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The enteric nervous system is thought to originate solely from the neural crest. Transgenic lineage tracing
revealed a novel population of clonal pancreatic duodenal homeobox-1 (Pdx1)-Cre lineage progenitor cells in
the tunica muscularis of the gut that produced pancreatic descendants as well as neurons upon differentiation in
vitro. Additionally, an in vivo subpopulation of endoderm lineage enteric neurons, but not glial cells, was seen
especially in the proximal gut. Analysis of early transgenic embryos revealed Pdx1-Cre progeny (as well as Sox-
17-Cre and Foxa2-Cre progeny) migrating from the developing pancreas and duodenum at E11.5 and

contributing to the enteric nervous system. These results show that the mammalian enteric nervous system
arises from both the neural crest and the endoderm. Moreover, in adult mice there are separate Wnt1-Cre
neural crest stem cells and Pdx1-Cre pancreatic progenitors within the muscle layer of the gut.

1. Introduction

The enteric nervous system (ENS) provides an intrinsic innervation
of the gastrointestinal tract and controls the peristaltic and secretory
functions of the gut wall (Bayliss and Starling, 1899). The mammalian
ENS is composed of several neuronal subtypes and enteric glia
organized in ganglionic plexi (the myenteric (Auerbach's) and sub-
mucosal (Meissner's) plexi (Furness and Costa, 1980). Anatomically,
the submucosal plexus (SP) is situated throughout the submucosal
space between the circular muscle layer (CML) and the gut epithelium
itself, whereas the myenteric plexus (MP) is located between the
circular and longitudinal muscle layers (LML) of the tunica muscularis
(TM) (Costa et al., 2000) (Fig. 1A). In the mammalian intestine most
enteric neurons involved in the regulation of gut motility are located in
the MP, whereas submucosal neurons primarily regulate secretion and
vascular tone (Costa et al., 2000). Considerable evidence has shown
that the mammalian and avian ENS originate from ectodermal neural
crest (NC) cells (Yntema and Hammond, 1954; Le Douarin, 1969; Le
Douarin and Dupin, 1993; Durbec et al., 1996). In early embryogenesis
NC cells migrate throughout the developing embryo, reach the devel-
oping gut at E9.5 in mice and begin to form ENS (Durbec et al., 1996),
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although the gut contractions that are seen first at E13.5 in mouse are
of myogenic origin only (Roberts et al., 2010).

Similarities between pancreatic pB-cells and neurons have been
noted since the end of the last century (Pearse, 1982), and pancreatic
endocrine cells were suggested in some early studies to be of NC origin
(Pearse and Polak, 1971). Nevertheless, several transplantation and
lineage tracing experiments have demonstrated clearly the endodermal
origin of the pancreas (Pictet et al., 1976; Andrew et al., 1983, 1998;
Fontaine and Le Douarin, 1977; Jonsson et al., 1994). The established
concept of the ectodermal origin of neural cells has been challenged by
observations of unexpected patterns of neurogenesis in non-vertebrate
organisms; some of the foregut neurons of the sea urchin develop from
the endoderm and the ENS of the sea anemone is generated by both
ectoderm and endoderm (Wei et al., 2011; Nakanishi et al., 2012).
Endodermal neurogenesis in mammals was first suggested by the
isolation of single, rare stem cells from the adult mouse pancreas, that
gave rise to differentiated pancreatic cell types, as well as to separate
neuronal progeny, in vitro and in vivo (Seaberg et al., 2004; Smukler
et al., 2011). Indeed, evolutionary hypotheses suggest that at least
portions of both the neuronal and pancreatic developmental programs
are controlled by the same master transcription factor regulators
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Fig. 1. Different size colonies with distinct development potentials are
formed by progenitors residing in the TM of adult gut. (A) Immunostaining
for neurofilament (NF) in adult intestine shows the topography of the ENS: a neuron in
the SP (submucosal plexus) is indicated with an arrowhead and in the MP (myenteric
plexus) with an arrow. TM (tunica muscularis), LML (longitudinal muscle layer),
CML (circular muscle layer). (B) Microphotography of the TM surgical dissection. The
dissection isolates specifically the longitudinal muscle layer and myenteric plexus layer of
the TM. (C) Gut TM contains multipotent cells that form spheres with different
diameters. (D) Analyses of the frequencies of clonal sphere numbers (per 7000 cells
after 7 days of culturing) from separate Pdx1-Cre and Wnt1-Cre mouse lineages in the
TM from throughout the gut (as well as spheres not accounted for by either lineage;
YFP- in the case of each of the separate transgenic mouse strains) in small and large
diameter bins. Data represent means + SEMs, n = 3 mice per stain with 72 wells counted
for each strain (from 24 well plates). (E - J) Immunohistochemistry analysis of
development potential of TM-derived spheres (E - G) 50-200 pm diameter spheres
reveals that they can be induced to differentiate into cells that express specific markers
normally associated with neural crest progeny: (E) SOX10 expressing cells, inset shows
single red channel, (F) GFAP+ glial cells (red), (G) peripherin+ neurons (green).
(H-I) 20-50 um diameter spheres produce cells that can be induced to differentiate
into cells that express specific markers normally associated with pancreatic cell type
progeny: (H ) PDXl-expressing cells (red), (I ) amylase+ cells (red) as well as
BIII-tubulin+ (green) neuronal progeny, (J) c-peptide+ cells (red) (I,J). Cell nuclei were
counterstained with Hoechst stain (blue). Scale bars: (A,E,H,I)=20um, (B)=1cm,
(C) =150 pm, (F,J) =100 um, (G) =50 pm.
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(Arntfield and van der Kooy, 2011), such as Pax6, Pax4, Isl1, NeuroD/
2, Nkx2.2 (Edlund, 2002), Islet-1, Hb9 (Vult von Steyern et al., 1999).

Adult stem cells are usually limited to producing the cell types of
their tissue of origin, and represent unique systems for studying the
processes of development. However, given that endodermal-derived
pancreatic stem cells give rise to such presumed ectodermal derivatives
as neurons, we asked whether any neurons of the mammalian ENS also
might be derived from the endoderm. Taking advantage of genetically
defined lineage tracing approaches, we found that the TM of the adult
mouse gut contains previously unidentified clonal multipotent pro-
genitor cells from the pancreatic lineage, as well as pancreatic lineage
marked neurons. Due to the limited self-renewal potential of this new
population of pancreatic-derived multipotent cells in vitro, we consider
them to be progenitors (Seaberg and van der Kooy, 2003). These
findings lead to the surprising conclusion that the ENS arises from both
NC and endoderm sources that may share similar developmental
programs.

2. Materials and methods
Mice used in this from D.Melton, now available from Jackson;

RRID: IMSR_JAX:02968), Wntl-Cre (gift from A. McMahon), Rosa-
YFP/R26R-EYFP (Jackson labs; RRID: IMSR_JAX:006148), Pdx1™ox/

Flox; RRID: IMSR_JAX:030177, CD1 (Charles River; RRID:
IMSR_CRL:22), Foxa2t™m?l(cre/EstMoon/J(jackson  labs; RRID:
IMSR_JAX:008335), Sox17-2A-iCre (abbreviated as Sox17-Cre;

MGI:4418897), ROSAmMT/mG (MGI: RRID: IMSR_MGI:4418909),
Rosa-CAG-TdTomato/Ail4 (abbreviated as TdRed, Jackson labs;
RRID: IMSR_JAX:007914). Mice homozygous for the floxed Pdx1
allele were generated as previously described (Chen et al., 2009).

2.1. Tamoxifen administration

99mg of tamoxifen (Sigma) was dissolved by sonication in a
solution of 100 ul of ethanol (Sigma) and 1ml of peanut seed oil
(Sigma). The solution was kept in a ~50°C water bath during
preparation and prior to administration to avoid precipitation. 50 pl
doses of this solution were administered to pregnant mothers by oral
gavage. All animal studies were approved by the Office of Research
Ethics and Animal Care Committee at the University of Toronto. For
staging, embryos were assumed to be 0.5 dpc at noon on the morning a
vaginal plug was found.

2.2. Cell culture

Isolation of enteric precursor cells was performed separately for
duodenum, ileum and colon of 10-weeks old mice as previously
described (Schéfer et al., 1997; Estrada-Mondaca et al., 2007).
Briefly, the longitudinal muscle layer was lifted carefully and separated
from underlying circular muscle and mucosal layers along one end of
the gut segment by teasing the layers apart with fine tweezers to avoid
excessive stretching. In many of the gut segments, the outer muscle
layer could be peeled off like a sleeve. This micro-dissected tissue
contained longitudinal smooth muscle sheets with the attached myen-
teric ganglia. These longitudinal muscle and myenteric ganglia portions
of the TM segments then were incubated in 0.025% trypsin/EDTA
(Gibco,25300-054) plus 1 mg/ml type 4 collagenase (Gibco) in Ca, Mg-
free HBSS for 30 min at 37°C and triturated with a small-borehole
siliconized pipette into a single cell suspension. The digestion was
quenched with two volumes of serum-free medium (see below). Larger
tissue segments were removed after a short period of sedimentation
and centrifugation was performed for 5 min at 200g and 20 °C. Cells
were counted using Trypan Blue exclusion and immediately plated at a
density of 7, 000 cells per well in 24 well plate (Corning) (7cells /1 ul)
in a volume of 1 ml defined SFM (Tropepe et al., 1999) containing
1x B27 (Gibco-BRL), 10 ng/ml FGF2 (Sigma), 20 ng/ml EGF (Sigma)
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and 2pg/ml heparin (Sigma) in 24-well uncoated plates
(BD Biosciences) for 1 week without moving to decrease the incidence
of non-clonal colonies (Coles-Takabe et al., 2008) It is important to
mention that in these culture conditions we found that 12 + 1.5% of TM
derived colonies were arising by multicellular aggregation (see below).

Following similar TM tissue segment isolations, other cells were
FACS sorted and plated on Matrigel for differentiation assays or for RT-
PCR (see below).

2.3. Clonal and non-clonal colony formation from TM of Pdx1-Cre x
Rosa-YFP mice

In order to estimate the proportions of YFP+ (Pdx1 lineage) versus
YFP- clonal spheres above, we rejected any wells that contained mixed
non-clonal spheres from all further experimental analyses. The
Pdx1-Cre progeny were generated exclusively by YFP+ clonal Pdx1
lineage spheres. Immunostaining with anti-GFP antibody (which
recognizes both GFP and YFP proteins) revealed the complete absence
of GFP staining in the cells differentiated from YFP- spheres, whereas
all of the cells from YFP+ spheres expressed reporter protein,
confirming the clonality of all of the analyzed samples (data not
shown). Further data supporting the hypothesis that the pancreatic
spheres take origin from single cells comes similar mixing experiments
employing marked and unmarked pancreatic cells, and from single cell
per well experiments where 0.03% of single pancreatic cells in 96 well
plates formed clonal spheres — a frequency close to the 0.02%
frequency of sphere forming cells when pancreatic cells were cultured
at 20 cells/pl. (Seaberg et al., 2004). Individual spheres were trans-
ferred to wells coated with Matrigel basement membrane matrix (0.6
mg/ml, Becton-Dickinson) in SFM containing 1% fetal bovine serum
and grown for an additional 1 week for the assay of differentiated cells.
For single sphere passaging individual colonies were dissociated with
Trypsin-EDTA for 5 min at 37 °C, 5min at room temperature, tritu-
rated with siliconized small-borehole glass pipettes and re-plated at the
indicated cell density in the SFM media (described above) for 1 week.

2.4. Fluorescence activated cell sorting (FACS)

Dissociated TM cells were sorted based on YFP expression with a
FACSAria System (BD Biosciences). Gating criteria for the analysis of
YFP-expressing cells were set according to the level of autofluorescence
of non-fluorescent controls from Rosa-YFP alone animals.

2.5. Immunohistochemistry

Gut tissue were fixed in 4% paraformaldehyde overnight and
equilibrated for 24 h in 30% sucrose. Samples were then embedded
in cryoprotectant (Ted Pella), sectioned (12—15pum thick) using a
Jencons OTF5000 cryostat, and mounted on Superfrost Plus slides
(Fisher Scientific). Staining was performed following microwave anti-
gen retrieval (Shi et al., 1993).

2.6. Whole-mount staining

The TM was removed from the gut epithelium and fixed in 4%
paraformaldehyde and dehydrated in an ethanol series. The tissue was
rehydrated and placed in distilled water. The muscle strips were rinsed for
15min in PBST and incubated in blocking solution overnight at 4 °C.
Incubation for 48—72h with primary antibodies followed, and the strips
were rinsed with the blocking solution for 3 h at 4 °C. Secondary antibodies
were applied overnight at 4 °C. The tissue was rinsed with blocking solution
(1X PBS/5% normal serum from the same species as the secondary
antibody /0.3% Triton™ X-100) overnight at 4 °C and stained with 0.1
ug/ml Hoechst dye for 5 min to visualize nuclei. The entire procedure was
performed with agitation. Finally, the TM was rinsed for 15 min in PBST
and mounted on microscope slides in glycerol-PBS for visualization.
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2.7. Antibody list

Anti-GFP,Mouse, monoclonal (1:100) Millipore [MAB3580, RRID:

AB_94936],; Anti-GFP,Rabbit, polyclonal (1:100), Invitrogen
[A-11122, RRID: AB_221569]; Anti-nestin,Mouse, monoclonal
(1:200), Millipore [MAB353, RRID: AB_94911]; Anti-SOX10,

Rabbit, polyclonal (1:150), Millipore [AB5727, RRID:AB_2195375];
Anti-GFAP (glial fibrillary acidic protein), Rabbit, polyclonal(1:400),
BTI [BT575]; Anti-peripherin, Rabbit, polyclonal, (1:500), Millipore
[AB1530, RRID: AB_90725]; Anti-PDX1, Rabbit, polyclonal (1:50),
Cell Signaling; Anti-PDX1 [5679, RRID: AB_10706174], Mouse,
monoclonal (1:50), DSHB [F6A11, RRID: AB_1157904], Anti-
amylase, Rabbit, polyclonal (1:500), Abcam [ab21156, RRID:
AB_446061]; Anti-C-peptide, Rabbit, polyclonal (1:200), Abcam
[ab14181, RRID: AB_300968]; Anti-tubulin isotype III (neuron
specific BIII-tubulin), Mouse, monoclonal (1:500), Sigma [T8660,
RRID:AB_477590]; Anti-MAP2 (microtubule associated protein),
Mouse, monoclonal (1:100), Millipore [MAB3418, RRID:
AB_94856]; Anti-GFAP (BTI575), Mouse monoclonal (1:200), Sigma
[G3893, RRID: AB_477010]; Anti-VIP (vasoactive intestinal peptide),
Rabbit, polyclonal (1:100), USBiological [V2115-01, RRID:
AB_2216418]; Anti-neuropeptide Y (NYP), Rabbit, polyclonal
(1:100), Sigma [N9528, RRID: AB_260814]; Anti-serotonin, Mouse
monoclonal (1:200), GeneTex [5-HT-H209, RRID: AB_792022]);
Anti- calretinin, Rabbit, polyclonal (1:50), Novus Biologicals [NBP1-
32244, RRID: AB_10003923]; Anti-TH (Tyrosine Hydroxylase),
Rabbit, polyclonal (1:800), Millipore [AB152, RRID: AB_390204];
Anti-NOS (Nitric Oxide Synthase), Rabbit, polyclonal (1:100), Novus
Biologicals [NB100-858, RRID: AB_2236048]; Anti-P75 NGF
receptor, Mouse monoclonal(1:150), Abcam [ab3125, RRID:
AB_303531]; Anti-NF (Neurofilament), Mouse monoclonal (1:200),
Millipore [MAB5266, RRID: AB_2149763]; Anti-S1008, Mouse
monoclonal (1:1000), Sigma [S2532, RRID: AB_477499], Mouse
monoclonal Anti-Smooth Muscle Actin, Sigma [A5228, RRID:
AB_262054]. Secondary Antibodies (Molecular Probes): AlexaFluor
405 Goat anti-Rabbit [A-31556, RRID: AB_221605], AlexaFluor 405
Goat anti-Mouse [A-31553, RRID: AB_221604], AlexaFluor 488 Goat
anti-Rabbit [A-11034, RRID: AB_2576217], AlexaFluor 488 Goat anti-
Mouse [A-11001, RRID: AB_2534069], AlexaFluor 568 Goat anti-
Rabbit [A-11011, RRID: AB_143157], AlexaFluor 568 Goat anti-
Mouse [A-11004] (RRID: AB_141371), AlexaFluor 647 Goat anti-
Rabbit [A-21245, RRID: AB_2535813], AlexaFluor 647 Goat anti-
Mouse [A-21325, RRID: AB_141693].

2.8. RT-PCR

Total RNA was extracted from single spheres using an RNeasy
extraction kit (Qiagen). RNA was quantified using NanoDrop ND-1000
spectrophotometer and converted to cDNA using superscript III
(Invitrogen), random hexamer primer (Fermentas) and oligo(dT)
primer (Fermentas) in a GeneAmp PCR System 9700 (Applied
Biosystems). PCR reactions were performed for 35-40 cycles.
Forward and reverse primers (5’-3’) and annealing temperatures were
as follows: GAPDH forward 5’-AACTTTGGCATTGTGGAAGG-3’,
reverse 5- ACACATTGGGGGTAGGAACA-3’(annealing temperature,
60 °C), Pdx1 forward 5- CGACATCTCCCCATACGAAGT-3’(annealing
temperature, 56 °C). Reactions included a negative control (no tem-
plate). Positive control tissue included freshly isolated adult mouse
islets (Seaberg et al., 2004; Smukler et al., 2011).

2.9. Microscopic observation and cell quantification

Imaging was performed using a Zeiss LSM510 confocal microscope
running software version 3.2 SP2 or an Olympus FluoView1000
confocal system running software version 2.0c and AxioVision v4.6
imaging software (Zeiss).
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All quantification of cells was performed using confocal slice
images. Images were enhanced using Paint-Shop-Pro software. All
changes in the images (merging/separation channels, modifications of
contrast, brightness, sharpening) were made evenly across the entire
field, and no features were removed or added digitally. All statistical
tests were performed using GraphPad Prism version 5.01. Statistical
comparisons were performed using analyses of variance (ANOVA) with
subsequent Bonferroni post-test tests for comparisons between groups.
The number of analyzed experiments (n) was > 3 mice, and data were
shown as means + SEMs, p < 0.05.

Time-lapse microscopy: The piece of gastrointestinal tract contain-
ing early duodenum and pancreatic bud from Pdx1-Cre x Rosa-YFP
E11.5 embryo was placed on a GS Millipore filter secured by silicone
grease in a 5 mm culture dish (Corning). The culture dish was filled
with DMEM/F12 media (Gibco-BRL) containing 2% B-27 supplement
(Gibco-BRL), 100 pg/ml penicillin, 100 pg/ml streptomycin, and 10%
fetal calf serum (Gibco-BRL). Media were covered with a layer of
mineral oil to prevent evaporation (Fisher Scientific, Pittsburg, PA).
The dish was placed on the heated stage of an inverted stage
microscope (Zeiss Axiovert 200 M live cell imaging system) and images
were taken with AxioCam HRm camera every 1h. The cells did not
show any evidence of phototoxicity, such as membrane blebbing.

3. Results

3.1. The TM of the adult mammalian gut contains a previously
unidentified population of multipotent PdxI-Cre lineage progenitors

Previous studies have shown that NC stem cells persist in the
postnatal mammalian gut (Kruger et al., 2002). These multipotent NC
precursors were isolated from the muscle layers, but never from the gut
epithelium (Kruger et al., 2002). We cultured dissociated cells from the
TM of proximal gut of 10 week old CD1 mice (Fig. 1A,B) in defined
serum-free media (SFM) (Tropepe et al., 1999) conditions at clonal
density (Coles-Takabe et al., 2008). Floating colony formation was
observed after 1 week (Fig. 1C). Single cells from dissociated gut tissue
itself (separated from the TM) did not form any spheres under the
same culture conditions. Although many of the colonies were morpho-
logically similar to brain or NC derived neurospheres (Seaberg and van
der Kooy, 2002; Estrada-Mondaca et al., 2007), a clear diversity in size
was observed (Fig. 1C). Further lineage tracing experiments (described
below) have confirmed the different development origins and fates of
the smaller (20—-50 pm) versus bigger (50—200 um diameter spheres
(Fig. 1D, Table 1). As expected, generation of cells that express markers
commonly produced in gut neural crest derivatives was observed upon
differentiation of the larger size (50—-200 um in diameter) colonies in
low serum on an adherent substrate (Table 1). These spheres gave rise
to cells that expressed SOX10 (the early NC marker found in the
embryonic gut (Young et al, 1999)) when put into differentiation
conditions (Fig. 1E). Additionally, generation of peripheral neurons
and glial cells (both are derivatives of NC stem cells) was observed in
differentiated cultures of 50—200 um spheres (Fig. 1F,G; Table 1). On
the other hand, the smaller diameter (20—50 pum) single clonal spheres
generated separate cell types that expressed either pancreatic or
neuronal markers (Seaberg et al., 2004) under identical differentiation
conditions (Fig. 1H-J), whereas bigger diameter spheres did not

Table 1
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generate any pancreatic descendants. Indeed, the lineage tracing
analyses below revealed that exclusively the small diameter
(20-50 um) spheres arise from the Pdx1 (Pancreatic and Duodenal
Homeobox 1)-Cre lineage. It therefore appears that large and small
spheres have differing lineage restrictions and potential fates.

3.2. Adult TM-derived Pdx1-Cre lineage progenitor cells are not of
NC origin

Pancreas development begins at embryonic day (E) 8.5-9 when
Pdx1 - expressing progenitors from the primitive duodenal level
epithelium start to give rise to the first pancreatic cells (Guz et al.,
1995; Edlund, 1999). At E 9-9.5 migrating NC cells reach the rostral
foregut and populate developing pancreatic buds (Young et al., 1998;
Young et al., 2003). To ask if multipotent clonal sphere forming
progenitors from the TM of the adult gut originated from the Pdx1
(pancreatic) or Wntl (neural crest) lineages, we performed lineage-
tracing experiments using Pdx1-Cre (Gu et al., 2002) or Wntl-Cre
(Danielian et al., 1998) mice crossed with the Rosa-YFP (Srinivas et al.,
2001) reporter strain. This system permanently labels cells that
currently are expressing or have expressed the mentioned markers.

Using Pdx1-Cre x Rosa-YFP transgenic mice we observed the
formation of YFP expressing smaller diameter spheres (20—50 pm)
and YFP-negative bigger diameter spheres (50-200 um) from the TM
of the adult duodenum, ileum and colon (Fig. 2A, Fig. 1D) after 1 week
of culture. The frequency of Pdx1-Cre lineage sphere formation was
significantly greater in the colon (Fig. 2B), which is the most distant
portion of the intestinal tract, than in the duodenum and ileum. YFP+
spheres represented significantly smaller portions of whole sphere
population than YFP- within each of these gut segments (Fig. 2B).
Surprisingly, this pattern is the opposite of that observed for differ-
entiated Pdx1-Cre lineage neurons, which have their highest frequency
in the duodenum (see below). Similar Wnt-1-Cre lineage tracing
experiments (to sample the neural crest derivatives) were performed
employing Wnt1-Cre x Rosa-YFP adult mice. YFP+50-200 um dia-
meter clonal spheres of Wnt1-Cre lineage were found in the cultures in
numbers and proportions similar to YFP negative spheres in the Pdx1
lineage tracing experiments (compare the yellow bars in Fig. 2D to the
white bars in Fig. 2B).

The frequency of Wnt1-Cre YFP negative spheres was higher than
the frequency of YFP+ spheres from Pdx1-Cre progeny (Fig. 2B,D).
There were no Wnt1-Cre lineage positive spheres amongst the smallest
(20-50 um) diameter spheres isolated from Wntl-Cre x Rosa-YFP
adult mice (Fig. 1D). Given the combined findings that no Wnt1 lineage
clonal spheres were seen among the smaller spheres and no Pdx1
lineage spheres were seen amongst the larger spheres, it seems that
28% of 20—50 pm and 20% of 50—200 um diameter spheres may arise
from neither of the Pdx1-Cre or Wntl-Cre lineages, respectively
(comparing these non-labeled percentages from the separate Pdx1
and Wntl1 lineage traced mice) (Fig. 1D). These non Pdx1-Cre and non
Wntl-Cre lineage spheres did not generate endoderm or exocrine
pancreatic progeny upon differentiation and may represent a different
sphere-forming precursor population, possibly mesoderm derived from
Myf5 lineage somites (Jinno et al., 2010). The highest frequency of
Wntl-Cre-lineage spheres was observed from the TM of the colon
(similar to Pdx1-Cre lineage colonies, see above); and NC clonal sphere

Comparison of the mean percentages of neural and pancreatic cell progeny generated from clonal spheres formed from FACS-sorted dissociated TM of Pdx1-Cre x Rosa-YFP mice.

Spheres formed from FACS-sorted dissociated TM of PDX1-positive cells

c-peptide-positive cells

amylase-positive cells  BIII-tubulin-positive GFAP-positive cells

Pdx1-Cre x Rosa-YFP mice cells
YFP+ spheres 6.2 + 1% 0.8 + 0.1% 3.2+ 0.7% 82 + 4% 0%
YFP- spheres 0% 0% 0% 86 + 2.3% 11 + 1.2%

The number of each cell type is shown as a percentage of Hoechst —positive nuclei. Data represent means % + SEMs.
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Fig. 2. Lineage tracing identifies the separate Wnt1-Cre and Pdx1-Cre origins
of TM-derived sphere-forming cells. (A) Small diameter spheres expressing en-
dogenous YFP from the Pdx1-Cre lineage (top) and large diameter YFP- spheres (bottom)
from dissociated TM of Pdx1-Cre x Rosa-YFP adult mice. Scale bar for both =50 um. (B)
Frequencies of Pdx1-Cre+ clonal sphere formation (yellow bars) and non Pdx1/Cre clonal
sphere formation (white bars) from TM of different anatomical locations within the gut. A
two-way ANOVA revealed a significant interaction of gut location and Pdx1 lineage or not
(F2279) =34.6, p < 0.0001. (n=15 mice dissected with an average of 196 spheres were
analyzed per mouse). There were more non Pdx1-Cre lineage spheres (white — YFP-) than
Pdx1-Cre lineage (yellow — Pdx1+) spheres, but that both types of spheres were more
frequent with more caudal dissections. Bonferroni comparisons showed that both types of
spheres were more frequent in the colon that in the duodenum (ps < 0.05). (C) Large YFP+
spheres from the Wntl-Cre lineage (top) and small-size YFP- spheres (bottom) from
dissociated TM of adult mice. Scale bar for both = 50 um. (D) YFP+ (yellow bars) and YFP-
clonal sphere formation among different anatomical locations within the gut of adult mice. A
two-way ANOVA revealed a significant interaction between gut area and Wnt1 lineage or not
(F213) =41.8, p < 0.0001, n=17 mice dissected). Bonferroni tests revealed that Wntl
lineage spheres (yellow — YFP+) and non Wnt1 lineage spheres (white — YFP-) were more
frequent with more caudal dissections (ps < 0.05). Data represent means + SEMs. (E) Single
sphere RT-PCR analyses of Pdx1 mRNA expression: lanel: YFP+ from Pdx1-Cre x Rosa-YFP
TM, lane2: YFP- sphere from Pdx1-Cre x Rosa-YFP TM, lane3: YFP+ sphere from Wnt1-Cre
x Rosa-YFP TM, lane4: positive control (RNA from adult islets). (F-I)YFP+ spheres
generated from FACS sorted adult Pdx1-Cre x Rosa-YFP TM cells give rise to pancreatic
progeny (F-H) and neuronal progeny (I). Insets show separate channel for specific protein
staining in the cells indicated by the arrow. Scale bars: (F-H) = 20 um, (G,I) = 50 um.
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formation frequencies in the duodenum and ileum did not differ
significantly (Fig. 2D). Thus, the colon TM contains the highest frequen-
cies of sphere forming cells from both of the NC and Pdx1- Cre lineages
compared to other portions of the gut TM (Fig. 2B,D).

The differentiation of YFP+ spheres from the dissociated and FACS-
sorted TM of Pdx1-Cre x Rosa-YFP mice revealed a variety of
differentiated pancreatic cell types expressing endoderm, as well as
endocrine markers or separate exocrine markers (Fig. 2E,F-H,
Table 1). However, the majority, of descendants of Pdx1-Cre lineage
spheres were immature neurons (Fig. 2I, Table 1). Clonal spheres
derived from YFP negative cells did not give rise to any Pdx1-Cre
progeny (Table 1). Intriguingly, no expression of the glial cell marker
GFAP, (glial acidic fibrillary protein) by Pdx1-Cre YFP+ differentiated
spheres was observed; Pdx1-Cre lineage adult progenitors are capable
of generating neurons but not GFAP+ cells under these in vitro
conditions. Single genetically marked spheres from each of the
Pdx1-Cre and Wntl-Cre lineages were further tested for the presence
of Pdx1 mRNA. This transcript was found only in YFP+ cell (Pdx1-Cre)
derived spheres (Fig. 2E).

To compare the capacity of the Wntl-Cre and Pdx1-Cre -derived
spheres for self-renewal, we dissociated genetically labeled clonal
colonies into single cells and then plated these cells under the same
non-adherent sphere forming culture conditions (at 7000 cells/ml) for
7 days to analyze their ability to form secondary colonies. The majority
of single Wntl-Cre lineage primary spheres gave rise to at least one
daughter colony (85 + 0.9%), whereas only very few (0.5 + 0.1%)
Pdx1-Cre lineage derived single spheres generated secondary colonies,
suggesting that these different precursors have different self-renewal
and/or survival potentials. Thus, our lineage tracing observations
confirm the presence of at least two different types of clonal sphere
forming cells in the TM of adult mice (that arise from separate
pancreatic and NC origins and that are able to proliferate and form
colonies), but that differ in diameter, self-renewal and differentiation
potentials.

3.3. The TM of adult mice contains neuronal but not glial
endodermal-derived progeny in vivo

To trace the Pdx1-Cre progeny in the adult gut, again the Pdx1-Cre
x Rosa-YFP strain of transgenic mice was used. Using confocal
microscopy we observed anti-GFP antibody labeled cells (to stain the
YFP cells) in the TM of 10 week-old mice mostly between CML and
LML within the sites corresponding to the MP (Fig. 3A). Only rare YFP-
positive cells were found below the CML in the SP (data not shown).
No PDX1 protein expression was found in any portions of intestinal
epithelium itself, below the duodenum (data not shown). Pdx1-cre
lineage staining also marked intestinal epithelial cells in some villi but
not others of the duodenum, suggesting Cre expression in not all gut
epithelial stem cells. Immunolabeling with an anti-GFP antibody of
adult Wntl1-Cre x Rosa-YFP gut revealed the presence of YFP+ cells
within MP and SP plexi (Fig. 3B). Whole mount duodenal TMs from
each of Wntl and Pdx1 lineage labeled mice were co-stained for the
neuronal marker MAP2 and the YFP protein using immunohistochem-
istry. Double labeled cells, as well as cells only stained for YFP
(presumably glial cells or NC stem cells), were found within the
Wntl-Cre x Rosa-YFP MP (Fig. 3C). However, some MAP2+ neurons
did not express the YFP protein, suggesting the distinct non-NC origin
of these neurons (Fig. 3C,D). Similar analyses of Pdx1-Cre x Rosa-YFP
MPs revealed the presence of MAP2/YFP double-positive cells (con-
firming their Pdx1 origin), as well as MAP2 only and YFP only labeled
cells (Fig. 3D-F). In line with our in vitro data, no GFAP/GFP co-
staining was observed in the MP of Pdx1-Cre x Rosa-YFP mice
(Fig. 3G-J), suggesting a non-Pdx1-Cre lineage origin of all glial cells
in the ENS. To confirm this suggestion we examined the Pdx1-Cre x
Rosa-CAG-TdTomato 1 week-old mouse gut for the expression of
another enteric glia marker, S-100p. No Pdx1-Cre-derived cells were
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Fig. 3. Neurons of TM layer in Pdx1-Cre x Rosa-YFP adult transgenic gut, but not glia, are Pdx1-Cre progeny. (A) Confocal analysis of anti-GFP staining in the TM of
adult duodenum/ileum border at the myenteric plexis (MP) level (arrows). Arrowhead points at transgene expression in the duodenal epithelial cells. (B) Anti-GFP staining of the
duodenum. Arrow: YFP expression at the SP level, arrowhead: at the MP level. (C) Whole mount staining of MP: arrowhead indicates the Wnt1-Cre -derived double-positive neuron and,
arrows show single-labeled cells. Map2-positive/ YFP-negative neurons (Arrowheads) in the MP of Wnt1-Cre Mice. (D-F). Whole mount staining of MP shows the presence of Pdx1-Cre-
derived neurons (arrowhead), NC-derived neurons (MAP2+) and Px1-Cre-derived progenitors (YFP+ cells) (arrows). (G) Whole mount staining of Wnt1-Cre x Rosa-YFP MP. (H-J)
Pdx1-Cre x Rosa-YFP MP does not contain Pdx1-Cre-derived GFAP+ glial cells: (I,J) there is no overlap between red (GFAP) and green (YFP) channels. Scale bars: (A,B) =100 um,
(C,G,H,LJ) = 20 pm, (D,E,F)= 10 pm. (K) Analysis of the percentage of YFP+/NF- cells in the MP (an one way ANOVA revealed a main effect of location (F(»,11) = 8.889, df=2, p < 0.01,
n =26) and multiple comparison tests showed that the colon contains the highest number of non-neuronal cells from Pdx1-Cre progeny, p < 0.05). Data represent means + SEM. (L)
Analyses of the percentages of Pdx1-Cre-derived neurons in the MP. The absolute number of Pdx1-Cre-derived neurons counted per field of vision is 30.75 + 4.1 (total 107 + 3.4) in
duodenum, 7.8 + 0.9 (127 + 1.6) in ileum and 5.1 + 1.1 (112 + 2.1) in colon. A two way ANOVA on the data presented in both L and M revealed only a significant main effect of
location in the gut (F(»8)=267, p < 0.0001), with no significant main effect of lineage marker, nor any significant interaction of location in the gut and lineage marker. These results
reveal that the numbers of proportion of Wnt1-/NF+ cells in each segment of the gut are the same as the proportion of Pdx1 + /NF+ cells. M) Analysis of the percentage of neurons (NF
+) from YFP-negative progeny in the MP of Wnt1- Cre mice .
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S100 Beta

Fig. 4. Duodenal tissue confocal imaging of immunofluorescent costaining with anti-S1008 glial marker antibodies of 1 week old Pdx1-Cre x Rosa-CAGTdTomato mouse. Split channels
show no co-expression of lineage (red) and glial marker (green) confirming the non Pdx1 origin of glial cells. Red arrow points to a S1008-positive cell cluster that doesn’t express the
lineage marker (GFP, indicated by the green arrow). Cell nuclei were counterstained with Hoechst stain (blue).

found among S-100f positive glial cells (Fig. 4). Indeed, all cells that
expressed GFAP were GFP+ in the MP of Wnt1-Cre x Rosa-YFP mice
(Fig. 3J). Some non-neuronal, but GFP+, cells residing in the MP of
Pdx1-Cre x Rosa-YFP mice may represent Pdx1-Cre-derived multi-
potent progenitors that are able to form spheres in the in vitro assays.
We compared the numbers of Pdx1-Cre-derived neurons as per-
centages of all neurons in the MP over the different portions of the
mouse intestinal tract (Fig. 3L, Fig. 5A). Pdx1-Cre lineage cells were
not seen in the esophagus. In the MP of the adult duodenum, 29.5 +
5% of neurofilament+ cells also expressed YFP, however the percen-
tages of Pdx1-Cre -derived neurons decreased throughout the length of
gut (6.5 £ 1% in the ileum and 5 + 2% in the colon) (Fig. 3L). The
percentages of non-NC-derived neurons in the MP (Wnt1-Cre x Rosa-
YFP-) throughout each segment of the gut (Fig. 3M) were not
statistically different from the distribution patterns of Pdx1-Cre
x RosaYFP+ lineage neurons (Fig. 3L). On the other hand, the
percentages of non-neuronal Pdx1-Cre -derived cells within the MP
increased significantly from the duodenum to the colon (duodenum-
0.99 + 0.2%, ileum- 2.04 + 0.4%, colon- 3.36 + 0.6%) (Fig. 3K). This
pattern (increasing proportions moving from proximal to distal gut)
also was seen in the Pdx1-Cre-lineage sphere formation assay (Fig. 2B),
suggesting that Pdx1-Cre-derived progenitors reside more in distal
portions of the gut, whereas neurons from Pdx1-Cre progeny innervate
more prominently the proximal gut. These results provide evidence for
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the existence of two populations of enteric neurons coming from two
different origins: Pdx1-Cre-derived neurons as well as neurons from a
different lineage (NC derived neurons; Fig. 3C). The mouse ENS
contains at least 11 subtypes of myenteric neurons expressing different
markers (Sang and Young, 1996). To determine which classes of
neurons develop from endodermal Pdx1-Cre lineage origin, we looked
at the expression of the most common neurotransmitters and neuro-
modulators in YFP+ labeled cells of the MP from Pdx1-Cre x Rosa-YFP
mice. Our analyses revealed that YFP-positive and YFP-negative
neurons (from both Pdx1-Cre and non- Pdx1-Cre origins, respectively)
express VIP, TH, serotonin, NOS, calretinin, and NPY (Fig. 5D-I), and
thus and no specific types of neurons could be identified as Pdx1-Cre
progeny only. To confirm the presence of neurons labeled by another
endoderm marker in the ENS, we analyzed Sox17-2A-iCre (an im-
proved Cre knock-in allele), as an early endoderm lineage tracing strain
(Engert et al., 2009). We crossed Sox17-2A-iCre mice with ROSAmT/mG
mice, and examined the TM of postnatal day 1 (Engert et al., 2009). The
epithelial cells in the gut were labeled by GFP as expected (Fig. 6A-D).
Moreover, we observed that GFP-labeled neuronal cells are clustered
between the CML and the LML in some (Fig. 6B-D) but not all (Fig. 6F)
gut regions when we stained with the early neuronal marker fIII-tubulin.
In the MP of duodenum, GFP positive neurons accounted for 35 + 3% of
all neurons, comparable to the percentage of Pdx1 lineage derived
neurons using Pdx1-Cre; Rosa-YFP (Figs. 3L and 6E). Most interesting,
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Fig. 5. Whole mount immunofluorescent co-staining of Pdx1-Cre x Rosa-YFP MP derived neurons with subtype markers: (A) Duodenum, (B) Ileum, (C) Colon shows
the presence of Pdx1-Cre-derived NF positive neurons (indicated by the arrows, yellow) and non-neuronal GFP-positive cells (arrowhead, green) residing in the myenteric plexuses along
the intestinal tract. Cell nuclei were counterstained with Hoechst stain (blue). (D-I) Pdx1-Cre-derived neurons express the same types of neurotransmitters and neuromodulators as
neural crest-derived neurons. Confocal imaging of whole mount stained MP from Pdx1-Cre x Rosa-YFP adult mouse revealed the expression of NPY (D), VIP (E), serotonin (F),
calretinin (G), TH (H) and NOS (I) in neurons from Pdx1-Cre origin (GFP+ cells); arrowheads indicate co-expression of each neurotransmitter with GFP and arrows show GFP- neurons
from presumably NC origin expressing similar neurotransmitters as the Pdx1-Cre lineage neurons. Scale bars: A,B,D,E,F =20 um, C = 15 um, G = 50 um.

the percentage of Sox17-Cre-lineage derived neurons was significantly
lower in the ileum and colon compared to the duodenum (P < 0.01). This
decrease in Sox17 lineage enteric neurons from duodenum to colon is in
in line with Pdx1-Cre lineage data, however there still are more Sox17
lineage enteric neurons than Pdx1 lineage enteric neurons in the ileum
and colon, perhaps suggesting that some enteric neurons in the intestines
originate from more caudal in the endoderm than the duodenum/
pancreas. These results show that subsets of myenteric neurons are
lineage marked by the Pdx1-Cre and Sox17-1A-iCre transgenes, tradi-
tionally considered to mark endodermal lineages

3.4. NC and Pdx1-Cre lineage derived progeny can be distinguished
developmentally

Expression from the Pdx1 gene first starts in the mouse posterior
foregut endoderm at E8.5 in a region destined to become the antral
stomach, pancreas, and rostral duodenum (Guz et al., 1995). We
analyzed E10.5 embryos, when YFP labeled Pdx1-progeny cells were
detected in the developing duodenal epithelia and forming pancreatic
buds (Fig. 7A,B), but not in the sites corresponding to developing ENS
(Fig. 7A,B). At this embryonic stage, significant numbers of NC cells
had already migrated into the embryonic gut mesenchyme
(Druckenbrod and Epstein, 2005) and they expressed the early
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neuronal marker BIII-tubulin (Fig. 7B). The migration of Pdx1 lineage
cells from developing pancreatic tissue and duodenal epithelia starts
between E10.5 and E11.5. During this time window, YFP+ cells emerge
from the labeled duodenal part of the foregut and from the labeled
pancreatic tissue (Fig. 7C-F, Fig. 8A,L, Movie 1). As this separation
begins, the cells still co-express Pdx1 protein and the YFP/Pdx1 lineage
marker (Fig. 7E,F), however they later lose Pdx1-protein expression
(Fig. 8A,B), but remain labeled by the YFP reporter (Figs. 7C and 8A).
On the other hand, Pdxl-lineage labeled cells start to express
BIII-tubulin when they reach the site of developing ENS at E11.5
(Fig. 7C). Nevertheless, there is no YFP expression in a distal gut
portion of E11.5 Pdx1-Cre x Rosa-YFP embryos, whereas at the same
stage Wnt1-Cre x Rosa-YFP embryos display robust YFP labeling along
the gut tube (Fig. 8B,C), confirming the later migration of Pdx1-Cre
enteric progenitors compared to the Wntl-Cre enteric progenitors.
There are no Pdx1-Cre lineage derived enteric progenitors before E11.5
in the developing ENS itself (Fig. 7A,B). To exclude the possibility that
some gut NC derived cells express Pdx1 at E11.5, we analyzed Pdx1
protein expression in Wntl-Cre x Rosa-YFP embryos. No Pdx1
protein+ cells were found among the population of YFP-labeled cells
as they migrated past the duodenal/pancreatic area and settled into the
ENS site at E11.5 (Fig. 7G,H). At this time point, Wnt1-Cre lineage YFP
expression is restricted to the NC derivatives (Fig. 7G), and Pdx1
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Fig. 6. Lineage tracing with Sox17-Cre x Rosa-mT/mG strain confirms endodermal origin of a subset of ENS neurons. (A) Confocal merged image of P1 duodenal
oblique sagittal section (partway between a cross section and a longitudinal section) stained with anti- GFP, (AlexaFluro488, Green), Smooth Muscle Actin (SMA) (AlexaFluor405,
Purple) and BIII-tubulin (AlexaFluor647, Red) [TdTomato channel not shown]. The green only cells at the bottom of the lineage are Sox17 lineage duodenal epithelial cells. (B-D) split
images from magnified framed region: arrows point on YFP expression in the Sox17-Cre-derived epithelial cells that also express neuronal marker BIII-tubulin. Scale bar = 20 um (E)
Quantification analysis of the percentage Sox17-Cre-derived neuronal cells in the MP of Sox17-Cre x Rosa-mT/mG P1 mice. One-way ANOVA revealed a main effect of location,
correlating with Pdx1-Cre lineage tracing data (stars = p < 0.01, Bonferroni post hoc tests, n = 18). (F) Gut sections from Sox-17-Cre x Rosa-mTmG at Postnatal day 1. Yellow arrows in
magnified framed region show that GFP staining (markers of GFP proteins) does not overlap with BIII-tubulin staining (neuronal marker). Scale bar: 50 pm.

protein is expressed exclusively by duodenal and pancreatic epithelia
cells (Fig. 7G,H). Further, the only Pdx1 + /GFP- delaminating cells at
this time were seen at the edges of duodenal epithelia (Fig. 8H)
whereas GFP+ NC-derived cells surrounded the developing pancreas
(Fig. 7G inset). By E13.5 Pdx1-Cre lineage progenitors have migrated
along the developing gut tube in a proximal to distal gradient, and
contribute to the development of ENS (Figs. 8H-K and 9A). We found
that 26% of BIII-tubulin labeled cells in duodenum are labeled with
YFP, and 14% of BIII-tubulin labeled cells in ileum are labeled with
YFP. Analyzing E13.5 Sox-17-Cre x mTmG we have found that these
percentages were 2.42% + 0.45% and 1.8% + 0.25, respectively.
Intriguingly, at P1 the number of labeled cells increases to over 20%
of MP neurons (Fig. 6E). Such a delay between the onset of Cre
transcription and its biological effect has been described by different
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authors (Li et al., 2008; Nagy, 2000) and can explain the difference of
genetically labeled neuron numbers at different stages. It has been
shown previously that the Cre in the strain Sox17-iA2-Cre, is expressed
in blood vessels (Engert et al., 2009). However, there was no co-
localization of the transgene marker and CD 31 (an endothelial marker)
observed in sites corresponding to developing ENS (Fig. 9B).

Supplementary material related to this article can be found online
at doi:10.1016/j.ydbio.2018.11.014.

To test for the possibility of ectopic transgene expression, we have
examined reporter expression in various NC derivatives at E13.5
(Fig. 9). In Pdx1-Cre x Rosa-YFP E13.5 embryos, YFP labeled cells
were scattered in spinal cord (Fig. 9C), but were not spotted in DRGs
(n = 6 mice). In Sox-17-Cre x mTmG mice, GFP (here GFP is mTmG)
labeled cells in the DRGs overlapped with CD31 labeled cells, which is
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Fig. 7. Migration of ENS Pdx1-Cre-derived progenitors from duodenal and
pancreatic epithelia starts at E11.5. (A-B) E10.5 embryo. No endogenous YFP
presents in the developing TM of the gut (A). (B) BIII-tubulin+/YFP- early developing
neurons (presumably NC-derived, arrowhead) approaching YFP+ epithelial cells of the foregut
(arrow). (C) E11.5: YFP+ cells (arrow) emerge from the foregut epithelium toward the site of
developing ENS (BIII-tubulin+ cells). Some of them co-express both markers (arrowhead). (D)
E11.5 embryo: Pdx1-Cre lineage cells (arrows) emerge from the GFP+ pancreata. (E,F))
Confocal imaging of the E11.5 pancreatic (E) and duodenal (F) epithelia reveals PDX1 protein
expression in emerging Pdx1-Cre lineage labeled cells (arrows). (G) E11.5 Wnt1-Cre x Rosa-
YFP embryo displays YFP+ DRGs (arrows) and enteric NC precursors (arrowheads), whereas
the developing pancreas specifically express PDX1 protein (inset, arrow points on NC-derived
cell attaching pancreata). (H) Cells from Wnt1-Cre origin surround the PDX1+ developing gut
epithelium (arrowhead) in Wnt1-Cre x Rosa-YFP embryo PDX1+ delaminating cells are
observed at the edges of developing duodenum (arrow). (I,J) E12.5 embryo: YFP+ migrating
cells from Pdx1-Cre origin (indicated by the arrowhead (I) and arrow (J) do not express Nestin
and P75. The YFP+ duodenal epithelium is indicated with an arrow in (I) and arrowhead in
(J). Inset in (I) shows a higher magnification of the YFP+/nestin- migrating cell. Scale bars:
(A,G) =200 um, (B,D) =50 pm, (C,H,J,G,(inset)) = 20 um, (E-F = 15 um, (I) = 50 pm.
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consistent with the Cre expression in blood vessel endothelial cells. In
the superior and inferior vagal ganglion of Pdx1-Cre x Rosa-YFP
embryos, there were no Pdx1 lineage cells observed (n = 3), however
in the superior cervical sympathetic ganglion there were scattered GFP
labeled neurons (with an average of 1.73+/- 0.4% of BIII-tubulin
positive cells double labeled with GFP) (n = 5). In the same ganglia of
Sox-17-Cre x mTmG, the Sox17 lineage labeled cells were clearly of
blood vessel cell shape, and were not labeled by BIII-tubulin (n=4)
(Fig. 9D). We also looked at the Pdx1 lineage labeling in the E8.5
embryos before the neural crest migrates away from the brainstem and
spinal cord. In these Pdx1-Cre x Rosa-YFP embryos (Fig. 10A), there
was no YFP+ labeling in vagal neural crest region (consistent with the
lack of Pdx1 lineage cells in the vagal ganglia at later ages — Fig. 9G),
but some YFP+ cells were scattered in the cervical sympathetic neural
crest region (Fig. 10B), consistent with the finding of a small number of
Pdx1 lineage neurons in the superior cervical ganglia at later ages
(Fig. 9F). Nevertheless, the small numbers of Pdx1 lineage cells in the
cervical sympathetic neural crest region at E8.5 (n=6 per embryo;
Fig. 10 caption) and the small numbers of post-mitotic Pdx1 lineage
neurons in the superior cervical ganglion (<2% of neurons) seem
unlikely to account for the large numbers of Pdx1 lineage enteric
neurons (> 20% of duodenal enteric neurons).

In contrast to NC-derived precursors (Young et al., 1998, 1999;
Mujtaba et al., 1998; Lei and Howard, 2011) (Fig. 8D-G), Pdx1-Cre-
derived progenitors did not express the NC marker P75 or the common
neural precursor marker nestin during embryonic gut colonization at
E12.5 (Fig. 71,J), again confirming their distinct origin. Interestingly,
when we crossed another slightly later in development pancreatic
lineage tracing line Ptfla-Cre with Rosa-CAG-TdTomato reporter mice
(Ptfla-Cre x TdRed) to trace the pancreatic precursors, we did not find
TomatoRed positive neurons in mice at E15.5; Fig. 10C), while we
observed a developing neuronal network labeled by TomatoRed
positive neurons in E15.5 Pdx1-Cre x TdRed mice (Fig. 10D).

3.5. Pdx1-Cre reporter labeling reflects endogenous Pdx1 expression

Some recent reports have demonstrated the expression of Cre-
recombinase driven reporters by pancreas-specific Pdx1 promoters in
the mouse developing brain and inner ear, in the absence of endogen-
ous Pdx1 protein expression, and interpreted this as transgene leakage
or nonspecific ectopic expression (Song et al., 2010; Honig et al., 2010;
Wicksteed et al., 2010). We also observed an activation of the YFP
reporter in the same regions, however Pdx1 protein expression also was
detected in E12.5 developing inner ear, but not in the brain (Fig. 11).
Six important control experiments excluded the possibility of ectopic
Pdx1-Cre transgenic expression in the ENS. First, our Pdx1-Cre results
were confirmed by analyzing another endoderm Sox17-Cre knock-in
strain (Fig. 6). Second, we have examined a second Pdx1-Cre mouse
strain that was developed by insertion of a different transgene into a
different genetic locus (Gannon et al., 2000). Although the recombina-
tion efficiency (approximately 30% of pancreatic cells) with this
Pdx1-Cre line was much less than the first line used, some clonal
YFP expressing spheres were generated from the dissociated TM of this
second line (Fig. 12A), and expression of the YFP reporter also was
observed in some enteric neurons (10% at most) of this second
Pdx1-Cre strain (Fig. 12B-D). The total percentages of Pdx1-Cre —
derived neurons corresponded to the previously analyzed Pdx1-Cre
strain, given the lower recombination efficiency of the second line
(Fig. 12G). Third, to confirm partial endodermal origin of the enteric
neural system we analyzed E12.5 embryos generated by crossing
Foxa2tm2-1(ere/EsriMoon/T yvith - Rosa-YFP reporter. Foxa2 is a
Forkhead transcription factor required for definitive endoderm forma-
tion (Ang and Rossant, 1994). Tamoxifen administration ~E7.5 and
~E9.5 led to YFP labeling of approximately 40% cells in endoderm
derivatives in E12 embryos (Fig. 12E), including partial labeling of the
developing ENS (Fig. 12E,F). Fourth, no overlap was seen between
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Fig. 8. PDX1-positive cells of the early foregut epithelia lose PDX1-protein expression upon further migration towards ENS sites, but remain labeled by the YFP reporter. (A) PDX1/
GFP protein staining of early duodenum shows specific PDX1 (a) and GFP (b) co-expression in the epithelia and only GFP expression in the migrating cells (the enlarged area of A
indicated by the arrow). (B,C) Pdx1-Cre x Rosa-YFP progenitors migrate at E11.5, whereas the Wnt1-Cre x Rosa-YFP-derived cell wave already has colonised distal gut mesodermal
compartments by this time (B) GFP protein staining of E11.5 Pdx1-Cre x Rosa-YFP embryo shows the reporter presence in the proximal gut (arrowhead) and no YFP staining in the
distal portion (arrow). (C) The same E11.5 stage Wnt1-Cre x Rosa-YFP embryo: massive YFP staining around proximal (arrowhead) and distal gut (arrow) is depicted. (D-G) Specificity
of genetic reporter labeling in E12.5 Wnt1-Cre x Rosa-YFP embryo ENS. (D) Specific reporter expression in NC derivatives: DRGs (arrows), sympathetic chain cells (arrowhead) and
migrating enteric precursors (boxed area). (E-G) P75 and GFP co-labeling of the boxed area: all GFP+ cells express NC marker P75 (F,G). (H-K) Endogenous YFP expression in the
digestive system of E13.5 day Pdx1-Cre x Rosa-YFP embryo. Endogenous YFP expression is seen in the future duodenal epithelia (arrow) (H), but is not seen yet in the ileal epithelia (I).
Neuron-like morphology cells are present in the gut muscle layer at this developmental stage (H,I arrowheads). (J) Bright field and complementary fluorescent (K) images of developing
gut tube show the appearance of Pdx1-Cre-derived (presumably migrating) cells: (K) The most distal gut part (colon) contains fewer fluorescent neurons then proximal gut portions.
Scale bars: A,EG = 20 um, H= 50 um, B-D, I-K = 100 pm. L. Still photos from live imaging of a Pdx1-Cre x Rosa-YFP E11.5 embryo proximal gut explant: Emerging of Pdx1-Cre-derived
progenitors from duodenal epithelium and pancreatic bud. The individual cells expressing an endogenous reporter emerge from YFP+ duodenal epithelia (arrows) and pancreatic bud
(arrowheads). Images were taken every 1 h. Scale bar = 50 um.

Wntl-Cre; Rosa-YFP+ cells labeled cells and Pdx1 protein expression given that the Ptfla gene is expressed about 1 day later than Pdx1 and is

at E11.5 when NC cells were migrating past the pancreas/duodenum restricted in the pancreatic buds (Kawaguchi et al., 2002), we suggest that
(Fig. 7G,H), whereas complete overlap of Pdx1 protein expression and it is more likely that the enteric neurons coming from the pancreas may
the endogenous reporter was detected in Pdx1-Cre transgenic line at have migrated out of the pancreas before the Ptfla transgene reporter is

this same age (Fig. 7E,F). Fifth, little Pdx1-Cre and no Sox-17 turned on in the pancreatic buds (Fig. 12H)
transgene expression was found in neurons in various rostral auto-

nomic and DRG ganglia in E13.5 transgenic embryos (Fig. 9C,D), 4. Discussion

confirming that if there is non-specific Pdx1 transgene expression, it

affects only a very small subset of NC-derived cells. Sixth, two types of The present results provide strong evidence for the existence of two
neural progenitor cells were identified in developing ENS previously: embryonic sources for the ENS based on Cre-LoxP transgenic animal
nestin expressing cells that give rise to both neurons and glia and a models. Previous data suggested that the NC was the sole origin for the
nestin-negative population that generates only neurons (Lei and ENS, although additional suggestions that the NC also gave rise to cells
Howard, 2011). Pdx1-Cre lineage progenitors were found here to in the pancreatic endocrine endoderm were not supported by later
generate only neurons in the ENS and to express neither nestin nor transplant and lineage tracing experiments (Fontaine and Le Douarin,
the neural crest marker P75 during embryogenesis (Fig. 71,J), support- 1977; Andrew et al., 1983; Jonsson et al., 1994). Here we show the
ing the existence of a separate, non-neural crest-derived lineage of opposite result: the pancreatic/duodenal endoderm (traced with Pdx1,
portions of the ENS. Sox17 and Foxa2 lineage reporters) gives rise to a portion of the

Intriguingly, analysis of one more pancreatic knock-in lineage tracing neurons in the ENS, particularly in the MP of the proximal gut.
line (Ptfla-Cre) did not reveal the existence of Ptfla-Cre-derived neurons Although, we conducted seven control experiments supporting the
in the E15.5 embryo (Fig. 10B). It is possible that the endoderm-derived claim that it is very unlikely that ectopic expression of all of the
enteric neurons are primarily derived from the duodenum. However, transgenes employed could explain the present results, it may be
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Fig. 9. Lineage tracing in Pdx1-Cre x Rosa-YFP and Sox-17-Cre x mTmG at E13.5. (A) and (B) Gut sections of Pdx1-Cre x Rosa-YFP and Sox-17-Cre x mTmG mice,
respectively: arrows show overlap between GFP staining and BIII-tubulin staining (neuronal marker) but not between GFP and CD31. (C) There is no transgene expression in E13.5
Pdx1-Cre x Rosa-YFP cervical DRG. (D) In Sox-17-Cre x mTmG DRG the transgene is co-stained with an endothelial marker, but not with BIII-tubulin. (E) Very rare transgenic GFP
stained cells are seen in the sympathetic superior cervical ganglion, but not in the vagal ganglia of Pdx1-Cre x Rosa-YFP mice. (F) A higher magnification picture of the superior cervical
ganglion (SCG) shows a few Pdx1 lineage neurons (double labeled with a BIII-tubulin antibody). (G) A higher magnification picture of the inferior vagal (nodose) ganglion shows that no
Pdx1 lineage labeled cells. (H). The superior cervical ganglion and vagal ganglia of Sox-17-Cre x mTmG mice show no neuronal labeling of the transgene stained cells (I) shows a higher
magnification picture of the superior cervical ganglion, and (J) shows a higher magnification of the inferior vagal ganglion. Scale bars = 50 um.

impossible to completely rule out the idea that a small subset of cells
does display ectopic transgene expression.

A complete absence of enteric neurons from the proximal intestine
of animals homozygous for mutations in NC-specific genes like Foxd3
(Teng et al., 2008) and Sox10 (Herbarth et al., 1998) has been shown
previously, supporting the generally accepted idea of an exclusively NC
origin of the mammalian ENS. Unfortunately, there is no single and
unique marker that is specific for NC identity. Thus, Foxd3, Sox10 and
Sox9 (suggested NC markers) are expressed in the developing mouse
pancreas (Lioubinski et al., 2003; Perera et al., 2006), and both adult
Wntl-Cre and Pdx1-Cre lineage progenitors were found expressing
Sox10 protein in vitro (data not shown). Therefore, Foxd3 and Sox10
mutations may affect Pdx1-Cre lineage progenitors as well as NC cells
and mutations in these genes may result in neuronal loss from both
sources. Similarly, surgical removal of the vagal neural crest in chick
was reported to result in complete loss of neural crest (Yntema and
Hammond, 1954), but more recent lineage tracing data in rodents
suggests that enteric neurons also arrive from the sympathetic cervical
neural crest (Espinosa-Medina et al., 2017). These data along with the
present findings suggest multiple origins for enteric neurons.

Further evidence in favour of the two separate lineages hypothesis
for the ENS was the persistence of two types of progenitor cells in the
TM of the adult mammalian gut. Gut NC stem cells have been
described (Kruger et al., 2002; Estrada-Mondaca et al., 2007); however
the present report also identifies separate multipotent Pdx1-Cre
progenitors within similar gut sites. Pdx1-Cre -derived progenitors in
the gut differ from NC stem cells in the gut by an apparently more
limited self-renewal capacity, by generating smaller size clonal colonies
and by their differentiation potential. The existence of Pdx1-Cre-
derived progenitors from pancreatic tissue with the ability to generate
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both neuronal and pancreatic lineages in vivo and in vitro has been
reported previously (Seaberg et al., 2004; Smukler et al., 2011).
Separate Pdx1-Cre-derived progenitors and Wntl-Cre- derived pro-
genitors also are present within the pancreas itself (Arntfield and van
der Kooy, 2013). While both extra-pancreatic and intra-pancreatic
Pdx1-Cre-derived multipotent cells are labeled by the same genetic
marker, they differ remarkably in terms of their development potential.
Thus, the pancreas-derived precursors more prominently generated
differentiated pancreatic endocrine and exocrine cells (Seaberg et al.,
2004) than the Pdx1-Cre lineage gut-derived precursors described
here. On the other hand, the Pdx1-Cre lineage adult gut-derived
precursors were found to generate more neurons in vitro (from the
differentiation of clonal sphere colonies) than did the Pdx1-Cre lineage
adult pancreas derived precursors. It is possible that the Pdx1-Cre
lineage precursors in the adult pancreas versus gut are intrinsically
biased in their differentiation potentials in the early embryo, but it also
is possible that are Pdx1-Cre lineage precursors are identical and that
the environment that they find themselves in determines their differ-
entiation potentials.

The topographic distributions throughout the gut length of the
precursor cells from both Pdx1-Cre and Wnt1-Cre lineages are similar:
the greatest proportion of sphere forming cells was isolated from the
distal gut, whereas the proximal gut contained fewer precursor cells.
However, the distribution of Pdx1-Cre-lineage neurons through the gut
tube showed the opposite pattern. Neural progenitors have a more
extensive migration potential than differentiated neurons (Babona-
Pilipos et al, 2011). We suggest that Pdx1-Cre-derived precursors
migrate extensively along the gut tube during embryogenesis, whereas
Pdx1-Cre-derived neurons tend to differentiate soon on their arrival in
the gut TM. Another possibility is that a more extensive migration of
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Pdx1-cre x Rosa YFP
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Duodenum

D Ptf1a-Cre x TdTomato

Duodenum

Fig. 10. Lineage tracing of Pdx1-Cre x Rosa-YFP at E8.5. (A) Low magnification of the whole embryo at E8.5, with the boxed area showing the location of the inset. (B) Inset
shows a higher magnification of the area where scattered YFP+ cells are located in the dorsal cervical spinal cord, where neural crest cells delaminate from. Number of YFP-positive cells
in the head region =6 + /- 0.67 averaged across 7 embryos. Scale bars as indicated in the panels. (C,D) E15.5 whole mount TdTomato labeling. Both pancreas and gut neuronal
networks are labeled by the lineage reporter in Pdx1-cre x TdTomato embryos, whereas in the Ptfla-Cre x TdTomato embryo only pancreatic tissue is labeled. Inset in (C) shows a higher

magnification of neurons in the boxed area.

Pdx1-Cre-derived neurons (and gut colonization at E11.5) may be
inhibited by pre-existing NC —derived early neurons in these compart-
ments (Hotta et al., 2010). Additional studies will be needed to show
definitively the details of migration and survival of Pdx1-Cre derived
neurons from the pancreas and duodenum to the enteric nervous system.

Our findings also may shed new light on the etiology of
Hirschsprung's disease (HSCR), which is thought to result from NC-
related mutations (Amiel and Lyonnet, 2011). HSCR is characterised
by the absence of ENS ganglion cells, and functionally this results in an

A

obstruction of the aganglionic gut. The classic form of HSCR is
restricted to distal bowel region and only occasionally involves small
intestine (Hirschsprung, 1888; Heuckeroth, 2018). It remains to be
investigated whether Pdx1-Cre-derived neuronal progenitors might
compensate for affected neural crest derived neurons in the more
proximal portion of the gut. Alternatively, the lack of NC-derived
neurons might affect the survival and migration of Pdx1-Cre-derived
precursors.

D

Fig. 11. YFP-reporter expression in the E12.5 Pdx1-Cre x Rosa-YFP embryonic inner ear. (A) Immunofluorescent staining with an anti-GFP antibody of the E12.5 Pdx1-
Cre x Rosa-YFP embryonic head shows reporter expression in the inner ear (marked area in A). (B) Confocal magnified merged image of the marked area stained with anti-GFP and
anti- PDX1 antibodies shows the present of PDX1protein positive cells in the some of the GFP labeled cells. (C,D) Split channels show specific PDX1 (C) and GFP (D) expression in the
same cells. Cell nuclei were counterstained with Hoechst stain (blue). Scale bars: A =200 um, B,D =20 pm.
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Fig. 12. Analyses of YFP-reporter expression in the B6;CBATg( Pdx1-cre)6Cvw/J
x Rosa-YFP strain. (A) A small size YFP+ sphere from the Pdx1-Cre lineage and a larger
non-YFP labeled sphere (presumably from a neural crest stem cell) were formed from
dissociated gut TM. (B-D) Confocal imaging of NF and GFP whole mount adult MP
staining: B-Duodenum, C-Ileum, D-Colon. Double positive neurons are indicated by
arrows, cells expressing YFP only are indicated by arrowheads. (E,F) Analysis of
tamoxifen-induced, Cre-mediated endoderm targeted lineage tracing in Foxa2tm2-1(cre/
Esrl)Moon/J y Rosa-YFP E12 embryos. Endoderm-derived organs are indicated by the
arrows. (E) Red BIII-tubulin+ cells surround the GFP+ developing gut. Some of them co-
express both markers (one is marked by an arrowhead). (F) magnified arrowhead
indicated area from (E) shows co-localization of GFP and expression of the early
neuronal marker BIII-tubulin. (G). Comparative analyses of the percentages of Pdx1-
Cre-derived neurons throughout B6;CBA-Tg(Pdx1-cre)6Cvw/J x Rosa-YFP TM, n = 25.
Data represent means +/- SEMs. Scale bars: (A,E,F) =50 um, (B,C,D)=20pum (H)
Schematic representations of the embryonic times of expression of different genes in the
mouse gut tube and developing pancreas. Sox17 gene is expressed from E6.5 to E8.5in
the visceral endoderm and forming definitive endoderm. Pdx1 gene is expressed from
E8.5 in the developing pancreatic buds as well as in some of the duodenal epithelial cells.
Pdtfla gene is expressed around E9.5 but restricted to the pancreatic buds.
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