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Injury to the enteric nervous system (ENS) can cause several
gastrointestinal (GI) disorders including achalasia, irritable bowel
syndrome, and gastroparesis. Recently, a subpopulation of enteric
glial cells with neuronal stem/progenitor properties (ENSCs) has
been identified in the adult ENS. ENSCs have the ability of
reconstituting the enteric neuronal pool after damage of the
myenteric plexus. Since the estrogen receptor β (ERβ) is expressed
in enteric glial cells and neurons, we investigated whether a selec-
tive ERβ agonist, LY3201, can influence neuronal and glial cell dif-
ferentiation. Myenteric ganglia from the murine muscularis externa
were isolated and cultured in either glial cell medium or neuronal
medium. In glial cell medium, the number of glial progenitor cells
(Sox10+) was increased by fourfold in the presence of LY3201. In the
neuronal medium supplemented with an antimitotic agent to block
glial cell proliferation, LY3201 elicited a 2.7-fold increase in the num-
ber of neurons (neurofilament+ or HuC/D+). In addition, the effect of
LY3201 was evaluated in vivo in two murine models of enteric neu-
ronal damage and loss, namely, high-fat diet and topical application
of the cationic detergent benzalkonium chloride (BAC) on the intes-
tinal serosa, respectively. In both models, treatment with LY3201
significantly increased the recovery of neurons after damage.
Thus, LY3201 was able to stimulate glial-to-neuron cell differen-
tiation in vitro and promoted neurogenesis in the damaged
myenteric plexus in vivo. Overall, our study suggests that selec-
tive ERβ agonists may represent a therapeutic tool to treat patients
suffering from GI disorders, caused by excessive neuronal/glial cell
damage.
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The enteric nervous system (ENS) is composed of a network of
neurons and glial cells that regulates essential gastrointestinal

(GI) functions like motility, absorption, and secretion indepen-
dently of the central nervous system (CNS). Defective functioning
of the ENS is associated with various GI diseases including ileus,
achalasia, irritable bowel syndrome, and gastroparesis (1).
Throughout life, various injuries, such as inflammation and aging,
can cause damage to the ENS, resulting in some cases in neuronal
loss leading to altered GI motility and secretion (2). Recent work
has shown that, after physical or inflammatory damage, a sub-
population of enteric glial cells with neuronal stem/progenitor
properties (ENSCs) from the undamaged parts of the ENS is
able to reconstitute the enteric neuronal network (3). Indeed,
neurogenesis from adult enteric glia has been extensively tested
in vitro and, even if less consistently, in vivo (4). In this context,
Laranjeira et al. (5) showed that, after chemical ablation of myenteric
neurons with benzalkonium chloride (BAC), there is regeneration
of newly differentiated neurons from a subpopulation of Sox10-
expressing glial cells/progenitor cells migrating from the unaffected
adjacent myenteric ganglia. In line, Belkind-Gerson et al. (6) dem-
onstrated that, upon injury to the gut, the neurogenic potential of

enteric glia is induced through activation of the serotonin signaling
pathway via the 5-HT4 receptor. Similarly, Kulkarni et al. (7)
showed that, under physiological conditions, the adult ENS is
maintained by a dynamic balance between neuronal apoptosis
and neurogenesis from neuronal Sox10−Nestin+ precursors that
are not mature glial cells. However, the neurogenic potential of
Sox10+Nestin− cells is only activated upon injury.
Thus, understanding the molecular mechanisms promoting

adult neurogenesis via activation of ENSCs will be essential to
develop novel pharmacological agents to treat GI diseases in-
volving alteration to the ENS.
Estrogen receptor α (ERα) and estrogen receptor β (ERβ) are

nuclear receptors involved in the modulation of several physio-
logical and biological processes ranging from lipid and glucose
homeostasis, cell proliferation and growth, to immunity, re-
production, and CNS homeostasis (8). In particular, both ERα
and ERβ have been implicated in neuroprotection (9, 10) and
neurogenesis during damage of the CNS such as multiple scle-
rosis and stroke (11, 12).
So far, little is known about the possible role of estrogens in

favoring neurogenesis in the ENS. Both ERα and ERβ are
expressed in the gut wall (13). While ERα is only expressed on
interstitial cells of Cajal, ERβ is expressed on both neurons and
glial cells (14). Based on these findings, we aimed to test whether
a synthetic selective ERβ agonist, LY3201, already shown to
have neuroprotective (15) and immunomodulating (16) effects in
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the brain, was promoting neurogenesis in the ENS using two
validate models of enteric neuronal damage such as BAC
treatment and high-fat diet (HFD) (17, 18).
In the present study, we demonstrate that in vitro activation of

ERβ with LY3201 increased glial cell/progenitor cell pro-
liferation, resulting in increased numbers of enteric neurons and
glial cells. Moreover, upon intestinal injury, LY3201 treatment
resulted in reduced damage of the ENS with decreased neuronal
loss in both BAC-treated and HFD mice. Thus, our study pro-
vides some insight into neurogenesis in the injured ENS and
points toward a possible application of ERβ agonists in several
clinical contexts in which damage to the ENS is responsible for
the pathogenesis of the disease.

Results
ERβ Is Expressed in Neurons and Glial Cells in Human and Mouse
Myenteric Plexus. Confocal microscopy of the myenteric plexus
in human and mouse colonic samples was used to define the
cellular subsets and subcellular localization of ERβ. As shown
in Fig. 1, in both humans (A) and mice (B), ERβ is expressed in
neurons (HuC/D+ or NF200+) and glial cells (Sox10+) in the
myenteric plexus. Of note, ERα expression was not detectable in
the human colonic myenteric plexus (SI Appendix, Fig. S1A).

ERβ Activation Increases the Number of Glial Cells/Progenitor Cells in
Vitro. To evaluate whether ERβ activation could enhance neu-
rogenic properties of Sox10+ glial cells in vitro, myenteric ganglia
were isolated from adult mice and cultured for 7 d in glial cell
medium supplemented with different concentrations of the ERβ
agonist LY3201. Glial progenitor cells, identified by immunos-
taining for Sox10, coexpressed nuclear ERβ (Fig. 2 A and B).
Interestingly, stimulation with the ERβ agonist, LY3201, in-
creased the number of Sox10+ cells by fourfold at 100 nM (mean,
1,754 ± 668/cm2) and twofold at 10 nM (mean, 843 ± 221/cm2)
compared with vehicle (mean, 361 ± 171/cm2) (Fig. 2E). In
contrast to the effects of the ERβ-selective ligand, the specific
ERα agonist propylpyrazoletriol (15 nM) had no effect on the

proliferation of Sox10+ cells (SI Appendix, Fig. S2) and no ERα
was detectable in murine myenteric ganglia cultured in vitro (SI
Appendix, Fig. S2).

ERβ Activation Promotes Differentiation of Mature Enteric Neurons in
Vitro. To determine whether ERβ activation was able to promote
the generation of neurons from enteric glial progenitor cells,
LY3201 was tested in vitro on enteric neuronal cultures. Myenteric
ganglia were cultured for 7 d in neuronal medium supplemented
with different concentrations of LY3201. LY3201 increased the
number of neurons [neurofilament (NF200+)] when glial cell
proliferation was inhibited by the addition of the antimitotic agent
AraC (Fig. 3 A and B). The number of neurons was increased
2.7-fold when cells were treated with 100 nM LY3201 (vehicle,
11 ± 2/cm2; 100 nM LY3201, 29 ± 4/cm2), while 10 nM LY3201
had no significant effect on neuronal proliferation/differentiation
(Fig. 3D). In contrast, the number of glial cells was reduced in
the presence of 100 nM LY3201 (vehicle, 71.5 ± 1.2/cm2; 10 nM
LY3201, 75.2 ± 8.7/cm2; 100 nM LY3201, 40.2 ± 5.3/cm2) (Fig.
3C). Overall, LY3201 increased the percentage of neurons from

Fig. 1. Erβ localization in mouse and humanmyenteric plexus. Two-dimensional
projection of a z stack of confocal microscopy images of myenteric plexus
from human (A) and mouse colon (B). (A) Human colonic myenteric ganglia
stained for Erβ (red), Sox10 (gray), neurofilament (NF 200; green), and nuclei
(DAPI; blue). Inset Ai is magnified in Aii. (B) Murine muscularis externa whole
mount stained for Erβ (red), Sox10 (gray), HuC/D (green), and nuclei (DAPI;
blue). Inset Bi is magnified in Bii.

Fig. 2. Erβ activation increases proliferation of enteric glial cells in primary
culture of murine myenteric ganglia. Myenteric ganglia were isolated via
enzymatic digestion of the muscularis externa of adult male C57BL/6 mice
and cultured for 7 d with different concentration of LY3201 as indicated.
Immunofluorescence images of individual ganglia cultured with vehicle (A)
and with 100 nM of LY3201 (B) stained with anti-Sox10 (blue), anti-NF200
(red), and anti-Erβ (green). (C ) Percentages of neurons (NF200) and glial
cells (Sox10) in myenteric ganglia cultures treated with different concen-
trations of LY3201 as indicated. (D and E ) Number of NF+ cells per square
centimeter (D) and Sox10+ cells per square centimeter (E) in myenteric
cultured ganglia treated with different concentrations of LY3201
as indicated. Data are representative of three independent experi-
ments. One-way ANOVA followed by Dunnett’s multiple-comparison test
(*P < 0.05).
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13% in the vehicle-treated samples to 41%, while it decreased
the percentage of glial cells from 87 to 59% (Fig. 3E).

LY3201 Increases the Fluorescence Intensity of Sox10. To investigate
whether Sox10 is an ERβ-regulated gene, the effects of 10 and
100 nM LY3201 on glial cells in vitro were examined. The
number of Sox10+ cells was evaluated (SI Appendix, Fig. S3 A
and B) and the intensity of Sox10 expression was assessed as
corrected total cellular fluorescence (CTCF). The fluorescence
intensity was significantly increased when cells were treated with
LY3201 at concentrations of 10 and 100 nM in a dose-dependent
manner (CTCF vehicle, 2,860 ± 1,823; 10 nM, 3,709 ± 2,896;
100 nM, 6,530 ± 2,719) (SI Appendix, Fig. S3C).

ERβ Stimulation Accelerates Repopulation of Neurons in the Myenteric
Plexus After Chemical Damage. To evaluate whether LY3201 could
accelerate repopulation of neurons in the myenteric plexus after
local chemical damage, C57BL/6 wild-type mice were treated with
local application on the intestinal serosa of the cationic detergent

BAC (treated area, 5 mm2) and after 4 d implanted with slow-
release pellets containing LY3201 (0.119 mg in 7 d) or vehicle.
Both groups were killed at day 11 after BAC treatment and the
size of the area (in square millimeters) depleted of neurons was
evaluated by loss of staining of the neuronal marker HuC/D
(Fig. 4 A and B). As shown in Fig. 4C, treatment with LY3201
significantly reduced the myenteric plexus area depleted of
neurons (2.44 ± 2.1/mm2) compared with area in vehicle-
treated mice (8.42 ± 2.8/mm2) (Fig. 4C). Thus, ERβ stimulation
promoted neurogenesis, leading to a more rapid reconstitution of
neurons in the myenteric plexus.

ERβ Reduces Neuronal Loss in Colonic Myenteric Plexus of Mice with
HFD-Induced Obesity. Typically, HFD-induced obese mice suffer
from loss of colonic neurons over time. Thus, to evaluate whether
LY3201 is able to restore the neuron pool lost upon HFD feeding,
obese mice were implanted with LY3201 s.c. pellets, which re-
leased the drug for 7 d or with vehicle control pellets. In line with
the literature (19), in the distal colon HFD diet reduced the
number of neurons by 37% compared with mice on a normal
diet (ND) (mean ND+veh, 810 ± 21/mm2, vs. HFD+veh, 510 ±
70/mm2), while HFD diet had no effect on neuronal numbers in
the proximal colon (mean ND+veh, 1,034 ± 14/mm2, vs. HFD+
veh, 1,011 ± 19/mm2) (Fig. 5 A–D). Interestingly, treatment with
LY3201 in the HFD group resulted in an increase in the number
of colonic myenteric plexus neurons over that seen in mice treated
with vehicle pellets. There was a 30% increase in the proximal
colon (mean HFD+veh, 1,011 ± 19/mm2, vs. HFD+LY3201,
1,326 ± 19/mm2) and a 52% increase in the distal colon (mean
HFD+veh, 510 ± 70/mm2, vs. HFD+LY3201, 776 ± 99/mm2). To
define whether the ERβ agonist also influenced the neurochemi-
cal coding profile of the myenteric neurons, the levels of choline
acetyltransferase (ChAT) and neuronal nitric oxide synthase
(nNOS) were analyzed with immunofluorescence in the distal

Fig. 3. Erβ activation promotes differentiation of mature neurons in enteric
neuronal cultures. Myenteric ganglia were isolated via enzymatic digestion
from the muscularis externa of adult male C57BL/6 mice and cultured for 7 d
with different concentrations of LY3201 as indicated. Immunofluorescence
images of individual ganglia cultured with vehicle (A) and with 100 nM LY3201
(B) stained with anti-Sox10 (gray), anti-NF200 (red), and anti-Erβ (green). To
avoid proliferation of glial cells, an antimitotic agent (AraC) was added to the
culture. Number of Sox10+ cells per square centimeter (C) and NF+ cells per
square centimeter (D) in ganglia treated with vehicle, 10 nM LY3201, and
100 nM LY3201, showing, respectively, a significant decrease of glial cells and a
significant increase of neurons upon treatment with 100 nM LY3201, while
there was no measurable effect upon 10 nM LY3201 treatment. (E) Percent-
ages of neurons (NF200) and glial cells (Sox10) in cultures treated with vehicle,
10 nM LY3201, and 100 nM LY3201, showing that treatment with 100 nM
LY3201 increased the percentage of NF+ cells while decreasing the percentage
of Sox10+ cells. Data are representative of three independent experiments.
One-way ANOVA followed by Dunnett’s multiple-comparison test (*P < 0.05;
**P < 0.001).

Fig. 4. Erβ stimulation reduces the size of the area depleted of neurons by
benzalkonium chloride (BAC). Adult male C57BL/6 mice were treated with
topical administration of BAC on the ileal serosa. After 4 d, mice were s.c.
implanted with slow-releasing pellets containing LY3201 or vehicle. Both
groups were killed at day 11 after BAC treatment and the size of the area (in
square millimeters) depleted of neurons was assessed via immunofluorescence
with anti-HuC/D staining. (A and B) Immunofluorescence images of muscularis
externa stained for HuC/D from vehicle-treated (A) and LY3201-treated (B)
mice. (C) Points represent the area depleted of neurons (in square millimeters)
from individual mice. Data are representative of two independent experi-
ments. Nonparametric Mann–Whitney test (***P < 0.0001).
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colon of HFD and ND mice implanted or not with LY3201-
releasing pellets (Fig. 5 E and F). In line with the literature, in
the distal colon an HFD resulted in a decrease of ChAT fluo-
rescence intensity per ganglion area (CTCF) and of nNOS neu-
rons. Treatment with LY3201 in the HFD group restored the
expression of ChAT and resulted in an increase of nNOS+ neu-
rons (Fig. 5 E and F and SI Appendix, Fig. S4). An increase of
ChAT and nNOS neurons was not observed in ND mice treated
with LY3201, suggesting that ERβ activation has a specific effect
only after damage to the myenteric plexus.

Discussion
Considering that the myenteric plexus is exposed to various in-
juries throughout life, it is not surprising that several GI disorders
are accompanied by damage to the ENS. Thus, understanding the
mechanism involved in the reconstitution of the neuronal pool
from Sox10+ precursors may hold great therapeutic advantages.

Recently, experimental evidence has revealed a role for estro-
gens in neuronal renewal in the CNS (20). Considering that both
components of the ENS, enteric neurons and glial cells, express
the estrogen receptor ERβ but not ERα (14), we aimed to define
whether an ERβ-selective agonist would modulate injury-induced
loss of neurons and/or recovery of neurons after injury.
Using primary murine myenteric glial cell cultures, we found

that stimulation of ERβ with the selective ERβ agonist, LY3201,
induces glial cell/progenitor cell proliferation. However, since
glial cells compete for the same environment with neurons (21),
uncontrolled glial cell proliferation in culture may result in in-
hibition of the neuronal pool expansion, thereby complicating
the analysis of the effect of LY3201 on neurogenesis in vitro. For
this reason, we tested the effect of LY3201 in an enteric neu-
ronal culture in which an antimitotic agent, namely AraC,
blocked glial cell proliferation. The addition of LY3201 to the
enteric neuronal culture reduced the percentage of Sox10+ cells,
while it increased the percentage of neurons, suggesting that
LY3201 is able to enhance the differentiation of neurons from
Sox10+ cells. Taken together, these data showed that activation
of ERβ leads to proliferation of glial cells/progenitor cells and
subsequently promoted their differentiation into neurons.
Sox10 is a member of the high-mobility group (HMG) gene

family and is specifically expressed in neural crest cells (NCSCs)
(22). Sox10 is required for differentiation of glial cells (23) and
constitutive expression of this gene in NCSCs preserves both glial
and neuronal differentiation (24). We found that Sox10 expression
is increased, in a dose-dependent manner, by LY3201, indicating
that it is an ERβ-regulated gene and that its expression can be
pharmacologically modulated.
To define whether or not the ERβ-selective ligand could also

support neurogenesis in vivo, we used two mouse models of
enteric neuronal damage, namely, topical application on the gut
serosa of BAC and prolonged feeding of mice with an HFD.
These experimental models are associated with alteration of the
ENS leading to loss of enteric neurons. Serosal application of
BAC resulted in damage of the myenteric plexus with loss of
typical neuronal network. Recent studies have shown that, sev-
eral days after BAC-induced damage, ENSCs migrate from the
unaffected edges reconstituting the myenteric ganglia. In the
present study, treatment with LY3201 significantly accelerated
recovery of the ENS leading to a reduction of the area deprived
of neurons. This suggests that ERβ activation may act on ENSCs
surrounding the damaged area, leading to neuronal differentia-
tion and reconstitution of myenteric ganglia.
ERβ stimulation was also effective in decreasing neuronal loss

in a model of HFD damage to the ENS. Treatment of obese
mice with LY3201 restored the number of myenteric neurons.
The effect was specific to the distal colon since no neuronal loss
was found in the proximal colon. In addition, administration of
LY3201 in the HFD group was able to restore the expression of
ChAT and resulted in an increase of nNOS+ neurons. Increase
of ChAT and nNOS neurons was not observed in ND mice
treated with LY3201, suggesting that ERβ activation has a spe-
cific effect only after damage to the myenteric plexus.
Overall, our data strongly suggest that selective ERβ agonists

might be useful to promote neurogenesis in the damaged ENS.
These data may have several possible clinical implications since
ERβ agonists might be useful for patients with damaged or re-
duced enteric neurons due to injury. Considering that selective
ERβ stimulation had no significant effect on enteric neurons in
normal mice, we have provided evidence that ERβ-mediated
neurogenesis only occurs after damage. Future studies will reveal
whether ERβ-specific agonists may open new avenues in the
treatment of severe cases of gut motor abnormalities.

Fig. 5. Erβ activation reduced ChAT and nNOS neurons loss in the colonic
myenteric plexus after HFD. Diet-induced-obese mice (HFD) and normal diet
control mice (ND) were implanted for 7 d, with s.c. pellets containing
LY3201 or vehicle. After 7 d of treatment, colonic muscularis externa whole
mounts were stained with anti-HuC/D to detect the number of neurons in
the myenteric plexus of proximal (A) and distal colon (B) in mice treated with
vehicle (i) or with LY3201 (ii). Points represent number of HuC/D+ cells per
square millimeter for individual ND and HFD mice treated with vehicle or
LY3201 pellets; proximal (C) and distal (D) colon. (E and F) Myenteric ganglia
fluorescence intensity (CTCF) of ChAT (E) and number of nNOS neurons (F)
were assessed in the distal colon. Data are representative of two in-
dependent experiments. One-way ANOVA followed by Dunnett’s multiple-
comparison test (*P < 0.05; **P < 0.001).
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Materials and Methods
Ethical Approval. All experimental procedures were approved by the Animal
Care and Animal Experiments Committee of the University of Leuven. Human
tissue collection was approved by the Ethics Committee of the University
Hospital of Leuven (s56330). All patients gave their written informed consent
before their participation in the study. After inclusion (signing of informed
consent), the data are anonymized and each patient is from then on only
identifiable by a unique ID number.

Animals. Wild-type (WT) (C57BL/6J) male mice were kept at the Katholieke
Universiteit (KU) Leuven animal facility under specific pathogen-free con-
ditions on a 12:12-h light–dark cycle. WT mice had ad libitum access to water
and were provided with commercially available chow (ssniff R/M-H; ssniff
Spezialdiäten). In some experiments, 18-wk-old diet-induced obese male
mice (DIO-B6-M) were fed for at least 12 wk with an HFD (60% Kcal; Re-
search Diet) and control mice (DIO-control; Taconic Biosciences) were pur-
chased from Taconic Biosciences.

Myenteric Ganglia Isolation and Culture. After dissection of the murine small
intestine, the luminal content was flushed with cold KREBS buffer (1.2 mmol/L
NaH2PO4·2H2O, 117 mmol/L NaCl, 4.7 mmol/L KCl, 25 mmol/L NaHCO3,
11 mmol/L glucose, 2.5 mmol/L CaCl2·2H2O, and 1.2 mmol/L MgCl2·6H2O). The
muscularis externa was peeled off from the mucosa using cotton swap and
digested for 15 min at 37 °C using DMEM/F12 medium (Lonza) supplemented
with 0.144 g/mL NaHCO3, 3.2% H2O, 2.4 mM glutamine, 10% FBS, 50 U/mL
penicillin and streptomycin, 2.5 μg/mL gentamicin, 0.01 mg/mL amphotericin B
(Thermo Fisher Scientific), 2.5 mg/mL BSA (Sigma-Aldrich), 1 mg/mL protease
(Sigma-Aldrich), and 20 mg/mL collagenase type IV (Thermo Fisher Scientific).
After digestion, tissue fragments were subjected to mechanical dissociation
using the GentleMACS Dissociator (Miltenyi Biotec). Digested tissues were
suspended in DMEM/F12 medium without enzymes, and ganglia were col-
lected under a stereotactic microscope. Fifty ganglia per condition were cul-
tured in poly-D-lysine (5mg/10mL borate buffer; Sigma-Aldrich)/laminin (20 μg/mL
in PBS; Sigma-Aldrich)-coated glass coverslips with the addition of Neuronal
Medium (Sigma-Aldrich) supplemented with 10% FBS (Biowest), 0.2% G5
(Thermo Fisher), and 0.05%NGF (Alomone). In some experiments, to reduce glial
cell proliferation and favor neuronal cell enrichment, 1% AraC (Sigma-Aldrich)
was added to the medium. Cells were cultured for 7 d in the presence or absence
of different concentration of (3aS, 4R, 9bR)-2,2-difluoro-4-(4-hydroxyphenyl)-
3,3a,4,9b-tetrahydro-1H-cyclopenta[c]chromen-8-ol (LY3201; CAS 787621-78-7);
gift from Eli Lilly and 4,4′,4′′-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PTT)
(CAS 263717–53-9; Tocris) as indicated in the figures.

In Vivo Treatment with ERβ Agonist. Pellets of LY3201 were prepared by In-
novative Research of America to release 0.119mg in 7 d. Pellets weremade of
a matrix containing cholesterol, cellulose, lactose, phosphates, and stearates
with or without the active product. Mice were randomly separated into
vehicle- or LY3201-treated groups. Pellets were implanted on the lateral side
of the neck between the ear and the shoulder. Control vehicle pellets were
used as control.

In Vivo Treatment with BAC. Animals were anesthetized by i.p. injection of
ketamine (Ketalar; 100 mg/kg; Pfizer) and xylazine (Rompun; 10 mg/kg; Bayer). A
laparotomywithamidline incisionwasperformed, andaportionof the ileumwas
exposed. Sterile cellulose filter paper disks (5-mm diameter; Whatman) soaked in
0.1% BAC (Sigma-Aldrich) in NaCl solution were placed on the exteriorized in-
testine, 2 cm from the ileocecal valve. The tissue was incubated for 15 min with
BAC, after which the paper disk was removed and the treated area thoroughly
rinsed with sterile saline solution. Four days after BAC treatment, animals were
implanted with pellets containing vehicle or LY3201. Mice were killed with CO2

overdose 11 d after treatment. The treated segment of bowel and untreated
segments oral and aboral to the treated area were harvested from each animal,
and the muscularis layer was analyzed via immunofluorescence.

Immunofluorescence. Tissue culture preparations of the myenteric plexus
were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich) for 10 min. After
washing with PBS, coverslips were stored in PBS containing 0.03% sodium

azide until usage. Notably, control and treated cells were kept separately on
chamber slides before fixation and incubated for 2 h at room temperature in
blocking solution with the same concentration of antibody [goat anti-Sox10
(Santa Cruz Biotechnology); chicken anti-neurofilament 200 kDa (NF200;
Abcam)]. Immunofluorescence was visualized using a Zeiss LSM780 confocal
laser-scanning microscope (Cell Imaging Core, KU Leuven). To quantify Sox10
intensity of fluorescence, a single in-focus plane was acquired. Using ImageJ,
an outline was drawn around each cell and circularity, area, and mean
fluorescence measured, along with several adjacent background readings.
The CTCF [=integrated density − (area of selected cell × mean fluorescence
of background readings)] was calculated (25).

For the staining of murine tissues, 3-cm intestinal fragments (jejunum or
colon) were stretched on a Sylgard plate and fixed in 4% PFA (Sigma-Aldrich)
for 30 min at room temperature. After washing with PBS, tissues were stored
in PBS containing 0.03% sodium azide until usage. Next, whole mounts of the
muscularis externa were prepared by removal of the mucosa to obtain
preparations containing the circular and longitudinal smooth muscle layers.
For the staining of human tissues, full-thickness intestinal colonic samples
were collected from the healthy mucosa of patients undergoing colon car-
cinoma resection at Universitaire Ziekenhuizen Leuven (Leuven, Belgium).
Intestinal samples were fixed overnight with 4% PFA at 4 °C. After washing
with PBS, tissues were incubated in 20% sucrose (Sigma-Aldrich) and em-
bedded in optimum cutting temperature (O.C.T.) compound (Tissue-Tek
O.C.T.; Sakura Finetek). Tissue blocks were stored at −80 °C until slides
were prepared. Next, both human and murine tissue segments were blocked
and permeabilized for 2 h at room temperature in blocking/permeabilizing
solution composed of PBS, 1% BSA (Sigma-Aldrich), and 0.3% Triton X-100
(Sigma-Aldrich). Subsequently, the murine muscularis externa whole mounts
were incubated overnight at 4 °C with the following primary antibodies in
blocking solution supplemented with 0.3% Triton X-100 (Sigma-Aldrich):
chicken anti-neurofilament, 200 kDa (NF200; Abcam); human ANNA-1 se-
rum anti-HuC/D (kindly provided by V. A. Lennon, Mayo Clinic, Rochester,
MN); goat anti-SOX10 (Santa Cruz Biotechnology); rabbit anti-ERβ antibody
[raised in the Laboratory of Jan-Ake Gustafsson (Karolinska Institute, Stock-
holm, Sweden) and previously characterized] (26); rabbit anti-ERα (Santa
Cruz); goat anti-nNOS (Abcam); and rabbit anti-ChAT (Abcam). After wash-
ing in PBS, the whole mounts were incubated for 2 h at room temperature
in a mixture of fluorescently labeled secondary antibodies in blocking
solution supplemented with 0.3% Triton X-100: AF488-conjugated donkey
anti-goat (Jackson ImmunoLabs); Cy3-conjugated donkey anti-rabbit (Jackson
ImmunoLabs); Cy5-conjugated donkey anti-chicken (Jackson ImmunoLabs);
and 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich).
Finally, samples were rinsed in PBS and mounted with SlowFade Diamond
Antifade (Invitrogen). Immunofluorescence was visualized using a Zeiss LSM780
confocal laser-scanning microscope (Cell Imaging Core, KU Leuven). For each
field of view, a z series spanning the entire depth of the myenteric plexus was
imaged and projected for cell counting. In each field, the number of HuC/
D-immunoreactive neuronal bodies and the number of nNOS neurons per area
were manually counted in a blind fashion. Moreover, in each field, the
intensity fluorescence of ChAT was determined drawing around each
ganglia an outline and measuring, using ImageJ software (NIH), the area
and the mean fluorescence. The mean fluorescence of several adjacent
background readings was also measured. The CTCF was determined as follows:
integrated density – (area of selected cell × mean fluorescence of background
readings) (25).

Statistical Analysis. Significance between two groups was determined by
unpaired nonparametric Mann–Whitney test, while one-way ANOVA fol-
lowed by Dunnett’s multiple-comparison test was performed to compare
multiple mean groups. Graph Pad Prism, version 5.01, software was used to
generate graphs and perform statistical analysis (GraphPad Software).
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