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SUMMARY

In enteric nerve injury cases, ENPCs differentiate into
enteric neurons and glial cells promoting ENS repair and
gastric motility recovery after BMSCs transplantation. A

small number of BMSCs located in the myenteric plexus
differentiate into glial cells expressing high level GDNF.
GDNF secreted by BMSCs promotes the proliferation and
differentiation of ENPCs in vitro.

BACKGROUND & AIMS: Our previous study showed that
transplantation of bone marrow-derived mesenchymal stem
cells (BMSCs) promoted functional enteric nerve regeneration
in denervated mice but not through direct transdifferentiation.
Homeostasis of the adult enteric nervous system (ENS) is
maintained by enteric neural precursor cells (ENPCs). Whether
ENPCs are a source of regenerated nerves in denervated mice
remains unknown.

METHODS: Genetically engineered mice were used as re-
cipients, and ENPCs were traced during enteric nerve regen-
eration. The mice were treated with benzalkonium chloride to
establish a denervation model and then transplanted with
BMSCs 3 days later. After 28 days, the gastric motility and ENS
regeneration were analyzed. The interaction between BMSCs
and ENPCs in vitro was further assessed.

RESULTS: Twenty-eight days after transplantation, gastric
motility recovery (gastric emptying capacity, P < .01; gastric
contractility, P < .01) and ENS regeneration (neurons, P < .01;
glial cells, P < .001) were promoted in BMSCs transplantation
groups compared with non-transplanted groups in denervated
mice. More importantly, we found that ENPCs could differ-
entiate into enteric neurons and glial cells in denervated mice
after BMSCs transplantation, and the proportion of Nestin™/
Ngfr™ cells differentiated into neurons was significantly
higher than that of Nestin™ cells. A small number of BMSCs
located in the myenteric plexus differentiated into glial cells.
In vitro, glial cell-derived neurotrophic factor (GDNF) from
BMSCs promotes the migration, proliferation, and differenti-
ation of ENPCs.

CONCLUSIONS: In the case of enteric nerve injury, ENPCs can
differentiate into enteric neurons and glial cells to promote ENS
repair and gastric motility recovery after BMSCs trans-
plantation. BMSCs expressing GDNF enhance the migration,
proliferation, and differentiation of ENPCs. (Cell Mol

Gastroenterol — Hepatol 2023;15:511-531;
10.1016/j.jcmgh.2022.10.018)

https://doi.org/
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The enteric nervous system (ENS), an independent
network of enteric neurons and glial cells, plays an
important role in the regulation of gastrointestinal physi-
ology."”* ENS injuries and degeneration are significant
pathogenic factors in gastrointestinal motility disorders,
including esophageal achalasia and gastroparesis.”* How-
ever, currently available therapeutic options are far from
satisfactory, such as surgical resection and medical man-
agement (support or nutrition).”® Stem cell transplantation
shows great potential for inducing compensatory nerve
regeneration and recovery of gastrointestinal motility.”
In recent years, bone marrow-derived mesenchymal stem
cells (BMSCs) have emerged as promising candidates for the
treatment of tissue damage and neurodegenerative dis-
orders.'”** Their unique advantages include ease of isolation,
proliferation’'® and immune pardon after trans-
plantation.”®™® Our previous study indicated that BMSCs
transplantation promotes ENS remodeling and restores mus-
cle contractility in rats with pylorus denervation. However, the
regenerated neurons were not derived from transplanted
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BMSCs.'? The source of the regenerated neurons in ENS-
injured mice after BMSCs transplantation is unclear.

Previous studies have confirmed that enteric neural
precursor cells (ENPCs) maintain ENS homeostasis in
healthy adult mice.””*" ENPCs are capable of neurogenesis
in vivo in healthy adult gut. However, whether ENPCs
generate the neuronal and glial lineages of enteric ganglia to
maintain neuronal homeostasis in denervated mice has not
yet been studied. In addition, there are no markers that
specifically label the ENPCs in postnatal intestine because
the identity of these cells is unknown. Previous studies
identified ENPCs using Nestin, which is expressed by a va-
riety of neural stem cells.”*"** The nerve growth factor re-
ceptor (Ngfr/p75) is expressed in many cell types. Kulkarni
et al’’ found that only Nestin™/Ngfr™ cells in myenteric
express stem cell behaviors in vitro, and Nestin® /Ngfr* may
be the special markers for ENPCs. To explore the fate of
Nestin® and Nestin*/Ngfr™ cells during enteric nerve
regeneration in denervated mice, we used a double-
transgenic mouse strain (Nestin-creERT2: tdTomato) and
a triple-transgenic mouse strain (Nestin-creert2 x Ngfr-
Dreert2: DTRGFP) in this study.

As a neuron protective factor, glial cell-derived neuro-
trophic factor (GDNF) is essential for survival, proliferation,
and migration of ENS progenitors and the development of
ENS.?>?° Soret et al*’ reported that GDNF treatment using
rectal enemas induces enteric neurogenesis and improves
colonic structure and function in mouse models of Hirsch-
sprung disease. Interestingly, our previous study found that
the protein expression of GDNF in BMSCs was significantly
up-regulated after preconditioning with exogenous GDNF
in vitro. In addition, BMSCs transplantation group showed a
stable high level of GDNF expression in denervated pyloric
wall compared with the denervated group in vivo."® How-
ever, the mechanism by which GDNF derived from BMSCs
promotes enteric neurogenesis in mice with ENS injury re-
mains unclear.

The aim of this study was to investigate the fate of
ENPCs during enteric nerve regeneration in ENS-injured
mice and to clarify the mechanism by which BMSCs pro-
mote enteric nerve regeneration.

Results
Stable Denervated Mice Were Successfully
Established

Immunofluorescence analysis showed that the neural
clusters labeled with protein gene product (PGP) 9.5/HuC/
D/glial fibrillary acidic protein (GFAP) were completely
and regularly arranged in the control group (Figure 14-D).
No neuronal (PGP 9.5, HuC/D; Figure 1A-C) and glial
(GFAP; Figure 1D) markers were found in the benzalko-
nium chloride (BAC)-treated region at 31 days after sur-
gery. Moreover, Western blot analyses confirmed that BAC
treatment significantly down-regulated the expression of
neuronal (PGP9.5, HuC/D) and glial (GFAP) markers
(Figure 1E and F, P < .0001). These results indicated that
the gastric denervation model was successfully
established.
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BMSCs Expressing Glial Cell Characteristic
Protein Promoted Gastrointestinal Nerve

Regeneration in Denervated Mice

In BMSCs subjected to precondition before
transplantation, the result indicated that the expression of
neurotrophic factor genes (GDNF, P < .0001; BDNF, P < .01),
anti-inflammatory factor gene (interleukin [IL] 13, P < .05),
and anti-apoptosis related genes (Survivin, P < .0001) of
BMSCs were significantly increased after preconditioning
(Figure 2). The gene expression level of GDNF in BMSCs with
precondition was 3 times higher than untreated, and the
protein expression levels of glial cell characteristic markers
(GFAP, P < .05; GDNF, P < .001) were significantly up-
regulated after preconditioning (Figure 34 and B). In vivo,
the preconditioned green fluorescent protein (GFP)/
tdTomato-labeled BMSCs were transplanted into the stomach
of mice, and their distribution was tracked (Figure 3C). One
day after transplantation, immunofluorescence microscopy
showed that BMSCs survived and distributed in the sub-
serosal/muscular layer. At 3 days after transplantation, laser
confocal immunofluorescence microscopy showed that most
BMSCs had migrated to the submucosa. At 28 days after
transplantation, most of the BMSCs were distributed in the
submucosa, and a few were distributed in the muscular/
mucosal layer. To further elucidate the specific role of BMSCs,
we analyzed the co-localization of tdTomato-labeled BMSCs
with the expression of the glial cell marker GFAP or the
neuron marker §-tubulin (Figure 3D). Immunofluorescence
microscopy revealed glial cells in the myenteric plexus are
labeled with tdTomato, indicating their originates from the
BMSCs. However, neurons are not labeled with tdTomato.

The BAC model was used to determine whether BMSCs
transplantation promoted ENS regeneration (Figure 3E).
Immunofluorescence results showed neural clusters labeled
with @-tubulin/GFAP were completely and regularly ar-
ranged in the control/sham group. However, no glial cells
(GFAP) and neurons (G-tubulin) were found in the BAC
group. Then the treated area was colonized by glial cells and
neuron in the BAC + BMSCs group 28 days after trans-
plantation. Similarly, the protein expression of neuronal
markers (HuC/D, P < .001; 8-tubulin, P < .01) and glial
markers (GFAP, P < .001) was significantly up-regulated in
the BMSCs transplanted group compared with the BAC
group (Figure 3F). In addition, BMSCs transplantation up-
regulated the expression level of GDNF/BDNF gene in
denervated mice (P < .01; Figure 4). In addition, BMSCs
transplantation reduced the level of inflammatory cytokine
(IL-6, P < .001) and increased the level of anti-inflammatory
cytokine (IL-13, P < .05) and anti-apoptosis related genes
(Survivin, P < .05) in BAC mice. These results indicated that
BMSCs function as glial cells effectively promoted ENS
remodeling in denervated mice.

BMSCs Transplantation Promoted Gastric
Motility Recovery (Gastric Emptying Capacity and
Contractility) in Denervated Mice

Twenty minutes after the administration of the test meal,
the gastric tissues in the different groups were visually
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Figure 1. BAC (0.05%) effectively ablated the myenteric plexus in gastric tissue and remained at least 31 days. (A)
Representative immunofluorescence confocal laser images in transverse sections of gastric tissue sections of PGP 9.5 (red) in
the control group (upper panel) and 0.05% BAC treated group (lower panel); the «-SMA (green); the nuclei (blue). (B-D)
Representative immunofluorescence confocal laser images in gastric myenteric plexus of PGP 9.5 (red), HuC/D (red), and
GFAP (red) in each group; the nuclei (blue). (E and F) Representative immunoblot bands and histogram of relative expression
for PGP 9.5/HuC/D/GFAP in each group (normalized to GAPDH). Control, the control C57 mice; BAC, benzalkonium chloride
treated C57 mice. Results were expressed as mean + standard deviation. ***P < .0001, n = 4-5.

observed, and the results are shown in Figure 5A. There was
no significant difference in gastric motility between control
and sham groups. However, liquid gastric emptying at 20
minutes was delayed in the BAC group compared with that
in the control group (P < .0001). Gastric emptying was
significantly accelerated in mice that received BMSCs
transplantation compared with that in the BAC group (P <

.01; Figure 54 and B). In addition, the results of stomach
weight analysis were consistent with those of gastric
emptying (Figure 5C).

In addition, spontaneous contractions (Figure 5D) and
contractile responses of gastric muscle strips induced by
electric field stimulation (EFS) (Figure 5G) were evaluated.
The gastric muscle strips of the BAC group displayed lower
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Figure 2. Genes associated with neurotrophic factor, anti-inflammatory factor, and anti-apoptosis factor of BMSCs
were significantly up-regulated after precondition. (A and B) Transcripts of neurotrophic factor genes (GDNF/BDNF), (C and
D) inflammatory cytokines genes (IL-6/IL-10), (E and F) anti-inflammatory genes (IL-10/IL-13), and (G and H) apoptosis-related
genes (Caspase 3, Survivin) of BMSCs in different groups were determined by reverse transcriptase polymerase chain reaction
assay. Results were expressed as mean + standard deviation. *P < .05, *P < .01, P < .0001, NS, no significance.

contraction frequency (P < .001; Figure 5E) and higher
contraction amplitude (P < .05; Figure 5F) than those of the
control group. Moreover, BMSCs transplantation signifi-
cantly restored the spontaneous contractility of gastric
muscle strips (P < .01; Figure 5F and F). In addition, the
contractile response of the gastric muscle strips induced by
EFS was severely impaired in the BAC group. BMSCs
transplantation showed a significant restorative effect on
EFS-induced contractions in BAC + BMSCs group (P < .01;
Figure 5H).

Nestin™ Cells Differentiated Into Neurons and
Glial Cells in Denervated Mice (Nestin-creERT2:
tdTomato Mice)

Nestin-creERT2: tdTomato mice were used to track the
Nestin™ cells in vivo. In the control, myenteric plexus was
regularly arranged, and no tdTomato-labeled Nestin™ cells
were detected (Figure 6A4). In the control + tamoxifen
(TAM) and sham + TAM groups, some neurons (G-tubulin,
HuC/D, and neuronal nitric oxide synthase [nNOS]) and glial
(GFAP) cells are labeled with tdTomato, indicating their
origin from the Nestin™ cells (Figure 6B and C). In the BAC
group, no neurons and glial cells were found, and the
number of Nestin® cells significantly decreased compared
with the control (Figure 6D).

To determine the roles of Nestin® cells and BMSCs in
nerve regeneration, we performed triple immunofluores-
cence staining in freshly harvested myenteric plexus tissues:
tdTomato-labeled Nestin®™ cells (red), GFP-labeled BMSCs

(green), and neuronal/glial markers (gray) (Figure 6F and
F). At 28 days after transplantation, regenerated neurons
and glial cells were detected in the BAC + BMSCs + TAM
group. The Nestin® cells express neuronal markers (3-
tubulin, HuC/D, and nNOS) or glial markers (GFAP), and the
transplanted BMSCs express glial marker (GFAP)
(Figure 6F). These results indicated that a population of
Nestin® cells differentiated into enteric neurons and glial
cells after BMSCs transplantation in mice with gastric
denervation.

Nestin™/Ngfr" Cells Differentiated Into Neurons
and Glial cells in Denervated Mice (Nestin-
creert2 x Ngfr-Dreert2: DTRGFP Mice)

Nestin-creert2 x Ngfr-Dreert2: DTRGFP mice were used
to track Nestin*/Ngfr™ cells in vivo. In the control, the nerve
clusters were neatly arranged, and no GFP-labeled Nestin*/
Ngfr" cells were detected (Figure 7A4). In the control + TAM
and sham + TAM groups, co-expression of GFP and
neuronal/glial markers confirmed some neurons and glial
origin from the Nestin"/Ngfr* cells in adult mice (Figure 7B
and (). In the BAC group, no neuron/glial were found in the
BAC-treated region, and Nestint/Ngfr™ cells decreased
compared with the control group (Figure 7D).

To track the fate of Nestin®/Ngfrt cells and BMSCs,
triple immunofluorescence staining of GFP-labeled Nestin™/
Ngfrt cells (green), tdTomato-labeled BMSCs (red), and
neuronal markers/glial markers (gray) was performed
(Figure 7E and F). About 28 days later, the treated area was
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colonized by regenerated neurons and glial cells in the
BAC + BMSCs + TAM group. The regenerated glial cells
(GFAP) in the myenteric plexus are labeled with GFP or
tdTomato, indicating their origin from the Nestin™/Ngfr*
cells or BMSCs. The regenerated neuronas (8-tubulin/HuC/
D/nNOS) are labeled with GFP, indicating their origin from
the Nestin®/Ngfr™ cells (Figure 7F).

The Proportion of Nestin™/Ngfr™ Cells
Differentiated Into Neurons Was Significantly
Higher Than That of Nestin™ Cells

The proportion of Nestin® and Nestin"Ngfrt cells that
differentiated into neurons and glial cells on day 28 was
further evaluated: (1) Nestin-creERT2: tdTomato mice,
tdTomato-labeled Nestin® cells (red), and neuronal
markers/glial markers (green) (Figures 6B and 84); (2)
Nestin-creert2 x Ngfr-Dreert2: DTRGFP mice, GFP-labeled
Nestin®/Ngfrt cells (green) and neuronal markers/glial
markers (red) (Figures 7B and 8B).

In normal adult mice, the number of Nestin™/ Ngfr+ cells
that differentiated into neurons was significantly higher
than that of Nestin™ cells (8-tubulin: 15.79% vs 12.01%, P <
.05; HuC/D: 3.12% vs 2.22%, P > .05). However, there was
no significant difference in proportion of differentiated into
glial cells (GFAP: 10.75% vs 11.65%, P > .05) (Figure 8C). In
ENS-injured mice, Nestin"Ngfr™ cells can differentiate into
newborn neurons, and this proportion was significantly
higher than that of Nestin™ cells (HuC/D: 6.69% vs 3.32%, P
< .05; B-tubulin: 22.95% vs 18.68%, P < .05) (Figure 8D).
These results indicated that Nestin" /Ngfr" marker is more
suitable for ENPCs in vivo.

GDNF Secreted by BMSCs Enhanced the
Proliferation, Migration, and Differentiation of
ENPCs

ENPCs were isolated and identified (Figure 9). Further-
more, the biological characteristics of ENPCs co-cultured
with preconditioned BMSCs were evaluated. The prolifera-
tion (P < .001; Figure 10C) and migration (P < .0001;
Figure 10G) abilities of ENPCs in the co-culture group were
significantly increased. Co-culture with preconditioned
BMSCs helped to reduce the apoptosis of ENPCs (P < .05;
Figure 10E). Western blot analysis showed that the protein
expression of neuron (PGP 9.5: P < .01; 8-tubulin: P < .01)
and glial cell (GFAP: P < .01) markers were significantly up-
regulated in the co-cultured group compared with the
control (Figure 101).

The mechanism by which BMSCs regulate the biological
characteristics of ENPCs was further explored. We demon-
strated that preconditioned BMSCs expressed glial cell
characteristic proteins and secreted GDNF (P < .001;
Figure 3B), and then ENPCs were treated with exogenous
GDNF. The results showed that GDNF significantly enhanced
the proliferation (P < .001; Figure 10C) and migration (P <
.0001; Figure 10G) of ENPCs, while reducing their apoptosis
(P < .05; Figure 10E). Then, the GDNF gene of BMSCs was
silenced with small interfering RNA (SiRNA-02), and the
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gene and protein expression of GDNF was down-regulated
(P < .0001; Figure 104 and B). The results showed that
the promoting effect of BMSCs on ENPCs was attenuated by
BMSCs (Si-GDNF) (Figure 10D, F, H, and J). In addition, co-
culture with ENPCs significantly increased the prolifera-
tion (P < .0001; Figure 11A) and decreased the apoptosis (P
< .01; Figure 11B) of BMSCs compared with the control.

Discussion

Our previous research indicated that preconditioned
BMSCs promoted functional enteric nerve regeneration but
not through direct transdifferentiation.’” Exploring the
source of regenerating nerves in vivo is essential for pro-
moting ENS remodeling. In this study, we found that the
regenerated neurons and glial cells originated from ENPCs
in ENS-injured mice after BMSCs transplantation. Most
BMSCs are located in the submucosa, and a small number of
BMSCs located in the myenteric plexus can differentiate into
glial cells. In vitro, preconditioned BMSCs expressed glial
proteins and secreted GDNF to promote the proliferation
and differentiation of ENPCs.

Recent studies have demonstrated the existence of
neurogenesis in uninjured adult intestine.”**° Liu et al®*’
found increased ENS myenteric neurons during the first 4
months after birth in mice. In addition, Kulkarni et al*%?!
proposed that ENS homeostasis was maintained by ENPCs
in healthy adult mice. Our results showed that Nestin®/
Ngfr" cells can differentiate into neurons (HuC/D: 3.12%, §-
tubulin: 15.79%) in healthy adult gut, which may be a result
of external threats such as considerable mechanical, chem-
ical, and microbial stressors.””*' However, study by Virta-
nen et al*” did not find evidence for ENS neurogenesis in
healthy adults despite using the same experimental
approach as Kulkarni et al.?’ Virtanen et al examined
neuronal replication but excluded neurogenesis through
transdifferentiation, which may contribute to the discrep-
ancy in results. In addition, differences in the age of mouse
and the time of observation may be the reasons. We
analyzed neuron proliferation in three-dimensional micro-
scopy with 5-ethynyl-2-deoxyuridine (EdU)-labeled longi-
tudinal muscle-myenteric plexus (LM-MPs) from the colon,
HuC/D (green) and EdU (red). Some EdU-labeled LM-MPs
revealed a positive overlap in two-dimensional microscopy;
three-dimensional analysis revealed overlap of HuC/D/EdU
labeling (Figure 12A). However, some EdU-labeled LM-MPs
revealed a false positive in two-dimensional microscopy;
three-dimensional analysis revealed that cells were layered
on top of each other along the z-axis (Figure 12B). This
would lead to overestimate the number of regenerated
neurons. Three-dimensional microscopy was requested in
the future.

To determine whether ENPCs are the source of regen-
erated neurons in mice with ENS injury, we used a triple-
transgenic mouse strain (Nestin-creert2 x Ngfr-Dreert2:
DTRGFP mice). Unfortunately, mice died immediately after
diphtheria toxin (DT) induction, proving that Nestin™/Ngfr™
cells were necessary for survival. In the BAC group, we
extended the area of the denervated segment and marked
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with 7/0 nylon to eliminate the influence of peripheral
myenteric neurons.’®> We found that 0.05% BAC led to
sufficient and highly reproducible denervation of the target
area for at least 31 days. In the BMSCs transplantation
group, a few transplanted BMSCs located in myenteric
plexus differentiated into glial cells. Nearly 22.95% of
Nestin®/Ngfr* cells differentiated into newborn neurons (8-
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tubulin), and nearly15.78% of Nestin™/Ngfr™ cells differ-
entiated into newborn glial (GFAP) at day 28. These results
indicated that ENPCs maintained neuronal homeostasis in
mice with ENS injury. In addition, the proportion of
Nestin/Ngfr" cells differentiated into neurons was signif-
icantly higher than that of Nestin™ cells, indicating that the
Nestin™/Ngfr" marker was more suitable for ENPCs.
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Figure 4.Expression levels of neurotrophic factor genes (GDNF/BDNF), inflammatory cytokines (IL-6/IL-10), anti-
inflammatory factor (IL-10/IL-13), and apoptosis-related genes (Caspase 3, Survivin) for gastric tissue in different
groups of mice. (A and B) Neurotrophic factor genes (GDNF/BDNF) were decreased in ENS injury mice compared with
control/sham, and BMSCs transplantation up-regulates the level of GDNF/BDNF. (C-F) Inflammatory cytokines (IL-13/IL-6)
and anti-inflammatory (IL-13/IL-10) were increased in BAC mice compared with control/sham, and BMSCs transplantation
reduced the level of inflammatory cytokines (IL-6) and increased the level of anti-inflammatory (IL-13). (G and H) The apoptosis
related genes (Caspase 3) and anti-apoptosis related genes (Survivin) were increased in ENS injury mice compared with
control, and BMSCs transplantation increased the level of anti-apoptosis related genes (Survivin). Control, the control C57
mice; Sham, sham operation group; BAC, benzalkonium chloride treated group; BAC+BMSCs, BAC treated mice transplanted
with BMSCs; EFS, electrical field stimulation. Results were expressed as mean + standard deviation. *P < .05, *P < .01,
**P < .001, NS, no significance.
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Laranjeira et al’” reported that mouse neural crest cells Consistent with previous studies, our results showed that

marked by SRY box-containing gene 10 (SOX10) can un-
dergo neurogenesis in response to injury. These results
suggested that there may be more than one source of re-
generated nerves after nerve injury.

Accumulating evidence has revealed that mesenchymal
stem cells can mediate neuroprotection and repair via sup-

preconditioned BMSCs could express glial cell markers
in vitro.*®*? In addition, the preconditioned BMSCs can sur-
vive and express glial cell characteristic proteins in ENS-
injured mice. Glial cells can secrete neurotrophic factors to
alleviate neurologic defects and promote functional recov-
ery*®*! by promoting their development and survival and

port, immunomodulatory, and anti-apoptosis effects.*” >’  preventing neuronal apoptosis.**** GDNF is an important

Figure 3. (See previous page). BMSCs expressing glial cell characteristic protein promoted gastrointestinal nerve
regeneration in denervated mice. (A) BMSCs expressed glial markers (GFAP) after pre-induction. (B) Representative
immunoblot bands and histogram of relative expression of nanog/GFAP/GDNF (normalized to GAPDH) in BMSCs after pre-
conditioned for 10 days. (C) Distribution of GFP (green)/tdTomato (red)-labeled BMSCs in mouse stomach was observed
by laser confocal immunofluorescence 1/3/28 days after transplantation. (D) Representative immunofluorescence images in
gastric myenteric plexus of GFAP/S-tubulin (green) and tdTomato-labeled BMSCs (red) at 28 days after transplantation.
GFAP™ (green) cells in the myenteric ganglia emerge that express tdTomato (red) and fluoresce yellow (marked here by white
arrow). (E) Representative immunofluorescence confocal laser images in transverse sections of gastric tissue sections of
GFAP/g-tubulin (green) in each group (Control/Sham/BAC/BAC+BMSCs), the nuclei (blue). (F) Representative immunoblot
bands and histogram of relative expression for GDNF/GFAP/HuUC/D/gB-tubulin in the gastric tissues (normalized to GAPDH). S,
subserosa; LM, longitudinal muscle; CM, circular muscularis; SM, submucosa; M, mucosal layer; Control, the control C57
mice; Sham, sham operation group; BAC, benzalkonium chloride treated group; BAC+BMSCs, BAC treated mice transplanted
with BMSCs. These results are representative of at least 3 times independent experiments. Results were expressed as mean +
standard deviation. **P < .01, P < .001, ***P < .0001.
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Figure 5. BMSCs promoted recovery of gastrointestinal motility in BAC +BMSCs mice. (A-C) The visual observation and
gastric emptying and stomach weight were recorded after the administration of test meal. (D) Representative basal curves of iso-
metric tension of circular gastric muscle strips. (E) Frequency of gastric muscles strip contraction in each group (10 minutes). (F)
Contractility of gastric muscle strips in each group (analyzed as grams for 1 minute). (G) Representative schematic diagram of gastric
muscle strips contraction response induced by EFS at increasing frequency of stimulation in each group (4-64 Hz). (H) Quantification
of gastric strip contraction in response to EFS in each group. Control, the control C57 mice; Sham, sham operation group; BAC,
benzalkonium chloride treated group; BAC+BMSCs, BAC treated mice transplanted with BMSCs; EFS, electrical field stimulation.
Results were expressed as mean + standard deviation. *P < .05, P < .01, P < .001, P < .0001, n = 4-5.
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Figure 6. Regenerated
neurons derived from
Nestint cells in dener-
vated double-transgenic
mice (Nestin-creERT2:
tdTomato). (A-D) Repre-
sentative immunofluores-
cence confocal laser
images in freshly inter-
muscular plexus tissues of
gastric of GFAP/gB-tubulin/
HuC/D/nNOS (green) and
tdTomato-labeled Nestin*
cells (red) in Control, Con-
trol+TAM, Sham+TAM,
and BAC+TAM groups,
the nuclei (blue). Arrows
indicate  double-positive
cells. Nestin®™ cells are
stained with td-Tomato
(red) and express GFAP/(3-
tubulin/ HuC/D/nNOS
(green) after TAM induction
and show co-localization,
providing evidence that
Nestin® cells can be
differentiated into neurons
and glial. (E and F) Repre-
sentative immunofluores-
cence confocal laser
images in freshly inter-
muscular plexus tissues of
gastric of GFAP/gB-tubulin/
HuC/D/nNOS (gray),
tdTomato-labeled Nestin™
cells (red), and GFP-
labeled BMSCs (green) in
Sham+BMSCs+TAM and
BAC+BMSCs+TAM grou
ps, the nuclei (blue). Con-
trol, the control C57 mice;
Sham, sham operation
group; BAC, benzalkonium
chloride treated group;
BAC+BMSCs, BAC trea
ted mice transplanted with
BMSCs; TAM, tamoxifen.
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Figure 7. Regenerated
neurons derived from
Nestint/Ngfr™ cells in
denervated triple-
transgenic mice (Nestin-
creERT2 X Ngfr-
DreERT2: DTRGFP). (A-
D) Representative immu-
nofluorescence confocal
laser images in freshly
intermuscular plexus tis-
sues of gastric of GFAP/3-
tubulin/HUC/D/nNOS  (red)
and GFP-labeled ENPCs
(green) in Control, Con-
trol+TAM, Sham+TAM,
and BAC+TAM, the nuclei
(blue). Arrows indicate
double-positive cells.
Nestin™/Ngfr™ cells are
stained with GFP (green)
and express GFAP/S-
tubulin/ HUC/D/nNOS (red)
after TAM induction and
show co-localization
providing evidence that
Nestin™/Ngfrt cells can be
differentiated into neurons
and glial. (E and F) Repre-
sentative immunofluores-
cence confocal laser
images in freshly inter-
muscular plexus tissues of
gastric of GFAP/gB-tubulin/
HuC/D/nNOS (gray), GFP-
labeled ENPCs (green),
and tdTomato-labeled BM
SCs (red) in Sham-+BM
SCs+TAM and BAC+BM
SCs+TAM groups, the
nuclei (blue). Control, the
control C57 mice; Sham,
sham operation group;
BAC, benzalkonium chlo-
ride treated group; BAC+B
MSCs, BAC treated mice
transplanted with BMSCs;
TAM, tamoxifen.
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glial cell neurotrophic factor for the development of ENS.?”**
McKeown et al** reported that the ability of enteric neural
progenitors to generate ENS was enhanced when exposed to
GDNF. Compared with the controls, enteric neurosphere cells
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exposed to GDNF showed a 14-fold increase in volume, 12-
fold increase in cell number, and 2-fold increase in distance
migrated. Previous studies have shown that GDNF treatment
using rectal enemas induces enteric neurogenesis and
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Figure 9. Representative photographs of ENPC culture and differentiation. (A) Cell morphology of ENPCs at 2, 4, and 7
days in culture. (B) ENPCs contain numerous cells immunopositive for Ngfr (green) and Nestin (red); ENPCs contain numerous
cells immunopositive for SOX10 (green) and RET (red); ENPCs contain few cells immunonegative for g-tubulin (green) or GFAP
(red). (C) Immunofluorescence staining indicated that ENPCs expressed neurons (PGP 9.5, §-tubulin), glial (GFAP), and smooth

muscle cells («-SMA) marker.

improved colon structure and function in mouse models of
Hirschsprung disease.”” However, administered GDNF pri-
marily acts during the treatment period, and multiple repe-
titions are required. In our study, stable high level of GDNF
expression was detected after BMSCs transplantation. In
addition, GDNF secreted by BMSCs enhanced the prolifera-
tion, migration, and differentiation of ENPCs in vivo.
Restoration of gastrointestinal motility is the key to
cellular therapies. Our study showed that gastric motility
including gastric emptying capacity and gastric muscle strip
contractility were significantly increased after BMSCs
transplantation. The nNOS neurons are involved in the
regulation of gut motility,*> and defects in nNOS neurons
may lead to gastrointestinal motor dysfunction.*® Our re-
sults clearly indicate that BMSCs transplantation can pro-
mote the regeneration of nNOS neurons. However, the
regeneration of neural network and the recovery of
gastrointestinal motility in ENS-injured mice with BMSCs
transplantation are still far from normal. Therefore,
exploring the optimal conditions for BMSCs transplantation
is of great significance for realizing ENS remodeling.
Although accurate cell targeting injections can induce a

large number of cells during surgery, this invasive proced-
ure may result in tissue damage.”’ The clinical application of
endoscopic ultrasound should be considered in the future to
allow accurate targeting of specific layers of the gut and
reduce tissue damage.

In summary, our study provides the first evidence that
GDNF secreted by BMSCs promotes the proliferation and
differentiation of ENPCs in vitro. In vivo, BMSCs function as
glial cells to promote the differentiation of ENPCs into
neurons and glial cells. Our study provides a scientific
foundation for the treatment of ENS-related disorders and
further promotes the clinical application of BMSCs-based
therapies in the future.

Materials and Methods
Animals

Nestin-creert2 mice were bred with Rosa26-LSL-
tdTomato mice to generate double-transgenic mice:
Nestin-creert2: tdTomato mice. After TAM induction,
Nestin™ cells were labeled with tdTomato (Figure 134). In
addition, only homozygous mice were used to trace the

Figure 8. (See previous page). Proportion of Nestin™/Ngfr* cells differentiated into neurons was significantly higher
than that of Nestin* cells. (4) Representative immunofluorescence confocal laser images in freshly intermuscular plexus
tissues of gastric of GFAP/g-tubulin/HuC/D/nNOS (green) and tdTomato-labeled Nestin® cells (red) in BAC+BMSCs+TAM
(Nestin-creERT2: tdTomato mice), the nuclei (blue). Arrows indicate double-positive cells. (B) Representative immunofluo-
rescence confocal laser images in freshly intermuscular plexus tissues of gastric of GFAP/S-tubulin/HuC/D/nNOS (red) and
GFP-labeled Nestin™/Ngfr* cells (green) in BAC4+BMSCs+TAM (Nestin-creert2 X Ngfr-Dreert2: DTRGFP mice), the nuclei
(blue). Arrows indicate double-positive cells. (C and D) Proportion of Nestin™ (red)/Nestin"Ngfr* (blue) cells differentiated into
neurons and glial cells in Control+TAM group and BAC+BMSCs+TAM group. Control, the control C57 mice; Sham, sham
operation group; BAC, benzalkonium chloride treated group; TAM, tamoxifen. These results are representative of independent
experiments repeated at least 3 times. Results were expressed as mean + standard deviation. *P < .05, **P < 0.01, NS, no
significance.
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Figure 11. ENPCs promote proliferation and decrease apoptosis of BMSCs in vitro. (A) Representative CFSE-labeled
BMSCs and percentage of BMSCs in FITC-A- after co-culture with ENPCs in vitro for 48 hours. (B) Apoptosis rate (per-
centage of cells in Q2/Q3) of BMSCs after co-culture with ENPCs for 48 hours was detected by flow cytometry assay. CFSE,
5-(and 6)-carboxyfluorescein diacetate succinimidyl ester. These results are representative of at least 3 times independent
experiments. Results were expressed as mean + standard deviation. *P < .01, ™*P < .0001.

fate of Nestin®™ cells in vivo. In addition, Nestin-creert2
mice were bred with R26-e(CAG-RSR-LSL-DTRGFP-
WPRE-pA) x Ngfr-e(2A-DreERT2) mice to generate triple-
transgenic mice: Nestin-creert2 x Ngfr-Dreert2: DTRGFP.
After TAM induction, Nestin®/Ngfr™ cells were labeled
with GFP to track Nestin®/Ngfrt cells (Figure 13C).
Moreover, Nestin”/Ngfr™ cells were knocked out after DT
induction. Nestin-creert2, Rosa26-LSL-tdTomato, Ngfr-
e(2A-DreERT2), R26-e(CAG-RSR-LSL-DTRGFP-WPRE-pA),
and tdTomato mice were purchased from Shanghai Model
Organisms Center, Inc (Shanghai, China). Wild-type
C57BL/6] and GFP mice were purchased from Beijing
HFK Biotechnology Co, Ltd (Beijing, China). Pregnant fe-
male mice (C57BL/6], embryonic period 16-18 days [E16-
18]) were used to isolate ENPCs. All the mice were
housed in a specific pathogen-free facility under

controlled temperature and photoperiod conditions. All
animal studies were approved by the Animal Care and
Use Committee of Union Hospital at Tongji Medical Col-
lege, Huazhong University of Science and Technology
(S2804).

Tamoxifen Induction

Tamoxifen (Sigma-Aldrich, St Louis, MO; cat. #10540-29-
1) was dissolved in corn oil at a concentration of 20 mg/mL
and stored at 4°C.”° To label Nestin™ cells with tdTomato in
Nestin-creERT2: tdTomato mice for fate mapping experi-
ments in vivo, 3 doses of TAM (100 uL) were intraperito-
neally administered on 3 consecutive days. To label
Nestin™/Ngfrt cells with GFP in Nestin-creert2 x Ngfr-
Dreert2: DTRGFP mice for fate mapping experiments
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Figure 12. Analysis of neuron proliferation in the colon in
three-dimensional (3D) microscopy. Analysis of EdU-
labeled LM-MPs from the colon, HuC/D (green) and EdU
(red). (A) EAU-labeled LM-MPs revealed double-positive HUC/
D/EdU enteric neurons. 3D analysis revealed overlap of HuC/
D/EdU labeling, appearing as true positives in 2D microscopy.
(B) EdU-labeled LM-MPs revealed putative overlap of HUC/D/
EdU labeling. 3D analysis revealed that cells were layered on
top of each other along the z-axis, appearing as false positives
in 2D microscopy. EdU, 5-ethynyl-2-deoxyuridine; LM-MPs,
longitudinal muscle-myenteric plexus.

in vivo, 6 doses of TAM (100 uL) were intraperitoneally
administered on 6 consecutive days.

Diphtheria Toxin Induction

DT (Merck-Millipore, Burlington, MA; cat. #322326) was
dissolved in phosphate-buffered saline (PBS) at a concen-
tration of 2 ug/uL and stored at -20°C. To knockout
Nestin®/Ngfrt cells in Nestin-creert2 x Ngfr-Dreert2:
DTRGFP mice, mice were intraperitoneally injected with
DT (10 ug/kg/d) on days 1, 3, and 5 before surgery.

BMSCs Isolation and Induction

BMSCs were obtained and identified as described previ-
ously. 19 GFP-labeled BMSCs were isolated from GFP mice, and
tdTomato-labeled BMSCs were isolated from tdTomato mice
as in our previous research (Figure 13B and D).*® For pre-
conduction, BMSCs at passage 6 were cultured in Dulbecco
modified Eagle medium containing 10% fetal bovine serum,
basic fibroblast growth factor (bFGF) (10 ng/mL; Peprotech,
Rocky Hill, NJ), epidermal growth factor (EGF) (10 ng/mL;
Peprotech), and GDNF (10 ng/mL; Peprotech) for 10 days.
Immunofluorescence staining showed that BMSCs expressed
neurons (PGP 9.5, HuC/D, gB-tubulin, nNOS) and glial cell
(GFAP positive) markers after being preconditioned for 10
days (Figure 14).
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Grouping and BMSCs Transplantation

Wild-type C57BL/6] mice (8-10 weeks) were randomly
divided into 4 groups: control, sham, BAC treatment, and
BAC + BMSCs. In the sham group, the animals were anes-
thetized by intraperitoneal injection of sodium pentobar-
bital (45 mg/kg), and a midline incision was made. Second, a
1-cm segment of gastric tissue was exposed, wrapped with
gauze, and soaked for 15 minutes with normal saline, and
the treatment area was marked with 7/0 nylon. Third, 200
uL PBS was injected into the treated gastric subserosa using
a 22-gauge needle after 3 days. In the BAC group, 0.05%
BAC (Merck, Rahway, NJ; CAS:63449-41-2) was adminis-
tered instead of normal saline, and the other treatments
were administered as described for the sham group. In the
BAC + BMSCs group, BMSCs (2 x 10° cells in 0.2 mL PBS)
were transplanted into the denervated gastric subserosa
with a 22-gauge needle at 4 sites 3 days after BAC treat-
ment, and the other treatments were administered as
described in the BAC group. In addition, the transgenic mice
(8-10 weeks) were divided into 6 groups: control, control +
TAM, sham + TAM, BAC + TAM, sham + BMSCs + TAM, and
BAC + BMSCs + TAM. TAM was administered intraperito-
neally after BMSCs/PBS injection. DT induction was con-
ducted to knockout Nestin+/Ngfr+ cells in Nestin-
creert2 x Ngfr-Dreert2: DTRGFP mice. Four weeks after
BMSCs transplantation, the mice were euthanized, and their
tissues were collected for subsequent analysis.

ENPC Isolation and Culture

ENPCs were harvested from E16 mice. Whole guts of E16
embryos were dissected, washed with Ca®"/Mg®"-free PBS
(0.1% penicillin/streptomycin), and then cut into pieces
(0.5-1 mm). These pieces were enzymatically dissociated us-
ing dispase I (0.1 mg/mL), collagenase XI (300 U/mL), and
dNase I (10 mg/mL) for 40 minutes at 37°C. Thereafter, the cell
suspensions were filtered through a 40-um cell strainer,
centrifuged, and cultured in Dulbecco modified Eagle me-
dium/F12 medium containing B27 (20 ng/mlL, stem cell),
fibroblast growth factor (FGF) (20 ng/mL; Peprotech), and
EGF (20 ng/mL; Peprotech). ENPCs grew as free-floating
neurospheres and were passaged every 5-7 days by incuba-
tion with Accutase (StemPro) for 15 minutes at 37°C
(Figure 94). Immunostaining confirmed the presence of ENPCs
and revealed that they co-expressed both Nestin/Ngfr and RET
proto-oncogene (RET)/SOX10 (Figure 9B). In addition, a few
ENPCs expressed neuronal and glial cell markers (Figure 9B).
ENPCs differentiated into neurons (PGP 9.5, §-tubulin), glial
cells (GFAP), and smooth muscle cells («-SMA) after culturing
in differentiation medium for 7 days (Figure 9C).

Immunofluorescence

To investigate the morphologic changes of myenteric
plexus of the stomach, the mucosa and submucosa were gently
torn off with micro tweezers in pre-cooled Kreb’s solution.
Muscularis tissues were fixed in 4% paraformaldehyde for 12
minutes, then washed with PBS, and incubated with donkey
serum containing 0.3% Triton X-100 at 4°C overnight. Then,
the muscularis tissues were incubated with the primary
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Figure 13. Identification of Nestin-creERT2: tdTomato mice and Nestin-creERT2 X Ngfr-DreERT2: DTRGFP mice. (A)
Immunofluorescence staining showed the co-expression of Nestin (green) and tdTomato (red) and indicated that cells with
tdTomato-positive were Nestin-positive cells, the nuclei (blue). (B) Cell morphology of GFP-labeled BMSCs after 10 days pre-
conditioned. (C) Immunofluorescence staining showed co-expression of Nestin (red), Ngfr (gray), and GFP (green) and indi-
cated that cells with GFP-positive were Nestin"Ngfr™ cells, the nuclei (blue). (D) Cell morphology of tdTomato-labeled BMSCs

after 10 days pre-conditioned.

antibody (Table 1) at 4°C for 48 hours and subsequent addi-
tion of secondary antibodies (Table 1) for 2 hours. Nuclei were
stained with 4/,6-diamidine-2’-phenylindole dihydrochloride
(DAPI) for 10 minutes. To investigate the morphologic changes
in the stomach enteric nerve in a cross section, paraffin sec-
tions of stomach tissues were deparaffinized before antigen
retrieval. The cells were washed in PBS and blocked with
donkey serum for 30 minutes at room temperature. The next
step was the same as that described above. In addition, the
slides were fixed in 4% paraformaldehyde for 20 minutes at
room temperature, and the next step was the same as above.
Finally, the stained sections were viewed using a confocal laser
scanning microscope (BX53; Olympus, Tokyo, Japan) with the
NIS Elements Viewer Software (Nikon, Tokyo, Japan).

Western Blot Analysis

Proteins harvested from the cells and stomach muscu-
laris tissues were homogenized in lysis buffer (radio-
immunoprecipitation  assay:  phenylmethyl  sulfonyl
fluoride = 100:1). Protein concentration was evaluated us-
ing the bicinchoninic acid method. Equal amounts of protein
were subjected to 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to pol-
yvinylidene fluoride membranes. After soaking in 10%
nonfat dry milk at room temperature for 1 hour, membranes
were incubated with specific primary antibodies (Table 1)
at 4°C overnight. Then the membranes were incubated with
specific secondary antibodies (AntGene, Wuhan, China) for 1
hour at 37°C. Finally, the bands were visualized by

chemiluminescence immunoassay using an enhanced
chemiluminescent agent (Thermo Fisher Scientific Inc,
Waltham, MA). The intensities of the bands were quantified
using Image] v1.51.

Gastric Emptying

The mice were fasted overnight. Twenty minutes before
euthanizing, 300 uL of test meal (containing phenol red and
carboxymethylcellulose) was administered to mice by
gavage. The stomach contents were placed in 10 mL NaOH
(0.1N). Phenol red content was measured according to the
method as previously described.*® Gastric emptying (%) =
100 x (1 — X/Y) (X, absorbance of test mice; Y, absorbance
of control mice immediately collected by gavage).

Smooth Muscle Activity Recording

Gastric muscle strips were suspended between two L-
shaped hooks in a 25 mL organ bath with oxygenated Kreb’s
solution (composed of 118.3 mmol/L NaCl, 4.7 mmol/L KCI,
1.2 mmol/L MgS0y,, 1.2 mmol/L K,HPO,, 2.5 mmol/L CaCl,, 25
mmol/L NaHCO3, and 11.1 mmol/L D-glucose) at 37°C (95%
05, 5% CO,). The muscle strips were equilibrated for 1 hour
under a preload of 1 g, and a stable spontaneous contractile
pattern was obtained. EFS, which elicited neural activation-
mediated muscle contraction, was conducted (20 V, 10 sec-
onds). Contractile activity was measured using an isometric
force transducer (ADInstruments, Dunedin, New Zealand). The
contractile curve was consecutively recorded and analyzed
using the LabChart software (version 7.0; ADInstruments).
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Figure 14. Representative photographs of BMSCs identification and pre-conditioned. (A) Flow cytometric analysis of
CD45, CD44, CD11b, CD-73, Sca-1, and CD105, respectively. (B) BMSCs were cultured in osteogenic medium and chon-
drogenic medium and stained with Alizarin red and Alcian blue to identify differentiation. (C) Cell morphology of BMSCs pre-
conditioned at 0, 4, 7, and 10 days. (D) Immunofluorescence staining showed that BMSCs expressed neurons (PGP 9.5, HuC/
D, g-tubulin, nNOS) and glial cell (GFAP positive) marker after pre-conditioned for 10 days.

SiRNA Transfection

The SiRNA oligo used for GDNF gene silencing was pur-
chased from Wuhan Qingke Co, Ltd (Wuhan, China). SIRNA-01
(sense: 5-CGGUAAGAGGCUUCUCGAATT-3; antisense: 5-UUC-
GAGAAGCCUCUUACCGTT-3); SiRNA-02 (sense: 5-:CGGAGUA-
GAAGGCUAACAATT-3; antisense: 5-=UUGUUAGCCUUCUACUC
CGTT-3); SiRNA-03 (sense: 5-=CCAAUAUGCCUGAAGAUUATT-
3; antisense: 5-UAAUCUUCAGGCAUAUUGGTT-3). GDNF SiRNA
was transfected into BMSCs at a concentration of 100 nmol/L
using Lipofectamine 3000 reagent (Invitrogen, Waltham, MA)
according to the manufacturer’s instructions. The supernatant
was discarded 6 hours after transfection and replaced with a
fresh medium. Further analysis was performed 48 hours after
transfection.

Quantitative Reverse Transcriptase Polymerase
Chain Reaction

RNA was isolated using TRIzol reagent (Vazyme, China) in
accordance with the manufacturer’s protocol, and cDNA was
generated using a cDNA synthesis kit (Takara Bio, Shiga,
Japan). Quantitative polymerase chain reaction analyses were
performed using the StepOne Real-Time PCR system (Applied

Biosystems, Waltham, MA). Threshold cycle (Ct) values were
normalized against GAPDH using the AACt method. The
primer sequences used in this experiment are listed in Table 2.

Proliferation

Cells were resuspended in PBS at 5-10 x 10°/mL and
incubated with 10 wmol/L 5-(and 6)-carboxyfluorescein
diacetate succinimidyl ester (Ebioscience, San Diego, CA) for
10 minutes at room temperature in the dark. The cells were
then washed twice with complete medium and transferred
to 6-well co-culture plates (pore size, 4 um; Corning,
Corning, NY). After co-culture for 48 hours, 5-(and 6)-car-
boxyfluorescein diacetate succinimidyl ester-labeled cells
were collected and subjected to flow cytometry using a 488
nm excitation source.

Apoptosis

Cell apoptosis was detected by flow cytometry analysis
using annexin V/propidium (propidium iodide) staining
(AntGene, Wuhan, China). After co-culture for 48 hours, the
cells were harvested and washed thrice with cold PBS. The
cells were then resuspended in binding buffer containing
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Table 1.Antibodies Used and Their Concentrations

Protein/staining target

Source Concentration

Rabbit anti-PGP9.5

Mouse anti-a-SMA

Rabbit anti-HuC/D

Rabbit anti-GFAP

Rabbit anti-g-tubulin

Rabbit anti-nNOS

Goat anti-Td-tomato

Mouse anti-GFP

Goat anti-GFP

Rabbit anti-Nanog

Rabbit anti-GDNF

Rabbit anti-Nestin

Mouse anti-Ngfr

Rabbit anti-SOX10

Goat anti-RET

Rabbit anti-GAPDH

Alexa Fluor 488 and donkey anti-goat IgG
Alexa Fluor 488 and donkey anti-mouse IgG
Alexa Fluor 488 and donkey anti-rabbit IgG
Alexa Fluor 594 and donkey anti-rabbit IgG
Alexa Fluor 594 and donkey anti-goat IgG
Alexa Fluor 647 and donkey anti-rabbit IgG

IF, immunofluorescence, WB, Western blot.

Abclonal (A19101)
Boster (BM0002)
Abcam (ab184267)
Abclonal (A0237)
Abclonal (AC008)

IF (1:200); WB (1:1000)
IF (1:200)

IF (1:500); WB (1:1000)

IF (1:200); WB (1:1000)

IF (1:200); WB (1:1000)

Genetex (GTX133403) IF (1:200)
Arigo (ARG55724) IF (1:500)
Promoter (QSJ-078) IF (1:100)
Abcam (ab5450) IF (1:1000)
Abcam (ab80892) WB (1:1000)
Abcam (ab176564) WB (1:1000)
Abclonal (A11861) IF (1:200)
R&D Systems (AF1157) IF (1:200)
Abcam (ab155279) IF (1:200)
R&D Systems (AF482) IF (1:200)
Antgene, Wuhan, China WB (1:1000)
AntGene, Wuhan, China IF (1:200)
AntGene, Wuhan, China IF (1:200)
AntGene, Wuhan, China IF (1:200)
AntGene, Wuhan, China IF (1:200)
AntGene, Wuhan, China IF (1:200)
AntGene, Wuhan, China IF (1:200)

Table 2.Primers Used for Quantitative RT-PCR

Number Primer for RT-PCR ( mouse ) Forward primer Reverse primer

1 GDNF CGTCATCAAACTGGTCAGGA CGCTGAACCACTCCCTC

2 BDNF GCGGCAGATAAAAAGACTGC GCAGCCTTCCTTCGTGTAAC

3 IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
4 IL-18 CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
5 IL-13 CTTGCTTGCCTTGGTGGTCT CACAGGGGAGTCTGGTCTTG

6 IL-10 AAGCCTTATCGGAAATGATCCA GCTCCACTGCCTTGCTCTTATT
7 Caspase 3 ATGGAGAACAATAAAACCT CTAGTGATAAAAGTAGAGTTC

8 Survivin TTGGCAGGTGCCTGTTGAAT AGCCAGTCCCCCACAGCAT

9 GAPDH AGGAGCGAGACCCCACTAACA AGGGGGGCTAAGCAGTTGGT

RT-PCR, reverse transcriptase polymerase chain reaction.

Annexin V-FITC and PI. After incubation for 15 minutes at
room temperature, the cells were analyzed using flow
cytometry within 1 hour.

Migration

Cell migration was measured using a Transwell assay
(pore size, 8 um; Corning). A total of 1 x 10°> ENPCs
were seeded in the upper chamber, and BMSCs or cell
culture medium were seeded in the lower well for co-
cultivation. After 48 hours, the cells in the upper well

were stained with crystal violet and counted under a
microscope.

EqQU Labeling

The LM-MPs were peeled off from colon by microdis-
section. LM-MPs were cultured in Dulbecco modified Eagle
medium/F12 medium containing B27 (20 ng/mL; Stem
cell), FGF (20 ng/mL; Peprotech), and EGF (20 ng/mL;
Peprotech). EdU (Invitrogen, Carlsbad, CA) was added to
media at a final concentration of 25 umol/L for 48 hours.
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Then LM-MPs were fixed, and EdU uptake was detected by
immunofluorescence.

Statistical Analysis

Data are presented as mean + standard deviation. Sta-

tistical analyses were performed using GraphPad Prism
v6.0c (San Diego, CA) and Image] v1.51. Student ¢ test was
used to compare differences between 2 groups, and differ-
ences between multiple groups were compared using one-
way analysis of variance. Statistically significant differ-
ences were defined as *P < .05, **P < .01, **P < .001, and
*RRxP < .0001.
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