined. At
EW12, co-expression of TuJ1 and synaptophysin wasrged [Fig. 5a, arrows)
within ganglia-like structures of the myentericyule. This co-expression was
maintained at both EW14 and EWXa(. 5b& ¢, arrows), with additional co-
expression visualized within the submuscosal refffoqn 5b& ¢, arrowheads). These
results suggest that while synaptic protein exjpoess in place by EW12, the
development of simulation—induced coordinated eledtactivity is not established
until later in development, between EW14 and EWGinvestigate if postsynaptic
specialization is a limiting factor in the develogmh of compound activation within
the developing ENS, pharmacological activation bledkade of nicotinic
neurotransmission was performed at EW14 and EWEpectively. At EW14

application of UM acetylcholine (ACh) led to significant contragtiof fetal colonic
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tissue. Interestingly, this application did notulegn compound activation of the
presumptive EN$Fig. 5d,e& h; Supplementary Movie 5). By contrast, application
of high K" (300mM) led to stimulation of robust calcium trasrstis within the
presumptive ENS, and contraction of the tisgtig. 5f,g& h; Supplementary Movie
5, n=2). Furthermoreby EW16 when electrical stimulation was found taiel
calcium transients within the ENSig. 5i,j& 0; Supplementary Movie 6),
application of 30QM hexamethonium (Hex) did not diminish such resgs(Big.
5k,l& 0; Supplementary Movie 6, n=1) whereas, subsequent application of TTX
(1uM) blocked compound activation of the fetal E{Fsg. 5m,n& o; Supplementary
Movie 6). Taken together these results suggest that batpsg and postsynaptic
specialization are not rate limiting factors in thevelopment of stimulation-induced

calcium activity in the early fetal ENS.

Transcriptional changesin the human fetal gut

To determine whether transcriptional changes maghount for the apparent onset of
electrical activity between EW14-16, RNA sequenanglysis was performed across
all developmental stages (EW12, EW14 and EW16hgusiringent and more lenient
read alignment procedures. Only minor differencgtsvben these procedures were
observed (see Supplementary Data Filés#ent alignment & 3-Sringent

alignment), allowing us to discriminate expression of diffiet candidate gene
homologues. Using either one of these alignmé&®828 genes were found to be
expressed during EW12-EW16. Very low transcripelewere detected for 8,612
genes, making interpretation difficult, since slmh levels may represent noise. For
30,828 genes, we were unable to detect any tratscsing stage specific analysis

parameters (CPM> 2 in specific EW week and <1 @rdmaining two), few of the
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detected genes were found to be specific for eatiedime points included in this
study (43 in EW12, 70 in EW14 and 80 in EW16). Ma@eyes were also found to
have different expression levels between EW12 aNd £ (n=2265), EW14 and
EW16 (n=3610) and between EW12 and EW16 (n=378R)st of these genes are
known to affect many canonical pathways and bi@algiunctions, more than
expected by chance alone. Comparing EW12 to EWil48d16, we could see that
from a neuronal perspective, interesting charastiesi and biological functions such
as axogenesis, neuronal and synaptic developmegmfity of neurons and neuronal
tissue, sprouting and ion transport were signifivaenriched (negative Z-score).
Moreover, we observed that expression of mMRNA emgpproteins that may
contribute to functions such as*C#éux, cation, divalent cation, ionic and €a
mobilization, were significantly up-regulated (n8ga Z-score) when compared to
earlier time-points (EW12 to EW14), but were dovguiated (positive Z score) at
later stages (EW14 to EW16; see Supplementary Bitd -Pathway enrichment).

To validate these results, we specifically looketha expression levels of 36 genes
known to encode ion channels, neuronal subtypes,agllls, synapsins and
semaphorins. We initially analysed expression lojtiolg their CPM values in a heat-
plot (Fig. 6 and Supplementary Fig. 5). This approach revealed upregulation of
almost all of these genes in EW14 and EW16 colbsstie when compared to EW12.
We also performed quantitative real time (QRT)-P&Rlysis on three independent
colonic samples from each developmental stage (E¥6)2The results obtained
showed an upregulation of the expression levetantlidate Na(SCN) and K
(KNCQ) channel expressing genes known to be inebiaghe generation and
modulation of ENS action potentials. Each candidatechannel examine@CN2A,

SCN3A, SCN5A, SCNBA, SCN9A, KCNQ2 andKCNQ3) displayed a trend towards
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increased expression between EW12 and EWild (a, & Supplementary Table
1). Notably, SCN3A, which encodes a TTX-sensitiv& faactivating voltage-gated
Na' channel and plays a major role in neuronal actwemntials, displayed a linear
increasing trend in expression with a 1.10 foldease at EW14 and 1.44 fold
increase at EW16, compared to EW12 colonic tisSumilarly, SCN9A, which has
been shown to modify neuron excitability during tekative refractory period,
displayed a linear increasing trend in expressidh a1.51 fold increase at EW14
and 2.13 fold increase at EW16, compared to EWI1éghaotissue. In contrast, other
candidate gene&CNQ2 andKCNQ3, which encode delayed rectifiei’ Khannels
and act to regulate membrane excitability and tineshold for action potential
generation, displayed increases in expressiondsgtiEW12 and EW14, with
subsequent reduction in expression at EW16. Upaitgo of these ion channels
might account for evoked activity at EW16. Concegiihe expression levels of
several ENS candidate genes, the expression patibserved in terms of neuronal
subtypes corresponded to the temporal developnatterp observed in
immunohistochemical analysiAChT expression was maintained at a relative
constant level across the three developmental pionets Eig. 7b & Supplementary
Table 1), whereas nNOS expression displayed an increds@/ag, which
corresponds to the birth-dating of this neuronakyoe. Expression of bofhAC-1, a
precursor of Sub P, andP also mimicked immunohistochemical observationsgh wi
increasing expression up to EWH00 expression increased at EW14, which
appears to match a possible transitional and gahpieriod of S100glial cell
development, as visualized by immunofluorescenteréstingly SYN1 expression
remained relatively constant across each time psugporting our earlier findings

that synaptic proteins are already expressed byZEWihally, SEMA3A, a gut

17



morphogen previously found to affect ENS developtngmowed a modest increase
in expression between EW12 and EW14, which appdarpthteau at EW16. Taken
together these data suggest that rather than dicag shift in expression of a single
ion channel or ion channel family, a trend in iragiag expression of a range of
critical ion channels appears to account for thenges in ENS neurotransmission
across this four-week period. These data also ordur immunohistochemical
findings, further supporting the idea that the depmental time window between
EW12-EW16 is critical for the establishment of pedoire of neuronal subtypes and

enteric glia.

Discussion
Extensive murine studies using immunohistochenanalysis and various reporter
mice have established the temporal developmergrpatf the enteric nervous system
(ENS), including the onset of spontaneous and iedwectrical activity within
embryonic mouse gdt®** *"?*However, such knowledge in the developing human
gut is lacking. In this study, we report that tlmset of evoked electrical activity
within the human fetal ENS appears at approximd®W16. We demonstrate that
such activity appears to coincide with increasegeine expression of various ion
channels known to modulate enteric action potes)taatd clearly establish the
temporal development of a number of neural subtgpelsenteric glia between
EW12-EW16. Furthermore, we confirm such temporakttgoment with gene
expression studies that highlight the developmentadesses required for the
establishment of a functional ENS.

In this study the proximal colon was chosen aseadfiinvestigation for both

technical and translational purposes. The ideatifon of the caecum in intestinal
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specimens, across developmental timepoints, dhtiadowed for characterization of
an anatomically consistent region (proximal colondll specimens. Moreover, the
commonest congential gut motility defects, inclughiirschsprung disease and slow
transit constipation, are known to affect the calaegion® Therefore, a better
understanding of the normal ENS developmental timeein this region, may provide
a means of understanding factors and disease gexct®at influence functional
development.

The formation of circuitry and the development obinated electrical
activity are crucial requirements for ‘normal’ bdvienction. Disruptions in neuronal
plexus formation, density or diversity, severelypant physiological outpdf: 2"*!In
demonstrating the development of several key enteuronal subtypes from EW12-
EW14, and the subsequent development of coordiredéetrical activity at EW16,
we believe that this four week developmental tiragqa is critical for the ‘correct’
assembly of a functional ENS. Of note, the curserity examined the development of
evoked activity in the proximal colon and as suhbk,findings presented may not be
reflective of the functional development of othet gegments. Importantly, recent
studies in animal models have highlighted thatinaly available pharmacological
agents such as ibuprofen or vitamin A deficienay icapact ENS developmetit.®
Hence, it is conceivable that in this critical deyenental window within the early
second trimester, the ENS is vunerable to insultivimay be clinically relevant in
terms of subtle disease processes.

Interestingly, our findings from both RNAseq arlRIlTGPCR analyses suggest
a general upregulation of a number of ion chanaetsincreasing diversity of enteric
neurons and glia over this period. It should beeddbhat the methodology used in the

current study utilised whole tissue segments rétrear direct isolation of native
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ENCC. As such, the inclusion of non-ENCC may halgetl the expression of
specific ENCC related genes and may account fofaihee of our comparison
analysis to reach statistical significance. A poergi murine study has demonstrated a
similar general upregulation of ion channel expmsbetween E11.5 and E145.
This study made use of endogenous YFP expressimuiime ENCC to enable
specific isolation of ENCC at each time-point, flisorescence activated cell sorting
(FACS). Whilst previous studies have successfsityated small numbers of ENCC
from human fetal tissd2 * using p75 FACS isolation, the limited availabilif/fetal
human gut samples and the need for physiologicghimmunohistochemical analyses
in the current study, prevented the specific isotabf sufficient numbers of ENCC.
Furthermore, one embryo per time-point was examiaethis initial analysis, and
the “groups” presented in the differential expressanalysis represent technical
replicates. Therefore, our differential expressaoalysis should be viewed as an
indicator of the transcriptional difference betwélea developmental stages
examined.

In this study, we clearly demonstrate that coorgida@ompound activation of
enteric networks occurs between EW14 and EW16 aliegea critical period of gut
development that may underpin functionality in tdiie. The finding that 4/5 human
colon samples at EW14, did not display electricalvay compared with 3/3 at EW16
which did display C# transients upon electrical stimulation, suggesas this
‘window’ of activation is consistent across numesdetal gut specimens. Similarly,
immunohistochemical analysis of the temporal dguelent of neural subtypes and
glia was found to be consistent across multipleispens. The staging method used
in this study relies on measurement of either kioeleeel length or foot length. While

this method has been validated, the resolutioresfagional age in weeks may lead to
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minor discrepancies in precise staging. It is tfueeelikely that the sample (1/5)
which displayed electrical activity at EW14 in resge to stimulation, may represent
late stage EW14/EW15 tissue. Interestingly, spardas C&' oscillations were not
resolved in the human ENS specimens examined.dugunvestigations in murine
gut samples suggest that spontaneous calciumeraasiccur from E11.5-E15.5,
which can propagate to neighbouring ENCC. This sgmeous calcium activity
appeared to be a transient phenomenon, as sughyastas not observed in either
E10.5 or E16.5 tissu8.Given that this transient activity in mice commesirior to
full colonization of the gut and then ceases sh@fier ENCC have completed their
rostrocaudal migration along the length of the gus, likely that spontaneous
calcium activity was not observed in human specsrare to the time-frame of our
current study, as complete colonization of the huigua has been shown to occur by
approximately EW?7.

The finding that inhibitory neuronal subtypes ie tolon, including nNOS
and VIP, appear to arise at approximately EW14 afteitatory neuronal subtypes
(VAChT and Sub P), suggests that there is an egtepdriod of neuronal modulation
after ENCC colonization. Notably, in murine stud@sAT" neurons were found to
develop within the colon from E148whereas nNOSheurons have previously been
shown to arise between E12dnd E13.5 (E11.5 + 48-hour cultufé)The reasons
behind the contrasting findings in terms of neutdmmdh-dating are unclear.
Unfortunately, in our hands, various immunohistadagassays using ChAT
antibodies in human gut tissue proved unsuccedswever, complexities in the
transcriptional and post-transcriptional regulatdiChAT and VAChT may account
for the different timings observed in the two spst? Our finding that synaptic

proteins are expressed at EW12, several weeksebtferonset of coordinated
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activity, suggests that while physical expressibgsymaptic proteins exist within the
human ENS by the end of the first trimester, furthedulation and refinement of the
mechanisms involved in neuronal excitability ocaarghe following weeks to allow
coordinated, networked activity by EW16. Interegtyn we show that acetylcholine
stimulation, at EW14, did not elicit compound aatien of the presumptive EN&nd
that blockade of nicotinic acetylcholine receptar&W16 did not block stimulation-
induced C&' transients in the fetal ENS. Thus, this suggéststioth synaptic and
postsynaptic nicotinic specializations are noti@aitfactors in the development of
evoked calcium activity in the early human ENS.

Previous studies have suggested that neural gathal act to influence ENS
wiring.'” *¥During mouse development, neurons transition firmstive to action
potential (AP) firing with increasing voltage-gateadium channel expression and
increasing N&current density’ All embryonic action potentials in murine neurdms
this study appeared to be TTX-sensitive. Similaryur current study, coordinated
firing of enteric neural networks upon stimulatanEW16, were TTX-sensitive.
Taken together, this suggests that a similar deweémtal pattern may be responsible
for AP firing in early human fetal gut. The requiarent for coordinated firing of the
human ENS relatively early in gestation remaindearc Whilst there is accumulation
of meconium within the fetal human gut at earlygst fully developed motor
patterns are not established until well into pagahdevelopment.® Therefore,
further studies will be required to establish htw tlevelopment of ENS activity in
the human gut influences not only neural develogrpemnse, but the impact on
associated cell types within the neuromuscular gy which ultimately dictate

motility.
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We conclude that this study provides critical evicke describing the birth-
dating of neuronal subtypes and the subsequenigemes of coordinated electrical
activity in the human ENS, and thus may providéasfgrm for future studies to
understand the developmental and pathophysiologasik of enteric neuropathies in

the human gastrointestinal tract.
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Figures L egends

Fig 1. Development and maturation of the enteric neur@uasure in the human
fetal colon.

(a-c) Representative cryosection images at EW12 (a) £W)lLand EW16 (c)
demonstrating the expression of TuJ1 (red), SM2&efr) and DAPI (blue). Tud1l
neurons were identified within the myenteric plexaisows) and within the
submucosal region (arrowheadskfj High power images of EW12 (d) EW14 (e)
and EW16 (f) demonstrating the expression of Tudd)( SM22 (green) and DAPI
(blue). TuJdI neurons were identified within the myenteric plexarrows) between
the other longitudinal musclé)(and inner circular musclé)(layers together and

within the submucosal region (arrowheads). Scals, B&m

Fig 2. Development and maturation of the enteric glithenhuman fetal colon.

(a-f) Representative cryosection images at low (a-egdiom (d-f) and high power (g-
i) at EW12 (a,d,g) EW14 (b,e,h) and EW16 (c,f,ipastrating the expression of
TuJ1 (red), S100 (green) and DAPI (blu@)d(g) At EW12, S100 glial cells were
identified within the myenteric plexus (arrows)igolation, with little co-expression
of TuJl1. p,eh) At EW14, occasional and weak co-expression of S@DTuJ1l was
observed within myenteric ganglia (arrows) andhie submucosal layer
(arrowheads). Weak S100 expression was also olukasva diffuse layer on the
serosal surface. (c,f,i) At EW16, discrete S10@lia (arrowheads) and TuJ1l
neurons (arrows) were observed within myenterigja and in the submucosal

plexus. Scale bars, pth (a-f), 25um (g-i).
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Fig 3. Birth-dating of neuronal subtypes within the hunfetal colon.

(a-c) Representative immunofluorescent images demdmgjraxpression of TuJ1
(red), VAChT (green) and DAPI (blue). At EW12 (a@)}expression of TuJ1 and
VACHhT was observed within the myenteric plexusqas) alone. At EW14 (b) and
EW16 (c) co-expression was observed in the myenpdexus (arrows) and in the
submucosal region (arrowheadskfj At EW12 (d) co-expression of TuJ1 and Sub P
was observed within the myenteric plexus (arrod@@ However, robust co-
expression was observed in the myenteric plexuswa) and in the submucosal
region (arrowheads) at EW14 (e) and EW16 i) (At EW12 (g), expression of
NNOS was not observed alongside TuJ1 in any regpooss the gut wall. At EW14
(h) co-expression of NNOS and TuJ1 was restricie¢bdeé myenteric plexus (arrows).
TuJI neurons were observed in the submuscosal regiemaixig into the villus
crypts. These TuJIneurons did not express nNOS. At EW16 (i) nNM8 TuJ1 co-
expression was restricted in the myenteric plean®ys) with little nNOS co-
expression in TuJIneurons throughout the remaining gut wall (arrcadsd. -1)
TuJ1 expression was found in the myenteric plexwlssparsely in the submucosal
region at EW12 (j) in the absence of VIP stainlAgEW14 (k) co-expression of
NNOS and TuJ1 was observed in the myenteric pléatusws) and the submuscosal
region and extending into the villus crypts (arr@ats). At EW16 (I) robust nNOS
and TuJ1 co-expression was present in the myergkxxcs (arrows), the
submuscosal region, and extending into the villypts (arrowheads). Scale bars,

50um
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Fig 4. Induced calcium activity in the human fetal colon.

(a-c) Representativeonfocal z-stacks of wholemount colonic preparatidn EW12
(a), EW14 (b) and EW16 (c) wholemount colonic pragians showed robust TuJ1
neural networks at the level of the myenteric ptexwithin the myenteric plexus
TuJI neurons were observed in complex anastomosingonietvwith ganglia-like
structures (arrows) and interganglionic neuronaheations (arrowheadsy-f)
Wholemount preparations loaded with Fluo-4AM cateivndicator. ¢-i)
Represenative pseudo-coloured images at t=0s inZH@J1EW14 (h) and EW16 (i).
(-I) Representative pseudo-coloured images at t=#2s ahectrical stimulation, in
EW12 (g), EW14 (h) and EW16 (i) preparations. Arsawpresent regions of interest
(ROI) shown in representative traces belaw) Representative traces of calcium
activity in ROI's indicated in (g-1), magenta arraepresents time of stimulation.
Note the absence of any induced calcium transieB¥v¥12 and EW14 colonic
preparation. In contrast, calcium transients wérseoved upon stimulation in EW16
preparations.n) Summary data showing peak stimulation-inducedigal activity
(AF/FO) in EW12 (grey bar; n=3), EW14 (blue bar; naByl EW16 (red bar; n=3)
colonic preparations. ** denotexB.01 by Tukey testof Summary data showing
peak stimulation-induced calcium activiyH/FO) in EW16 colonic preparations in
control conditions (solid red bar; n=3) and aftgplécation of UM TTX (hashed red

bar; n=3). ** denotes £0.01 by Student’s t-test.

Fig 5. Synaptic protein expression and functional postpyio specialization in the

human fetal colon.
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(a-c) Representative high power immunofluorescent irmagdeolonic cryosections at
EW12 (a), EW14 (b) and EW16 (c) demonstrating tt@aession of TuJ1 (red),
Synaptophysin (SYP, green) and DAPI (blue). (ap¥®12 co-expression of TuJ1l
and synaptophysin was observed within gangliadikectures of the myenteric
plexus (arrows).ld,c) At EW14 and EW16 co-expression of TuJ1 and syoaptsin
was observed within the myenteric plexus regioro(as) and within the submuscosal
region (arrowheads). Scale barsuB0 (d-h) Representative activity of EW14 fetal
colonic tissue in the presence of acetylecholipg)land high K. (d,e) Pseudo-
coloured images of calcium activity within the pragptive ENS at t=0s (d) and t=22s
(e), after application of acetylecholineu{). (f,g) Pseudo-coloured images of
calcium activity at t=0s (f) and t=22s (g), aft@péication of high K. Arrows
represent regions of interest (ROI) shown in regmegive traces shown in fn)(
Representative traces of calcium activity in RGidicated in (d-g), magenta arrow
represents time of pharmacological applicatiom) (Representative pseudo-coloured
images of calcium activity within the ENS at t=0&laafter electrical stimulation, at
t=27s in control conditions (krebs; i,j), in theepensce of hexamethonium (00,

k,l) and after the application of TTX|iM; m,n). Arrows represent regions of interest
(ROI) shown in representative traces shown impRepresentative traces of calcium
activity in ROI's indicated in (i-n), magenta arrgepresents time of electrical

stimulation.
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Fig 6. Representative gene expression heat-plot for catelgenes in the human fetal
colon.

Heat-plot based on RNA-seq analysis (lenient arafysrameters) (left) of individual
fetal colon samples, showing gene expression @gHE\W12, EW14 and EW16 [low
relative expression (red) and high relative expoes@reen)]. Average expression by
time-point (right) shows directionality of expressifrom lower expression (red) to
higher expression (green). Significant changesmegexpression represent FDR

values< 0.05.

Fig 7. qRT-PCR analysis of candidate gene expressitimeimuman fetal colon.

(a) Quantification of candidate ion channel gengression in EW12 (grey bars),
EW14 (blue bars) and EW16 (red bars). (b) Quasatifon of candidate gene
expression for markers for enteric neurons andiglE&W12 (grey bars), EW14 (blue

bars) and EW16 (red bars).
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Supplementary Fig. 1.Development of VAChTneurons in the human fetal colon.

(a-0) Representative high-power immunofluorescent irmatmmonstrating expression of
TuJ1 (red), VACHhT (green) and DAPI (blue) in thereleping fetal colon. At EW12 (a),
EW14 (b) and EW16 (c) co-expression of TuJ1 and WA@as observed in numerous cells
at the level of the myenteric plexus (arrows). ddigion, TuJI cells not expressing VAChT

were observed (arrowheads). Scale bargn25
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Supplementary Fig. 2.Development of Sub’meurons in the human fetal colon.

(a-0) Representative high-power immunofluorescent irmatmmonstrating expression of
TuJ1 (red), Sub P (green) and DAPI (blue) in theetping fetal colon. At EW12 (a), EW14
(b) and EW16 (c) co-expression of TuJ1 and SubPolasrved in cells within ganglia-like
structures at the level of the myenteric plexusofas). In addition, TuJ1cells not

expressing Sub P were observed (arrowheads). Baede2fm.
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Supplementary Fig. 3.Development of nNOSheurons in the human fetal colon.

(a-0) Representative high-power immunofluorescent irmatmmonstrating expression of
TuJ1 (red), nNOS (green) and DAPI (blue) in thedlieping fetal colon. At EW12 (a), TuJl
expression was observed alone with no evidenc&@Shexpression. At EW14 (b) and
EW16 (c) co-expression of TuJ1 and nNOS was obdarveells within-ganglia like
structures at the level of the myenteric plexusofas). In addition, TuJ1cells not

expressing NNOS were observed (arrowheads). Saede 2pum.
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Supplementary Fig. 4.Development of VIPneurons in the human fetal colon.

(a-0) Representative high-power immunofluorescent irmatmmonstrating expression of
TuJ1 (red), VIP (green) and DAPI (blue) in the depeng fetal colon. At EW12 (a), TuJl
expression was observed alone with no evidencdPfeXpression. At EW14 (b) and EW16
(c) TuJdT cells, at the level of the myenteric plexus, walsserved displaying punctate VIP
expression (arrows). In addition, TiXells not expressing VIP were observed (arrowheads

Scale bars, 38n.



and

Neurons|
Glia

Voltage-gated Sodium Channels

Voltage-gated
Potassium
Channels

Semaphorins

Synaptic
Genes

ACCEPTED MANUSCRIPT

(1) Z1m3
(2) zim3
(€) zim3
(1) ¥im3
(2) ¥im3
(€) ¥Im3
(1) 91m3

AWE

vIM3

9LM3

(2) 913

() 9im3a

Name

CHAT
NOS1
GFAP
SCN1A
SCN2A
SCN3A
SCN4A
SCN5A
SCN7A
SCNB8A
SCN9A
SCN10A
SCN11A
SCN1B
SCN2B
SCN3B
SCN4B
KCNQ1
KCNQ2
KCNQ3
KCNQ4
KCNQ5
KCNA2
KCNC4
SEMA3A
SEMA3B
SEMA3C [

SEMA3D

SEMASE
SEMA3F

SEMA3G

SNAP25

SYN1

SYN2 L]
SYN3

SYT1

=

Supplementary Fig. 5.Representative gene expression heat-plot for cateligenes in the

human fetal colon.

Heat-plot based on RNA-seq analysis (stringentysiaparameters) of individual fetal colon

samples, showing gene expression (left) at EW12]1&£@hd EW16 [low relative expression

(red) and high relative expression (green)]. Averagpression by time-point (right) shows



directionality of expression from lower express(ogd) to higher expression (green).

Significant changes in gene expression represeRt ¥ues< 0.05.



Supplementary Table 1.

Gene Relative Expression + SD) P value
EW12 | EW14 | EW16

SCN2A | 0.004+| 0.005+| 0.005+| 0.888
0.004 | 0.005 | 0.003

SCN3A | 0.009+| 0.010+| 0.013+| 0.433
0.004 | 0.006 | 0.006

SCN5A | 0.002+| 0.006+| 0.003+| 0.128
0.002 | 0.005 | 0.002

SCN8A | 0.003+| 0.012+| 0.006+| 0.233
0.001 | 0.015 | 0.003

SCN9YA | 0.026%| 0.040+| 0.056+| 0.056
0.013 | 0.025 | 0.019

KCNQ2A | 0.001+| 0.003+| 0.002+| 0.228
0.001 | 0.003 | 0.001

KCNQ3A | 0.001+| 0.003+| 0.002+| 0.305
0.001 | 0.003 | 0.002

nNOS 0.003+ 0.013+| 0.008+| 0.112
0.002 | 0.013 | 0.002

VAChT | 0.002+| 0.004+| 0.003+| 0.591
0.002 | 0.005 | 0.002

TAC-1 | 0.276%| 0.189+| 0.713+| 0.563
0.553 | 0.335 | 1.401

VIP 0.757+| 0.908+| 2.559+| 0.080
0.632 | 0.376 | 2.333

S100B | 0.2174 1.279+| 0.469+| 0.101
0.110 | 1.420 | 0.182

SYN1 0.004+| 0.004+| 0.006x| 0.649
0.006 | 0.003 | 0.003

SEMA3A | 0.057+| 0.113+| 0.101+| 0.237
0.010 | 0.080 | 0.058

Supplementary Table 1. Analysis of candidate gene expression in the mufatl colon.
Comparison of the relative expression (mA&T valuet SD) of candidate genes in the
human fetal colon at EW12, EW14 and EW16 as andlpggegRT-PCR. P values were

calculated by Student’s t-test



Supplementary Table 2. Primary Antibodies used fotmmunohistochemistry

PRIMARY ANTIBODY CONCENTRATION COMPANY
Mouse anti-TuJ1 1:500 Biolegend
Rabbit anti-TuJ1 1:500 Biolegend
Rabbit anti-SM22 1:1000 Abcam
Mouse anti-S100 1:100 Abcam
Goat anti-VAChT 1:200 ThermoFisher Scientifi
Rabbit anti-nNOS 1:400 Invitrogen
Mouse anti-Sub P 1:100 R&D Systems
Sheep anti-SNAP 25 1:200 R&D Systems
Mouse anti-Synaptophysin 1:250 Serotec

Supplementary Table 3. Secondary Antibodies usedfémmunohistochemistry

SECONDARY ALEXA CONCENTRATION COMPANY
ANTIBODY FLUOR

Goat anti-mouse 488 1:500 Invitrogen

Goat anti-mouse 568 1:500 Invitrogen

Goat anti-rabbit 568 1:500 Invitrogen
Donkey anti-goat 488 1:500 Invitrogen
Donkey anti-sheep 488 1:500 Invitrogen

DAPI 1:1000 Sigma

O



Supplementary Table 4. Primers used for gRT-PCR

Gene Primer (5-3’)
SCN2AF TCCATGGAATTGGTTGGATT

| SCN2AR [ TTGTTTTCAATGCTCGGAGA
SCN3AF TTCCTCTGGAAGGCAAAGAG

| SCN3AR | AACCATGCATCACAGCAGTC
SCNSAF CTCACCAACTGCGTGTTCAT

| SCNGAR | CCTCGAGCCAGAATCTTGAC
SCNSAF TGTGTGGCCCATAAACTTCA

| SCNBAR | GCATCAGAACTGTTCCCACA
SCN9AF CCCAACCTCAGACAGAGAGC

| SCN9AR | TGGAGAGCAATTCCAGATCA
KCNQ2F TCGTGCTGTCTGTGTTTTCC

| KCNQ2R | ATCCGCACGAAGTACTCCAC
KCNQ3F ATTCTGGCTGTCCTGACCAC

| KCNQ3R | ACTCGGCTCCAAAGATGAAA
nNOSF ACAGTCCCCCACAAAGAATG

| NNOSR | GGAGCCCATGCAGATGTACT
SEMA3AF  AAGGGATCAGCCGTGTGTAT

| SEMA3AR | CCTTGATAAGGCACCCATTG
SYN1F GCCAATGGTGGATTCTCTGT

| SYNIR | AACTGCGGTAGTCTCCGTTG
VIPF GCTCCTTGTGCTCCTGACTC

| VIPR | GGTTCATTTGCTCCCTCAAA
TACIF TGTTGGACTAATGGGCAAAA

| TACIR | TGTTGGACTAATGGGCAAAA
VAChTF ACTATGCGGCCTCTGTTTTG

| VAChTR | AATAGGAGATGTCGGCGATG
S100BF ATTCTGGAAGGGAGGGAGAC

| S100BR | TCCACAACCTCCTGCTCTTT
ACTBF AACCGCGAGAAGATGACCC

| ACTBR | GCCAGAGGCGTACAGGGATAG
GAPDHF = CGACCTTCACCTTCCCCAT

| GAPDHR | TAAAAGCAGCCCTGGTGACC




Supplementary Materials and Methods
Immunohistochemistry
Wholemount immunohistochemistry was performed ¢al folonic segments after excision
and removal of the mucosa by sharp dissectioniasuds were fixed in paraformaldehyde
(4% wiv in 0.1 mol [* PBS for 45 min at 22°C), washed for 24 h in PB®1amol L}, pH
7.2 at 4°C), blocked for 1h (0.1 mot'lPBS containing 1% Triton X-100, 1% BSA) and
incubated in primary antibody (diluted in 0.1 mét BBS containing 1% Triton X-100, 1%
BSA, Supplementary Table 2) for 48h at 4°C. Immeactivity was detected using the
secondary antibodies listed in Supplementary Tal§le500 in 0.1 mol I PBS, 1 h at room
temperature). Before mounting, tissues were wagh@odughly in PBS (0.1 mol'L PBS for
2h at 22 °C).

For cryostat sections, colonic tissues were fixegaraformaldehyde (4% wi/v in 0.1
mol L'* PBS for 45 min at 22°C) after excision, washed#h in PBS (0.01 molt, pH 7.2
at 4°C), cryoprotected in 0.1 mof'lPBS containing 30% sucrose (24h at 4°C) and
embedded in gelatin (7.5% w/v in 0.1 mét PBS containing 15% sucrose). Subsequently
tissues were frozen at -65°C in isopentane anedtair-80°C. Frozen, embedded samples
were sectioned serially (2f) using a Cam 1900 UV Cryostat (Leica Microsysteis)
and slides stored at -20°C for further processing.
For cryosection immunohistochemistry, slides wéi@nmed and heated to 37°C in 0.01 mol
L™* PBS for 20 min to remove excess gelatin. Tissuee post-fixed in paraformaldehyde
(4% wiv in 0.1 mol [* PBS for 10 min at 22°C), washed 3 x 20 min in RB®1 mol L,
pH 7.2 at 4°C), blocked for 1h (0.1 mol*IPBS containing 1% Triton X-100, 1% BSA).
Tissues were incubated in primary and secondarijp@iy as described above. Before
mounting, sections were washed thoroughly in PBS$ ol L* PBS 3 x 20 min at 22 °C).

Control tissues were prepared by omitting primargexondary antibodies.



Tissues and sections were examined using a LSM7&ta Monfocal microscope
(Zeiss, Germany). Wholemount confocal micrograpbsevdigital composites of the Z-series
of scans (0.pm optical sections) and confocal micrographs obstgt sections were single

plane images. Final images were constructed udiHg6ftware®

Calcium imaging

Fetal intestinal samples were obtained as prewodskcribed and calcium imaging was
performed as previously publishéd.Briefly, tissues were immersed in previously
oxygenated (95% oxygen/5% carbon dioxide) Krebatsni (in mM: 120.9 NaCl, 5.9 KCl,
1.2 MgCl2, 2.5 CaCl2, 11.5 glucose, 14.4 NaHCO3aadNaH2P0O4). After excision of the
colon and removal of the mucosa by sharp dissetigsne were flipped serosal side up and
strips of the longitudinal muscle were removed bgrp dissection to reveal the underlying
myenteric plexus. Colonic preparations were pintghtly, serosal side up, in a Sylgard-
lined chamber. Tissues were then loaded with therdiscent C& indicator Fluo-4AM
(ThermoFisher Scientific; jgM) and Cremophor EL (Fluka Chemika, Buchs, Switnedl
0.00001%) in Krebs solution at room temperature &% minutes with continuous
oxygenation. After loading, tissues were washedl@2xnin, Krebs) prior to imaging.
Subsequently, the myenteric plexus was identified déve fluorescence imaging was
performed on an Olympus BX51 microscope equippeth wai 20x water dipping lens
(XLUMPIanFL N, NA 1, Olympus Europa), and an EMCECBmera (iXon Ultra 897, Andor
Technology,). Fluo-4 was excited at 470nm usingOgrtoLED (Cairn Research Limited),
and fluorescence emission was collected at 525/50nmages (512X512 pixels were
acquired at 2 Hz. Electrical train stimulation (2 20 Hz of 300us electrical pulses;
Electronic stimulator 1001, AD instruments) was laggbvia a platinum/iridium electrode

(tip diameter 2-4um, World Precision Instrumenfdgced directly onto internodal strands



within the presumptive myenteric plexus the at stasice of 200m from the center of the
field of view. Electrical point stimulation was dmal as described above, and images were
collected using OptoFluor software (Cairn Reseaiohited). Post-acquisition analysis was
performed in FIJf> Movement artefacts were removed by registeringrtfege stack to the
first image using the StackRef plugthRegions of interest (ROI) of approximately 28
were drawn on ganglia-like structures or intergemmyt strands within the presumptive
myenteric plexus. Subsequently, fluorescence iitiemss normalised to basal fluorescence
for each ROIAF/F0), and peaks analysed. To evaluate statigtiffatences between groups
5 ROI's, chosen at random from across the preswueptiyenteric plexus, were analysed

from each individual fetal colon sample. Final iraagvere constructed using FIJI softwire.

RNA sequencing analysis

CLC-Bio (Qiagen, Venlo, The Netherlands) was usgdtibsequent quality control
assessment, read trimming, alignment to the NCBIN3sapiens reference genome,
transcript quantification and differential expressanalysis. Reads were aligned using the
following settings: mismatch cost 2, insertion/diele cost 3, length fraction 0.8, similarity
fraction 0.8, alignment to gene regions only. Rhmneads were counted as one. Trimmed
mean of M value§=°was used to normalize for sequencing depth asas®les. Counts per
Million (CPM) values were calculated for each gerentered and scaled to unit-variance.
Expression values were counted as total countfRkaads Per Kilobase of exon model per
Million mapped reads (RPKM. RPKM values were used for sample gene expression
comparison and pathway enrichment analysis. Difitsseexpression was calculated
between groups, using the individual replicatestipee-point as a group. The CLC-BIO
Generalized Linear Model and Wald test were usetlsiatistical model to test between

groups.



Candidate gene expression evaluation

Two types of output were generated. One in whiclisevere allowed to map to more than
one location (lenient analysis) and another in Whie only allowed uniquely mapped reads
(stringent analysis). Lenient analysis was usediifberential analysis and stringent
alignment was used to validate the specificityhef €xpression of paralogous genes of
interest (Sodium Voltage-Gated Channel Alpha SuisuSiodium Channel Epithelial Beta
Subunits, Synapsins and Semaphorins). When evaduexipression, we considered a gene to
be “expressed” if it had an average CPM valuedfor all genes across triplicates,
“uncertain” when CPM values were between 1 andd2“ant expressed” if the average CPM
value was below 1. If embryological stages diffeseghificantly (FDR< 0.05), we

considered the direction of the change to be tfumt we could not determine the
directionality of the change using RNA-sequenciRgw data and the output of the lenient
and stringent alignments, including CPM, total asu®RKPM, TPM and statistics are
available at the Gene Expression Omnibus datalpes (/www.ncbi.nlm.nih.gov/geo/),

under the accession number GSE111307.

Causal network analysis using IPA

Differently expressed genes (FBF0.05) with a fold change 1.5 and a RPKM group mean
>1 were uploaded to Ingenuity Pathway Analysis ¢@ra Venlo, The Netherlands) for
downstream pathway analysis. The causal networdlysia algorithm embedded in the
Ingenuity Pathway Analysis tool was used to infeuse—effect relationships from the gene
expression data resuftsAs thresholds for significance we used a P val0e05 and a Z-

score of 2.



