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ABSTRACT 

Bacterial colonization of the gastrointestinal (GI) tract takes place during the 

perinatal period, thus coinciding with a critical window of enteric nervous system (ENS) 

development. Previous work has found that the myenteric plexus of germ free (GF) mice 

exhibits structural and functional aberrancies in the early postnatal period as compared to 

specific pathogen free (SPF) and altered Schaedler flora (ASF) mice. These early life 

disruptions in ENS development in GF mice compared to SPF mice, and more specifically 

ASF mice, support the notion that a simple intestinal flora is sufficient for directing 

perinatal ENS development. 

It has previously been believed that the intrauterine environment during fetal 

development is sterile. Recent evidence showing successful isolation of microbial 

communities from embryonic cord blood and newborn meconium that are not of maternal 

origin suggests that the intrauterine environment is not sterile and is unique to the fetus. 

Coinciding with this timeline of fetal microbial colonization is the development of the ENS 

through a population of precursors known as enteric neural crest derived cells (ENCDCs). 

The prenatal period is characterized by rapid expansion and differentiation of ENCDCs 

into the many enteric neuron subtypes that comprise the ENS. Terminal differentiation of 

ENCDCs continues into the early postnatal period. 

In the current study, we tested the hypothesis that ENCDCs interact directly with 

microbial products during ENS development. Further, these ENCDC-bacterial product 

interactions influence the proliferation, apoptosis, and chemical coding of enteric neuron 

precursors. These objectives were carried out in an in vitro model of ENCDCs isolated 
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from the prenatal period that was established for the first time in our lab using 

immunoselection. Further, this model was characterized at key timepoints for proliferation, 

apoptosis, and differentiation.  

Our results are suggestive of direct ENCDC interactions with lipopolysaccharide 

(LPS), a TLR4 ligand, and flagellin, a TLR5 ligand, in stimulating ENCDC proliferation 

and differentiation into early born neurons of nitrergic and serotonergic subtypes. 

Peptidoglycan derivatives, muramyl dipeptide (MDP) and ƴ-D-Glu-mDAP (iE-DAP), 

ligands for NOD2 and NOD1 respectively, appear to mainly stimulate differentiation into 

nitrergic neurons, and possibly serotonergic neurons. The lack of apoptosis in all conditions 

is consistent with the notion that apoptosis is not an important characteristic of ENCDC 

maturation and ENS development. Finally, the lack of significance for differentiation into 

dopaminergic neurons could be further evidence of their late born nature, which has 

previously been reported to be stimulated by serotonin after the emergence of serotonergic 

neurons. 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENTS 

 First and foremost, I would like to thank my supervisor, Dr. Elyanne Ratcliffe, for 

providing me with this graduate opportunity and the funding to support my research. Her 

guidance and support over the past two years has been instrumental to my growth as a 

student and researcher. This appreciation extends to Dr. Laurie Doering and Dr. Jane 

Foster, who have been indispensable sources of insight and guidance throughout this 

project. An additional thank you to Dr. Laurie Doering and Dr. Alcmene Chalazonitis, who 

graciously provided their laboratory protocol for neuronal cell culture media and ENCDC 

isolation, respectively, which were used as guides for this project and were adapted to our 

experiments.  

I would also like to sincerely thank our previous lab technician, Rajka Borojevic, 

who has continued to be an incredible mentor and supported every one of our projects even 

when she was no longer our laboratory technician.  

I am deeply grateful to our two bright undergraduate students, Jasmine Huang and 

Julia Bandura, who have played an integral role in the experiments. A big thank you is 

required for undergraduate student, Filip Markovic, who has exceptional expertise in 

microscopy and all things technical. Thank you to the remaining members of the Ratcliffe 

lab, Dr. Katherine Prowse, Eugene Mech, and Anna Miroshnychenko, for all the support 

and laughs over the course of our time together.  

I would like to thank Dr. Varun Anipindi and Hong Liang, whose expertise in flow 

cytometry was critical in the quality control assessment of the in vitro model and the 

success of this project. 



vi 
 

Thank you to McMaster’s CAF, for housing our animals and supporting us through 

all of the technical challenges along the way. 

I am deeply grateful to my friends, family, and loved ones who have been an 

unwavering source of love and support throughout my entire education, but especially 

through my journey as a Master’s student. 

And finally, I would like to extend a special thank you to Dr. Nikhil Pai, whose 

advice brought me to the Ratcliffe lab, and who has provided exceptional insight into the 

clinical relevance of this project, supported my growth as a student and scientist for many 

years, and provided guidance on statistical analyses. 

To every one of you, I am grateful. Thank you.  

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

TABLE OF CONTENTS         

DESCRIPTIVE NOTE        ii 

ABSTRACT          iii 

ACKNOWLEDGEMENTS        v  

TABLE OF CONTENTS        vii 

LIST OF TABLES AND FIGURES       x 

LIST OF ABBREVIATIONS        xi 

STATEMENT OF CONTRIBUTIONS      xiv 

1. INTRODUCTION        1 

1.1 Overview of the Gastrointestinal Tract     1 

1.2 Enteric Neural Crest Derived Cells and ENS Development   1 

1.3 The Role of Growth Factors, Transcription Factors, and    2 

Chemoattractants in ENS Development 

1.4 Developmental Timeline of Enteric Neuron Maturation   5 

1.5 The Intestinal Microbiome       7 

 1.5.1 Intestinal Microbiota and the Immune System   8 

1.5.2 Intestinal Microbiota and Behavior     9 

1.5.3 Intestinal Microbiota and the ENS     10 

1.5.4 Role of Lipopolysaccharide in the Gastrointestinal Tract  11 

1.5.5 Role of Flagellin in the Gastrointestinal Tract   13 

1.5.6 Role of Muramyl Dipeptide and iE-DAP in the    14 

Gastrointestinal Tract 



viii 
 

1.6 Clinical Relevance        15 

1.7 Thesis Hypothesis and Objectives      16 

Hypothesis         16 

Objectives         16 

2. MATERIALS AND METHODS      17 

2.1 Animals          17 

2.2 ENCDC Isolation        17 

2.3 Flow Cytometry         18 

2.4 Cryopreservation of Cultures       19 

2.5 Characterization of Cultures through Immunofluorescence   20 

2.5.1 Preparation of Cultured Cells for Antibody Staining   20 

2.5.2 Antibody Staining for Quantification of ENCDCs   20 

2.5.3 Antibody Staining for Quantification of Serotonergic,  21  

Nitrergic, Dopaminergic, and Proliferating Neurons 

2.5.4 Detection and Quantification of Apoptotic Cells   22 

2.5.5 Image Analysis        23 

2.6 Exposure to Bacterial Products       23 

2.7 Statistical Analyses        24 

3. RESULTS         25 

3.1 Characterization of ENCDCs in Culture      25 

3.1.1 Expansion of ENCDCs       25 

 



ix 
 

3.1.2 Assessment of ENCDC Culture Purity and Viability   25  

using Flow Cytometry 

3.1.3 Characterization of ENCDC Cultures using     25 

Immunofluorescence 

3.2 Differentiation of ENCDCs into early born neurons in culture  26 

3.3 ENCDC Cultures Treated with Bacterial Products    27 

3.3.1 LPS Effects on ENCDC Programming     27 

3.3.2 Flagellin effects on ENCDC programming    28 

3.3.3 MDP effects on ENCDC programming    28 

3.3.4 iE-DAP effects on ENCDC programming    29 

4. DISCUSSION        29 

4.1 Establishment of the in vitro ENCDC Model     29 

 4.1.1 Characterization of ENCDC Cultures    30 

4.1.2 Effects of Bacterial Products on the Chemical    32 

Coding of Cultured ENCDCs 

 4.1.3 Effects of Bacterial Products on Apoptosis of    35 

 Cultured ENCDCs 

4.2 Limitations         37 

4.3 Future Directions        41 

4.4 Conclusions         42 

 APPENDIX         44 

 REFERENCES        56 



x 
 

LIST OF TABLES AND FIGURES 

Table 1.  Media components and volumes     44 

Table 2.  ENCDC yield and viability at every passage for 5 subcultures 46 

Figure 1.  Birthdates of myenteric neuron subtypes    47 

Figure 2.  Flow cytometry assessment of ENCDC cultures   48 

Figure 3.  ENCDC culture characteristics of the fourth subculture  49 

Figure 4.  ENCDCs continue to differentiate in culture    51 

Figure 5.  Role of LPS on ENCDC programming    52 

Figure 6.  Role of flagellin on ENCDC programming   53 

Figure 7. Role of MDP on ENCDC programming     54 

Figure 8.  Role of iE-DAP on ENCDC programming    55 

 

 

 

 

 

 

 

 



xi 
 

LIST OF ABBREVIATIONS 

5-HT   5-hydroxytryptamine 

7-AAD  7-aminoactinomycin D 

BDNF   brain-derived neurotrophic factor 

bFGF   fibroblast growth factor 

BMP   bone morphogenetic protein 

BSA   bovine serum albumin 

CCL20   C-C motif chemokine ligand 20 

CGRP   calcitonin gene-related peptide 

CXCL1/3  C-X-C motif chemokine ligand 1/3 

DMEM  dulbecco’s modified eagle media 

DMSO   dimethyl sulfoxide 

EDNRB  endothelin receptor type B 

EDTA   ethylenediaminetetraacetic acid  

EdU   5-ethynyl-2´-deoxyuridine 

EGF   epidermal growth factor 

ENCDC  enteric neural crest derived cell 

ENS   enteric nervous system 



xii 
 

ET3    endothelin 3 

FITC   fluorescein isothiocyanate 

GALT   gut-associated lymphoid tissue 

GDNF   glial cell line-derived neurotrophic factor 

GF   germ free  

GI   gastrointestinal  

HEK cells  human embryonic kidney cells 293 

HPA   hypothalamic-pituitary axis 

IBD   inflammatory bowel disease 

iE-DAP  gamma-D-Glu-mDAP 

IgG   immunoglobulin G 

L-DOPA  L-3,4-dihydroxyphenylalanine  

LPS   lipopolysaccharide 

MDP   muramyl dipeptide 

NF-κB   nuclear factor kappa-light-chain-enhancer of activated B cells 

NK4/IL-32  interleukin 32 

nNOS   nitric oxide synthase 



xiii 
 

NOD   nucleotide-binding oligomerization domain-containing protein 

NSM   neurosphere media 

p75NTR+  tumor necrosis factor receptor superfamily member 16 

PGN   peptidoglycan 

pH3   phospho-histone H3 

RET   receptor tyrosine kinase 

SEAP   secreted embryonic alkaline phosphatase 

S.E.M.   standard error of the mean 

SPF   specific pathogen free 

TH   tyrosine hydroxylase 

TLR4   toll-like receptor 4 

TNF-α   tumor necrosis factor alpha 

TPH2   tryptophan hydroxylase 2 

TrkC   tropomyosin receptor kinase C 

TUNEL  TdT-mediated dUTP nick end labeling 

 

 

 



xiv 
 

STATEMENT OF CONTRIBUTIONS 

This project was initiated by Dr. Elyanne Ratcliffe. Funding for the experiments 

was provided by NSERC, which was also obtained by Dr. Elyanne Ratcliffe. Rajka 

Borojevic and Julia Bandura contributed to the establishment of the in vitro model. Dr. 

Varun Anipinidi assisted with the flow cytometry. Experimental advice was provided by 

Dr. Elyanne Ratcliffe, Dr. Laurie Doering, and Dr. Jane Foster, who were members of 

Jelena Popov’s committee. Establishment of experimental protocols, isolation and 

culturing of cells, preparation of cells for flow cytometry, immunofluorescence, and 

quantification by immunofluorescence were performed by Jelena Popov. This thesis was 

written by Jelena Popov, with guidance from Dr. Elyanne Ratcliffe.   

 

 

 

 

 

 

 

 

 



1 
 

1. INTRODUCTION  

1.1 Overview of the Gastrointestinal Tract 

The gastrointestinal (GI) tract is responsible for movement and digestion of food, 

secretion of water and digestive enzymes, absorption of key nutrients, excretion of waste, 

and protection against pathogens and chemicals (Obata & Pachnis, 2016; Furness et al., 

2013). These important physiological roles are mediated by the mucosal immune system, 

the enteric nervous system (ENS), and signaling hormones and peptides produced by 

enteroendocrine cells (Obata & Pachnis, 2016; Furness et al., 2013; Furness, 2008). 

Integrated communication between these different systems is essential for the maintenance 

of barrier function, selectivity of uptake of digested nutrients, and prevention of pathogenic 

invasion and inflammation (Furness et al., 2013; Foster et al., 2013). Defects in these 

interactions become evident in multiple gastrointestinal pathologies, including: 

inflammatory bowel disease (IBD), irritable bowel syndrome, Hirschsprung’s disease, and 

intestinal pseudo-obstruction (Powell et al., 2017). While intestinal disorders have 

primarily been attributed to genetic defects, recent research has evoked a growing 

appreciation for the potential role of environmental factors on normal GI functioning and 

development.  

 

1.2 Enteric Neural Crest Derived Cells and ENS Development 

ENS development demands tight regulation of precursor cell differentiation, neurite 

growth, and establishment of neural networks. Colonization of the gut is mediated by two 

populations of enteric neural crest derived cells (ENCDCs) with unique patterns of 
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migration. The majority of ENS precursors originate from the vagal neural crest, invade the 

foregut, and migrate rostra-caudally and cluster at the cecum. Pre-ENCDCs of neural crest 

origin are guided by glial cell line-derived neurotrophic factor (GDNF) expression and give 

rise to most of the ENS (Young et al., 2014; Lake & Heuckeroth, 2013). In contrast, sacral 

ENCDCs have delayed entry into the gut, display caudo-rostral migration mediated largely 

by endothelin (ET3) expression, and innervate the distal portion of the hindgut (Miyahara 

et al., 2011; Lake & Heuckeroth, 2013). In mouse development, vagal ENCDCs first invade 

the foregut mesenchyme at E9.5 (corresponding to week 4 in human development). Linear 

migration is complete by E14.5 (week 7 in human development), and ENCDCs commence 

inward, radial migration and differentiation, giving rise to the myenteric plexus (Uesaka et 

al., 2016). It is around this time, at E15.5 (approximately week 8 in human development), 

that ENCDCs are most abundant (Binder et al., 2015).  

Subsequent ENCDC invasion gives rise to the submucosal plexus and promotes 

extrinsic innervation (Uesaka et al., 2016). While myenteric ganglia reside throughout the 

entirety of the GI tract (from the esophagus to the rectum) and consist of longitudinal and 

circular muscle layers, the submucosal ganglia, in contrast, are restricted to the small and 

large bowel (Powell et al., 2017).  

 

1.3 The Role of Growth Factors, Transcription Factors, and Chemoattractants in ENS 

Development 

As ENCDCs migrate and innervate the gut rostro-caudally, those located at the 

proximal end of the gut begin to differentiate into neurons. This constitutes the act of gut 
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innervation, establishment of ganglia, and results in the emergence of the ENS. Continued 

proliferation toward the distal end of the gut is critical and must continually happen to 

overcome the differentiation occurring higher up the migrating crest (Burns et al., 2000). 

Therefore, the speed of proliferation in comparison to speed of differentiation is critical in 

ensuring proper innervation of the ENS. This prenatal establishment of the ENS involves a 

complex interplay between a variety of transcription factors, proteins, growth factors, and 

chemoattractants with variable locations and concentrations of expression in the developing 

gut. These have all been hypothesized to play a role in determining ENCDC fate (Harrison 

& Shepherd, 2013).  

Among these many factors, bone morphogenetic factor (BMP) has been found to 

induce sympathetic neuron formation and noradrenergic differentiation (Morikawa et al., 

2009). BMP exhibits a concentration gradient and it is hypothesized that this gradient might 

influence precursor differentiation based on exposure time and dose (Harrison & Shepherd, 

2013). Wnt exhibits similar differences in concentration along the developing GI tract and 

has been shown to stimulate development of sensory neurons (Lee et al., 2004). One of the 

earliest transcription factors to be expressed in the developing ENS and a marker of 

ENCDC state is Sox10 (Elworthy et al., 2005; Young et al., 2002). Sox10 has been shown 

to play a critical role in influencing ENS development through: inducing receptor tyrosine 

kinase (RET) expression, inducing (endothelin receptor type B) EDNRB expression, 

inducing Phox2B expression, and through these interactions, ultimately maintaining the 

ENCDC progenitor state during neurodevelopment and even into adulthood (Lang & 

Epstein, 2003; Zhu et al., 2004; Elworthy et al., 2005; Harrison & Shepherd, 2013). Two 
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notable pathways for ENS innervation include the GDNF/RET/GFRa1 signaling pathway 

and the ET3/EDNRB signaling pathway.    

The GNDF receptor complex is composed of receptor tyrosine kinase, RET, and 

ligand-binding co-receptor, GRFa1, both of which are expressed by ENCDCs and mediate 

neural guidance and maturation (Young et al., 2001). GDNF, a chemoattracted for vagal 

ENCDCs, is expressed by the gut mesenchyme and mediates rostro-caudal migration of 

enteric neural precursors throughout the gut (Young et al., 2001). 

Aberrant signaling through mutant receptors or GDNF inactivation prevents proper 

innervation of the distal gut. This disruption of the GDNF signaling pathway typically 

manifests in Hirschsprung’s disease, a congenital disease characterized by regions of 

colonic aganglionosis, mainly affecting the distal rectum. The affected region extends 

proximally, and the extent of disease involvement is dependent upon the location of 

disruption of the GDNF signaling pathway (O’Donnell & Puri, 2010). Hirschsprung’s 

disease arises from the inability of migrating ENCDC populations to meet properly to form 

a cohesive neural network (O’Donnell & Puri, 2010).   

GDNF concentration changes throughout embryonic development. Initially, GDNF 

concentration is highest in the foregut, and eventually increases toward the cecum as the 

wave of ENCDCs follows. ET3 serves as an important chemoattractant for ENCDCs past 

the cecum (Sasselli et al., 2012). Some research has assessed the role of ET3 in promoting 

ENCDC migration to the hindgut as it is specifically expressed within the cecum (Nagy & 

Goldstein, 2006). Support for this theory comes from in vitro experimental evidence by 

Nagy & Goldstein (2006) who showed that excess ET3 results in significantly increased 
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ENCDC proliferation and increased number of ganglionic cells. In contrast, inhibition of 

EDNRB results in severe hypoganglionosis (Nagy & Goldstein, 2006). Additional research 

in E12 Is/Is (ET3 deficient) mice provided with ET3 demonstrated ENCDC migration and 

colonization of the distal aganglionic gut (Wu et al., 1999). Further, in vitro inhibition of 

EDNRB receptor results in loss of “chain migration” of ENCDCs (Druckenbrod & Epstein, 

2009). These findings stress the importance of input from the microenvironment in 

influencing ENS development. 

 

1.4 Developmental Timeline of Enteric Neuron Maturation 

The prenatal and perinatal periods of ENS development are characterized by rapid 

migration and proliferation of ENCDCs as well as terminal differentiation into the many 

neuronal subtypes that ultimately constitute a mature ENS.  

Serotonergic, or 5-hydroxytryptamine (5-HT), neurons form a small subset of 

enteric neurons and are responsible for affecting small intestinal motility (Neal et al., 2009).  

They are among the first neural subtype to arise and coincide with the first wave of ENCDC 

invasion of the foregut at E9.5. The birth date of serotonergic neurons is typically complete 

by E15.5 (Li et al., 2011) (Figure 1A). 

Nitrergic, or nitric oxide synthase (nNOS), neurons comprise a heterogenous 

mixture of approximately 90% circular muscle inhibitory neurons and 10% interneurons 

(Qu et al., 2008; Lake & Heuckeroth, 2013). This functional heterogeneity is reflected in 

the variable birthdating of nitrergic populations: while a subset of early born nitrergic 

neurons mirrors the appearance of serotonergic neurons with slow emergence beginning at 
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E11.5 and peaking at E15.5, a separate subset continues to develop into the postnatal period 

with cell cycle exit at P10.5 (Bergner et al., 2014) (Figure 1B).  

In contrast, late born neurons such as dopaminergic and CGRP neurons exhibit 

delayed development and may continue differentiating for several weeks into the postnatal 

period. Dopaminergic neurons, for example, begin differentiating soon after serotonergic 

neurons arise in the perinatal period and exit the cell cycle at approximately P10.5 

(Chalazonitis et al., 2008; Bergner et al., 2014) (Figure 1C). CGRP-expressing neurons also 

exhibit later birthdating, with contradictory evidence suggesting cell cycle emergence 

starting from E10.5 to a timepoint between E18.5 to P5.5 (Bergner et al., 2014; Pham et 

al., 1991). Interestingly, development and activity of both, dopaminergic and CGRP 

neurons, has been shown to be influenced by 5-HT release from serotonergic neurons. 

Dopaminergic neurons seem to play a role in mediating intestinal motility and preventing 

colonic hypermotility, although their exact role remains unclear (Li et al., 2006; Serio et 

al., 2011). Previous research has demonstrated that the presence of 5-HT influences the 

proportion of dopaminergic neurons in culture (Li et al., 2011). CGRP neurons play an 

important role in the peristaltic reflex by stimulating ascending contractions and descending 

relaxation (Grider et al., 1996). It has been demonstrated that 5-HT stimulates respective 

receptors on CGRP neurons, and administration of a CGRP antagonist inhibits this activity 

(Grider, 2003). This extended period for neurogenic potential is a unique characteristic of 

the ENS (Uesaka et al., 2015).  
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1.5 The Intestinal Microbiome 

 The gut lumen is home to an estimated 1014-1015 bacteria, predominantly from the 

phyla Bacteroides and Firmicutes, and to a lesser extent Actinobacteria, Proteobacteria, and 

Verrucomicrobia (Donaldson et al., 2016). Recent research has suggested that the intestinal 

microbiome can be categorized into three distinct clusters or enterotypes that are defined 

by the dominance of one specific bacterial cluster in a host. The bacterial populations that 

define these three most common enterotypes has been controversial; some researchers have 

suggested clustering into Bacteroides, Prevotella, and Ruminococcus, while others suggest 

clustering into one Bacteroides and two Prevotella (Arumugam et al., 2011; Wu et al., 

2011). While changes to relative proportions and species can be observed within hours of 

undertaking drastic dietary changes, enterotypes remain stable, suggesting enterotypes are 

less mutable to transient dietary and environment changes, and play a role in establishing 

long-term gut microbial composition (Wu et al., 2011). The existence of these robust 

enterotypes across individuals may further suggest that there may be a small number of 

host-microbial symbiotic states (Arumugam et al., 2011). 

There is a distinct species-density and overall bacterial concentration gradient 

throughout the gastrointestinal tract, with increasing bacterial load from the small bowel 

towards the colon and rectum. These differences coincide with changes in luminal pH, 

oxygen concentrations, and presence or absence of antimicrobial peptides (such as bile 

acids). These factors are recognized to be conducive to specific bacterial species’ survival 

(Donaldson et al., 2016).  
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Until recently, it has been believed that the prenatal environment is sterile (Jimenez 

et al., 2008). While parturition and infancy constitute the first largest colonization of gut 

bacteria, recent evidence suggests that exposure to even simple flora in the perinatal period 

can affect early life ENS structure and function (Collins et al., 2014). The gut microbiota 

continues to mature after this initial colonization, and these changes in gut microbiota 

throughout childhood are characterized by a reduction in aerobic and facultative anaerobic 

bacteria and an increase in anaerobic bacteria (Borre et al., 2014). These gradual changes 

in bacterial composition continue into adolescence, along with diversification of the 

microbiota to resemble an adult microbiome. During these developmental milestones, 

changes in gut microbiota mirror changes immune system function, brain development, and 

ENS development (Jasarevic et al., 2016).  

 

1.5.1 Intestinal Microbiota and the Immune System 

Specific bacterial components such as lipopolysaccharide (LPS), flagellin, and 

peptidoglycan (PGN) derivatives, muramyl dipeptide (MDP) and gamma-D-Glu-mDAP 

(iE-DAP), have been shown or have been postulated to influence the developmental 

potential of enteric neurons, activate immune cells, and promote the onset of acute and 

chronic inflammatory conditions. The proposed pathophysiology involves enteroendocrine 

cell recognition of luminal LPS and flagellin, followed by enteroendocrine cell release of 

chemokines, C-X-C motif chemokine ligand 1/3 (CXCL1/3) and C-C motif chemokine 

ligand 20 (CCL20), that attract immune cells from the lamina propria (Selleri et al., 2008). 

These immune cells are then activated by interleukin 32 (NK4/IL-32) binding to 
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nucleotide-binding oligomerization domain-containing protein 2 (NOD2). Ultimately, this 

results in activation of the kappa-light-chain-enhancer of activated B cells (NF-κB) 

inflammatory pathway, and increased production of tumor necrosis factor alpha (TNF-α) 

and inflammation (Selleri et al., 2008). This is supported by findings that NK4/IL-32 are 

increased in chronic inflammatory conditions such as Crohn’s disease and psoriasis, with 

expression levels correlating with severity of disease (Dinarello & Kim, 2006; Shioya et 

al., 2007).  

 

1.5.2 Intestinal Microbiota and Behavior 

The adult microbiome can also be susceptible to changes and these changes may be 

reflected in behavior. Bercik and colleagues (2011) found that administration of oral 

antimicrobials transiently influenced changes in the intestinal microbiota of specific 

pathogen free (SPF) mice 8-10 weeks of age, which were normalized two weeks after 

antimicrobial exposure (Bercik et al., 2011). This was mirrored by equally transient 

changes in hippocampal brain-derived neurotrophic factor (BDNF) expression and 

exploratory behavior. The same experimental procedure was not able to replicate these 

findings in germ free (GF) mice. Further, gavage feeding adult GF NIH Swiss mice with 

cecal microbiota from timid SPF BALB/c mice resulted in substantially decreased 

exploratory behavior compared to colonization with cecal contents from the more 

exploratory SPF NIH Swiss mice. Similarly, gavage feeding of adult GF BALB/c mice 

with cecal SPF microbiota from exploratory NIH Swiss mice resulted in substantially 

increased exploratory behavior compared to colonization with SPF microbiota from the 
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more timid BALB/c mice (Bercik et al., 2011). Taken together, these findings demonstrated 

that the interaction between intestinal microbiota and the immune system, brain 

development, and behavior is plastic. Furthermore, communication between the gut and 

brain is bi-directional. Microbial-derived neuromodulatory and structural metabolites 

influence brain activity through pathways involving the vagus nerve and intestinal 

epithelial-expressed immune receptors. The brain also exerts a top-down influence on the 

gut microbiome, shaping the bacterial community structure via hormonal control through 

the hypothalamic-pituitary axis (HPA) and systemic inflammatory responses (Bauer et al., 

2016).  

 

1.5.3 Intestinal Microbiota and the ENS 

The ENS serves as a key relay point for the gut-brain axis, mediating interactions 

between nutrients and microbes of the external environment within the gut lumen, and 

immune cells and cellular contents of the internal environment (Obata & Pachnis, 2016; 

Lake & Heuckeroth, 2013). The development of the ENS begins during the prenatal period, 

and maturation is thought to be affected by the microbiome throughout the postnatal period. 

During this developmental period, the ENS continues to interact with, and be shaped by, 

the internal microenvironment and the external environment (Powell et al., 2017). Further, 

the perinatal period experiences the greatest diversification of the intestinal microbiome 

(Borre et al., 2014). From the early postnatal period to adolescence, these systems continue 

to mature and are influenced by internal and environmental factors.  
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The microbiome may play a role in ENS structure and function as early on in life 

as postnatal day 3 (Collins et al., 2014).  In the early postnatal period, NIH Swiss GF mice 

exhibit significantly decreased nerve fiber densities with irregular spacing between nerve 

fibers compared to SPF and altered Schaedler flora (ASF) mice in the jejunum and ileum. 

Furthermore, GF mice exhibit significantly decreased myenteric neurons per ganglia and 

increased nitrergic neurons per ganglia. These structural aberrancies are mirrored by 

functional changes in small intestinal motility, including decreases in frequency and 

amplitude of circular muscle contractions which were not affected by voltage-gated sodium 

channel blockage with lidocaine, in contrast to SPF mice and ASF mice (Collins et al., 

2014). These findings demonstrated that even the simple intestinal flora present in ASF 

mice may be sufficient in mediating the proper development of the ENS. 

 

1.5.4 Role of Lipopolysaccharide in the Gastrointestinal Tract 

Traditionally, it was believed that the ENS and microbiome interact indirectly 

through immune mediators; however, increasing evidence suggests that myenteric neurons 

may express TLR4. Furthermore, myenteric neurons and ENCDCs may interact directly 

with and be responsive to LPS with concentration-dependent increases in the NF-κB 

inflammatory pathway, although the fate of such interactions remains contradictory (Anitha 

et al., 2012; Arciszewski et al., 2008).  

LPS is a gram-negative endotoxin that signals via transmembrane protein TLR4 and 

activates inflammatory cytokines via the NF-κB pathway. Anitha and colleagues (2012) 

studied the role of TLR4 signaling in enteric neuronal survival by using TLR4-/-, Tlr4Lps-d, 
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and Myd88-/- mice (Anitha et al., 2012). Tlr4Lps-d mice exhibited a significant decrease in 

weight compared to wildtype mice. Tlr4Lps-d mice also exhibited decreased intestinal transit 

and colonic motility, demonstrated by relative distribution of fluorescein isothiocyanate 

(FITC) fluorescence and bead expulsion time, respectively. Their findings also suggested 

that LPS promotes ENCDC survival, maturation, and gut motility through TLR4/MyD88. 

Furthermore, they demonstrated dose-dependent activation of NF-κB in ENCDC cultures 

(Anitha et al., 2012), although the exact mechanisms involved remain unclear. 

In contrast to the findings by Anitha and colleagues (2012), Arciszewski and 

colleagues (2008) demonstrated increased neurodegeneration in the presence of high 

concentrations of LPS in adult rat myenteric neuron cell cultures (Arciszewski et al., 2008). 

This was postulated to be due to LPS-induced neuronal hyperexcitation that leads to 

excitotoxicity through excitatory transmitters such as glutamate (Arciszewski et al., 2008). 

Interestingly, this neuronal cell loss has been replicated in experimentally induced colitis, 

suggesting that IBD may be mediated by LPS-induced neurodegeneration and reduction in 

neuronal plasticity (Arciszewski et al., 2008). Furthermore, insults to the gut that 

compromise the intestinal epithelial barrier may result in ENS interactions with the 

bacterial products, followed by disruptions in the structure and function of the ENS. 

The discrepancy in the results between these two studies may be explained by the 

differences in LPS structure isolated from different bacterial species which determines their 

immunogenicity (Steimle et al., 2016). While LPS has been identified as one of the most 

potent immune stimulators, its immunostimulatory abilities vary depending on the number 

of lipid A acyl chains, as well as the number of phosphate groups. In general, the strength 
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of the LPS agonist increases with larger lipid A acyl chains (with hexa-acyl being more 

potent than penta-acyl) and increased phosphate groups (two being stronger than one, or 

none) (Steimle et al., 2016).  

Alternatively, these differences may also be due to the maturation states of the 

neurons. Anitha and colleagues (2012) studied LPS effects on ENCDC cultures, while 

Arciszewski and colleagues (2008) analyzed cultures comprised of adult myenteric neuron. 

There is evidence to suggest that apoptosis is not a characteristic of ENCDCs but does 

occur in mature myenteric neurons (Gianino et al., 2003; Kulkarni et al., 2017). 

 While the effects of LPS on enteric neurons remain controversial, previous research 

has demonstrated substantial TLR4 expression in glia and neurons of the myenteric and 

submucosal plexuses throughout the intestine, with highest localization in the distal large 

bowel in adult mice (8-32 weeks of age) (Barajon et al., 2009). Given that enteric neurons 

extend their projections to the intestinal epithelial layer, it is reasonable to hypothesize that 

they interact with TLR4 ligands such as LPS within the gut lumen, and in this manner, 

mediate tolerance to commensal microbiota (McVey Neufeld et al., 2013). TLR4 

expression by myenteric neurons has not yet been explored in prenatal or early postnatal 

mice, nor has it been quantified. 

 

1.5.5 Role of Flagellin in the Gastrointestinal Tract 

Flagellin is a structural component of the flagella filaments, allowing certain 

bacteria motility. It is highly conserved across Gram-negative and Gram-positive bacteria. 

Flagellin is recognized by the TLR5 receptor and activates the NF-κB pathway through 



14 
 

proinflammatory cytokines such as TNF- α (Lopez-Yglesias et al., 2014; Gewirtz et al., 

2001). Flagellin has specifically been associated with the production of chemokines and 

antimicrobial compounds in neutrophils, monocytes, and epithelial cells (Shibata et al., 

2012; Aziz et al., 2013). Flagellin has also been shown to induce dendritic cell maturation 

and promote dendritic cell migration into the lumen for phagocytosis by opening epithelial 

tight junctions (Shibata et al., 2012; Shi et al., 2017; Rescigno et al., 2001).  

 

1.5.6 Role of Muramyl Dipeptide and iE-DAP in the Gastrointestinal Tract 

Muramyl dipeptide is a bacterial wall and peptidoglycan component of both, Gram-

negative and Gram-positive bacteria, recognized by NOD2.  It induces IL-1α and IL-6 

cytokine production via nucleotide-binding oligomerization domain proteins (NOD1 and 

NOD2) and IL-32 in colonic epithelial tissue, ultimately resulting in NF-κB activation and 

inflammation (Netea et al., 2005; Inohara et al., 2003). Mutations in NOD2 and inability to 

recognize MDP have been shown to play a role in intestinal inflammation and susceptibility 

to Crohn’s disease (Saem et al., 2013). iE-DAP is also a dipeptide component of 

peptidoglycan, and the minimal motif recognized by NOD1. NOD1 is an intracellular 

sensor, expressed in several tissue types. MDP and iE-DAP are both components of 

peptidoglycan. Together, they result in oligomerization of receptors NOD1 and NOD2, and 

activation of the NF-κB pathway (Strober et al., 2006). 

While communication between the microbiome and host nervous system is essential 

for proper development and function of the ENS, this interaction is complex and not fully 

understood. The influences of LPS, flagellin, MDP, and iE-DAP on ENCDC fate and ENS 
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development remain unclear. Furthermore, it is unknown whether these bacterial products 

exert their effects on enteric neurons directly, or indirectly via the epithelium, immune 

cells, or other intermediates. 

 

1.6 Clinical Relevance 

Previous research has analyzed the interactions between intestinal microbiota and 

the immune system, neurodevelopment, and behavior. Maternal exposure to antibiotics 

during pregnancy has been associated with increased intestinal permeability and altered 

immune responses in the offspring (Fak et al., 2008; Lamouse-Smith et al., 2011). 

Furthermore, infants exposed to intrapartum antibiotics display changes in their stool 

microbiota prolife compared to controls (Azad et al., 2013; Schrag et al., 2000). These 

findings suggest that not only does microbial colonization occur in the prenatal period, but 

the fetal microbiome may also be susceptible to antibiotic exposure which may alter proper 

development of the GI tract. This is particularly relevant as it has been reported that up to 

30% of North American infants are exposed to intrapartum antibiotics as a results of 

maternal group B streptococcus status (Spaetgens et al., 2002; Verani et al., 2010). While 

it has been recognized that genetic factors play a role in ENS development, evidence 

suggests that the intestinal microbiome may also play an important role.  

Based on these findings, it is now important to understand how perturbations in 

early life microbial colonization could affect the ENS development. 
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1.7 Thesis Hypothesis and Objectives 

Hypothesis 

The aim of this project was to construct an in vitro model of ENCDCs through 

immunoselection using ENCDC marker tumor necrosis factor receptor superfamily 

member 16 (p75NTR+). The p75NTR+ receptor contains an extracellular domain and is a 

marker of neural progenitors (Binder et al., 2015). Once established, the in vitro ENCDCs 

would serve as a platform for assessing whether key bacterial products of the intestinal 

microbiome have direct effects on ENS development. This would be assessed by 

determining baseline culture characteristics, and comparing to changes in proliferation, 

apoptosis, and differentiation post incubation with the bacterial products. It is hypothesized 

that bacterial products influence the developmental programming of enteric neurons. 

 

Objectives 

The overarching theme of this project was to investigate the effects of intestinal 

microbiota on influencing ENS development. This project addressed the following specific 

aims:  

Specific Aim 1: To establish an in vitro model of ENCDCs and to characterize the chemical 

coding of cultured ENCDCs. 

Specific Aim 2: To determine whether bacterial products have an effect on cultured 

ENCDC proliferation, differentiation, and apoptosis.  
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2. MATERIALS & METHODS  

2.1 Animals 

Timed pregnant SPF mice on a C57Bl/6NTac background (inbred strain) were 

ordered from Taconic Biosciences, Inc. (Rensselaer, NY, USA). SPF mice were maintained 

on ventilated racks in ultraclean units in the McMaster Central Animal Facility. The day of 

plug detection was considered E1. Timed pregnant dams (n = 6) were sacrificed at E15.5 

under sterile conditions. Mice were anaesthetized using isoflurane and sacrificed by 

cervical dislocation. Treatment of animals and all experiments were conducted in 

accordance with a project approved Animal Utilization Protocol and the McMaster Animal 

Research Ethics Board.  

 

2.2 ENCDC Isolation  

Timed pregnant SPF dams were sacrificed at E15.5, and fetuses (n = 48) were 

extracted under sterile conditions in a biological safety cabinet. Entire fetal guts were 

isolated, and digested with collagenase (1 mg/ml, Sigma C0130) and manual trituration 

using glass pipettes. Cells were passed through a cell strainer (Invitrogen 352340) to ensure 

single cell preparation. Single cells were incubated with: primary antibody rabbit anti-

mouse p75NTR+ (1:50, Alomone ANT-007), and secondary antibody anti-rabbit IgG 

microbeads (150 µl per 107 cells; MACS Miltenyi Biotec 130-048-602). Cells were passed 

through a magnetic cell separation column (MACS Miltenyi Biotec 130-042-202). 

Negative cells were discarded. Positive cells were plated on 2% fibronectin (Sigma F1141) 

coated plates at a density of approximately 275,000 cells/ml in 6 well plates. Cells were 
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incubated at 37oC, 5% CO2. Neurosphere media (NSM+) supplemented with N2, B27, 

epidermal growth factor (EGF; recombinant, mouse), basic fibroblast growth factor (bFGF; 

human), heparin, and antibiotics streptomycin/penicillin (Table 1). The growth factors and 

nutrients used in this project are common components of neuron media. NSM+ media was 

supplemented with 10% horse serum for the first 24 hours after dissection to facilitate 

adherence. After 24 hours, the media was changed to standard NSM+ media with nutrients 

and growth factors only. Old NSM+ media was replaced with fresh media every 3-4 days. 

Adherent cells were dissociated using Accutase (Invitrogen 1110501) approximately every 

14 days and reseeded at the same initial density to form a new subculture. Cell proliferation 

and viability were assessed by counting using a hemocytometer (Sigma Z359629), trypan 

blue dye (Invitrogen 15250-061), and an Olympus CX331 binocular microscope (Olympus 

Corporation, Tokyo, Japan) at each passage.  

 

2.3 Flow Cytometry 

Cultured cells were processed for flow cytometry at the third and fourth subcultures 

to determine purity of target p75NTR+ cells. We were unable to perform such experiments 

prior to the third subculture as sufficient cells were not present. Allowing several passages 

before assessing the proportion of p75NTR+-expressing cells concurrently enabled testing of 

our culture conditions for the ability to maintain ENCDC in an undifferentiated state. 

Cultured cells were stained with p75NTR+-FITC (Alomone Labs ANT-007F) for detection 

of ENCDCs, and viability dye 7-aminoactinomycin D (7-AAD; Invitrogen 00-6993-50) for 

assessment of live cells. All samples were run using the BD FACSCanto flow cytometer 
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(San Jose, CA, USA) connected to a Hewlett-Packard computer (Hewlett-Packard Inc., 

Palo Alto, CA, USA). Data acquisition and analysis was performed using FACSDiva 

(BDFACSDiva, Aukland, New Zealand) and FlowJo softwares (FlowJo LLC, Ashland, 

OR, USA).  

After dissociation with Accutase, cells were washed in 1 ml of flow cytometry 

buffer in polystyrene tubes, composed of 0.2% bovine serum albumin (BSA) dissolved in 

1% phosphate-buffered saline (PBS; pH 7.4). Fc block (BDBiosciences 553141) was added 

to prevent nonspecific antibody binding to the Fc receptor of any potential leukocytes 

(Andersen et al., 2016). Cells were stained with 100 µl of antibody solution for ENCDC 

marker, p75NTR+-FITC (1:10, Alomone Labs ANT-007F), and were incubated on ice, in the 

dark, for 30 minutes. Samples were subsequently labeled with 7-AAD to assess cell 

viability.  One tube was prepared in flow cytometry buffer alone as the unstained control. 

An additional tube was prepared using the antibody and OneComp eBeadsTM 

Compensation Beads (Invitrogen 01-1111-41). Samples were washed and resuspended in 

400 µl of flow cytometry buffer and passed through polystyrene filter top tubes to remove 

cell aggregates. Samples were immediately run on the cytometer without fixing. All sample 

tubes were prepared containing 106 cells. 

 

2.4 Cryopreservation of Cultures 

Cultured cells were cryopreserved after the fourth subculture in NSM+, 10% 

dimethyl sulfoxide (DMSO; Sigma D2438). Cells were frozen at a density of 1x107 at 

approximately -1oC/minute (Mr. FrostyTM, Invitrogen 5100-0001) in a -80oC freezer. After 
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24 hours of cooling, cells were transferred to the vapor phase of liquid nitrogen for long-

term storage. 

 

2.5 Characterization of Cultures through Immunofluorescence 

2.5.1 Preparation of Cultured Cells for Antibody Staining 

Cultured cells were grown in chamber slides (Invitrogen 154526), at a density of 

approximately 275,000 cells/ml of NSM+ media, with or without varying concentrations 

of bacterial products. On the day of preparation for immunofluorescence, 0.5 ml of NSM+ 

was discarded, and 0.5 ml of freshly prepared 4% paraformaldehyde was added. After 2 

minutes of fixing, the paraformaldehyde was discarded and replaced by 1 ml of freshly 

prepared 4% paraformaldehyde for an additional 5 minutes. Cells were washed in 1% PBS, 

pH 7.4, three times (5 minutes each wash) to remove residual paraformaldehyde. Cells were 

permeabilized by incubating in blocking buffer (1% PBS, 4% normal horse serum 

(Invitrogen 26050070), 0.5% TritonTM X-100 (Sigma T8532)) for 1 hour. Subsequent 

incubations with primary and secondary antibodies allowed for visualization of target cells. 

All slides were sealed with Vectashield (Vector Laboratories VECTH1000) and 

coverslipped to minimize photobleaching. Antibodies against HuC/D were to confirm 

neuronal phenotype. Bisbenzimide was used as a counterstain to stain all nuclei present.  

 

2.5.2 Antibody Staining for Quantification of ENCDCs 

To assess culture purity of target ENCDCs, cells were stained with primary 

antibodies against p75NTR+ (1:50, Alomone Labs ANT-007), secondary donkey anti-rabbit 
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Alexa Fluor 594 (1:200, Molecular Probes A21207); primary HuC/D biotin (1:50, 

Invitrogen A21272), secondary streptavidin 488 (1:200, Molecular Probes S11223); and 

bisbenzimide (1 µg/ml, Sigma H33258). Staining with secondary antibody alone was done 

as a control.  

 

2.5.3 Antibody Staining for Quantification of Serotonergic, Nitrergic, 

Dopaminergic, and Proliferating Neurons  

Cells were assessed for differentiation into serotonergic, nitrergic, and 

dopaminergic neurons by staining for antibodies against 5-HT, nNOS, and tyrosine 

hydroxylase (TH), respectively. TH is the rate-limiting enzyme of catecholamine 

biosynthesis, responsible for converting tyrosine to L-3,4-dihydroxyphenylalanine (L-

DOPA). Subsequent reactions convert L-DOPA to dopamine, norepinephrine, and 

epinephrine (Colette Daubner et al., 2012). While noradrenergic and adrenergic neurons 

extend projections that innervate the gut, the cell bodies of these neurons are extrinsic and 

located outside of the ENS (Li et al., 2010). Norepinephrine is produced by dopamine β-

hydroxylase within vesicles. Dopaminergic enteric neurons are unique in that they do not 

express the dopamine β-hydroxylase enzyme and are therefore unable to produce 

norepinephrine or epinephrine (Serio et al., 2011). Instead, cell bodies supplying 

norepinephrine arise from the prevertebral ganglia and innervate the myenteric plexus via 

mesenteric nerves (Cooke, 1986). Further processing of norepinephrine by 

phenylethanolamine N-methyltransferase produces epinephrine within the adrenal medulla 

(Mittal et al., 2017; de Jonge, 2013). Therefore, immunolabeling of enteric neurons using 
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TH antibodies would be indicative of only intrinsic dopaminergic neurons (Nezami & 

Srinivasan, 2010; Li et al., 2010; Li et al., 2004). 

Differentiation of cultured ENCDCs was assessed by staining cells with: primary 

antibodies to 5-HT (1:200, Immunostar 20080), secondary donkey anti-rabbit Alexa Fluor 

594 (1:200, Molecular Probes A21207); primary rabbit anti-neuronal nNOS (1:500, 

Cedarlane), secondary donkey anti-rabbit Alexa Fluor 594 (1:200, Molecular Probes 

A21207); and primary TH (1:500, Millipore Sigma AB1542), secondary donkey anti-sheep 

Alexa Fluor 488 (1:200, Invitrogen A11015) or secondary donkey anti-sheep Alexa Fluor 

594 (1:200, Invitrogen A11016). Total positive cells were manually counted and compared 

to vehicle control. Staining with secondary antibody alone was done as a control.  

Proliferation of cultured ENCDCs was assessed by labelling with primary 

antibodies to phospho-histone H3 (pH3; 1:500, BioLabs 9705S), secondary donkey anti-

goat Alexa Fluor 594 (1:200, Invitrogen A11058). Histones are heavily phosphorylated at 

serine 10 on metaphase chromosomes during mitosis. This phosphorylated state persists 

until exist from mitosis, enabling reliable measurement of proliferative cells (Hans & 

Dimitrov, 2001).  Cells were manually counted and compared to vehicle control. Staining 

with secondary antibody alone was done as a control. 

 

2.5.4 Detection and Quantification of Apoptotic Cells 

Apoptosis of cultured ENCDCs was detected using TdT-mediated dUTP nick end 

labeling kit (Promega DeadEndTM Fluorometric TUNEL System G3250). This assay 

involves TdT binding to blunt ends of DNA fragments and catalyzing incorporation of 
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fluorescently labelled nucleotide, fluorescein-12-dUTP (Kyrylkova et al., 2012). Total 

apoptotic cells were manually counted and compared to vehicle control. Treatment with 

DNase (Promega M6101) was performed for the positive control, and omission of the 

terminal deoxynucleotidyl transferase-recombinant (rTdT) enzyme was done for the 

negative control.  

 

2.5.5 Image Analysis 

All images were coded to ensure investigator blinding of experimental conditions 

during image analysis. All data were analyzed using fluorescent microscope Leica 

DMRXA2 (Leica Microsystems Inc, Concord, ON, Canada) and Volocity software 

(Improvision Inc., Montreal, QC, Canada) on a Macintosh computer (Apple Computers, 

Markham, ON, Canada).  

Quantification of ENCDC cultures was performed at 20x magnification using 5 

standard fields. Quantification of ENCDCs treated with bacterial products and vehicle 

control was performed at 20x magnification using 5 standard fields.  

 

2.6 Exposure to Bacterial Products 

Cells were seeded on fibronectin-coated plastic chamber slides (Invitrogen 154526) 

at a density of approximately 270,000 cells/ml for establishment of the fifth subculture. 

Cells were incubated with NSM+ media for 24 hours to facilitate adherence prior to 

treatment with bacterial products. 
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ENCDC cultures were incubated with LPS (0.001, 0.01, 0.1, 1 µg/ml, Sigma 

L2630), flagellin (0.001, 0.01, 0.1, 1 µg/ml, Enzo Life Sciences ALX-522-058-C010), 

MDP (0.01, 0.1, 1, 10 µg/ml, Invivogen tlrl-mdp), iE-DAP (0.1, 1, 10, 100 µg/ml Invivogen 

tlrl-dap), and NSM+ vehicle control. Varying concentrations of bacterial products were 

used to assess concentration dependent effects. Bacterial product solutions were prepared 

in fresh NSM+ media. Cells were incubated for 24 hours prior to fixing in 4% 

paraformaldehyde and processing for proliferation and chemical coding by 

immunofluorescence, and apoptosis by the TUNEL assay. 

 

2.7 Statistical Analyses 

Statistical analyses were done using a Mann-Whitney U with comparisons of 

culture characteristics between subculture 4 and subculture 5. Data analyses of effects of 

bacterial products on cultured ENCDCs were performed using Kruskal Wallis with Dunn’s 

post hoc test to determine significance between conditions and dose-dependent responses. 

Significant outliers were removed. The level of statistical significance was set at p < 0.05. 

Data are presented as mean ± S.E.M. All analyses were performed using GraphPad Prism 

Version 4 for Mac OS X (GraphPad Software Inc., La Jolla California, USA). 
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3. RESULTS 

3.1 Characterization of ENCDCs in Culture  

3.1.1 Expansion of ENCDCs  

Cultures were assessed for proliferation and viability at each passage for five 

subcultures to determine whether NSM+ culture conditions were suitable for ENCDC 

growth (Table 2). A single subculture was grown for approximately two weeks after 

seeding. Old NSM+ media was replaced with fresh NSM+ every 3-4 days.  

Cell proliferation was assessed at each passage immediately after dissociation using 

a hemocytometer and microscope. Cultures maintained high proliferative potential across 

all subcultures. Viability was assessed using trypan blue dye, and results were comparable 

to flow cytometry and demonstrated approximately 100% viability at each passage.  

  

3.1.2 Assessment of ENCDC Culture Purity and Viability using Flow Cytometry 

Flow cytometry was used to quantify the proportion of ENCDCs in the cultures by 

staining with antibodies against p75NTR+ and 7-AAD viability dye. Analysis of cells from 

the third subculture revealed a 95.1% p75NTR+-positive population with a 97.3% viability. 

Similar findings were observed on a repeat run of cells from the fourth subculture, 

demonstrating 96.1% p75NTR+-positive cells and a 98.2% viability (Figure 2). 

 

3.1.3 Characterization of ENCDC Cultures Using Immunofluorescence 

Cultures were processed for immunofluorescence at the fourth subculture to further 

validate target cell purity and determine baseline culture characteristics. This was assessed 
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by manual counting of proportion of HuC/D expressing neurons coexpressing p75NTR+ as 

a marker of immature neuronal state. These results were compared to total cells present in 

culture by staining with nuclear dye, bisbenzimide (Figure 3). This method was not 

appropriate for assessing cell viability; however, viability was assessed at every passage 

(every 2 weeks) using trypan blue dye.  

Cells co-expressing p75NTR+ and HuC/D composed the largest population (99.3% ± 

1.18%). These baseline culture conditions also showed the presence of nitrergic neurons 

(5.83% ± 1.77%), and a smaller proportion of serotonergic neurons (1.60% ± 0.850%). No 

dopaminergic neurons were detected. Proliferating cells were also present (4.46% ± 

1.56%). 

 

3.2 Differentiation of ENCDCs into Early Born Neurons in Culture 

Comparison of culture characteristics between subculture 4 and subculture 5 

demonstrated a significant increase in proportion of serotonergic neurons (subculture 4, 

2.00% ± 0.780% vs subculture 5, 8.76% ± 1.86%; p = 0.0079) and nitrergic neurons 

(subculture 4, 2.49% ± 0.890% vs subculture 5, 10.0% ± 2.96%; p = 0.0079) (Figure 4). 

No significant differences were found in the proportion of dopaminergic neurons 

(subculture 4, 0.00% ± 0.00% vs subculture 5, 0.180% ± 0.410%; p > 0.05) or proliferation 

(subculture 4, 2.53% ± 0.360% vs subculture 5, 3.52% ± 1.29%; p > 0.05).  
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3.3 ENCDC Cultures Treated with Bacterial Products 

Cultured ENCDCs were incubated with varying concentrations of LPS, flagellin, 

MDP, iE-DAP, and vehicle control for 24 hours. All conditions were done in duplicates 

with the exception of TUNEL flagellin data and vehicle control. 

 

3.3.1 LPS Effects on ENCDC Programming  

LPS treatment demonstrated an increase in proliferation of ENCDCs at 0.1 µg/ml, 

compared to vehicle control (p = 0.0405) and 0.001 µg/ml (p = 0.0242) (Figure 5).  

A dose-dependent increase in differentiation into serotonergic neurons (0.01 µg/ml, 

p = 0.0024; 0.1 µg/ml, p < 0.0001; 1 µg/ml, p = 0.0085), compared to the lowest does of 

LPS (0.001 µg/ml) was observed; however, there was no significant difference compared 

to vehicle control (p > 0.05).  

There was a dose-dependent increase in differentiation into nitrergic neurons (0.01 

µg/ml, p = 0.0035; 0.1 µg/ml, p < 0.0001; 1 µg/ml, p = 0.0009) compared to the lowest 

concentration of LPS (0.001 µg/ml), but not vehicle control (p > 0.05). There was a 

significant increase in nitrergic neurons between 0.1 µg/ml LPS compared to vehicle 

control (p = 0.0198). 

 There was no significant difference in apoptosis or proportion of dopaminergic 

neurons at any concentration of LPS tested.  
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3.3.2 Flagellin Effects on ENCDC Programming 

Flagellin demonstrated a dose-dependent increase in proliferation compared to 

vehicle control at 0.1 µg/ml (p = 0.0189) and 1 µg/ml (p = 0.0003) (Figure 6). Dose-

dependent increases in proliferation were also observed between 0.001 µg/ml and 0.1 µg/ml 

(p = 0.0497), 0.001 µg/ml and 1 µg/ml (p = 0.0003), and 0.01 µg/ml and 1 µg/ml (p = 

0.0173).  

An increase in proportion of serotonergic neurons was observed at 0.1 µg/ml (p = 

0.0074) and 1 µg/ml (p = 0.0055) compared to vehicle control. 

There was a significant increase in proportion of nitrergic neurons at 1 µg/ml of 

flagellin compared to vehicle control (p = 0.0132). 

There was no significant difference in the proportion of apoptotic cells or 

dopaminergic cells at any concentration of flagellin tested. 

 

3.3.3 MDP Effects on ENCDC Programming 

There was a significant increase in proportion of serotonergic neurons between 0.01 

µg/ml and 1 µg/ml MDP (p = 0.0178) (Figure 7). There was no significance compared to 

vehicle control. 

A significant increase in nitrergic neurons was found between vehicle control and 

0.1 µg/ml MDP (p = 0.0038), and vehicle control and 1 µg/ml MDP (p = 0.0401).  

There was no significant difference in proportion of proliferating, apoptotic, or 

dopaminergic cells at any concentration of MDP tested. 

 



29 
 

3.3.4 iE-DAP Effects on ENCDC Programming 

There was a significant increase in proportion of serotonergic neurons between 

vehicle control and 10 µg/ml iE-DAP (p = 0.0233) (Figure 8). This increase was also found 

between 1 µg/ml iE-DAP and 10 µg/ml iE-DAP (p = 0.0341).  

There was a significant increase in proportion of nitrergic neurons between vehicle 

control and 0.1 µg/ml iE-DAP (p = 0.0151), and vehicle control and 1 µg/ml iE-DAP (p = 

0.0153). 

There was no significant difference in proportion of proliferating, apoptotic, or 

dopaminergic cells at any concentration of iE-DAP tested. 

 

4 DISCUSSION 

 Increasing research is demonstrating the important role of the intestinal 

microbiome on human health, and specifically, on the development of the ENS. This 

project aimed to establish an in vitro model of ENCDCs to assess the direct role of bacterial 

products on ENS development. Subsequent experiments revealed that direct interactions 

with key bacterial products may influence proliferation and chemical coding of ENCDCs, 

but not apoptosis. 

 

4.1 Establishment of the in vitro ENCDC model 

 Establishment of an ENCDC cell line was complicated by the limited number of 

antibodies available for ENCDCs, as well as the limited area of research in ENS 

neurodevelopment. Few resources existed on how to construct such a model.  
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 In this project, isolation of ENCDCs at E15.5 using the p75NTR+ marker yielded 

highly pure cultures. Incubation with NSM+ media demonstrated consistently high 

proliferative potential across several subcultures, as well as the maintenance of an 

undifferentiated state for four subcultures. 

 

 4.1.1 Characterization of ENCDC Cultures  

 Characterization of ENCDC cultured was primarily performed through flow 

cytometry on two separate occasions using the third and fourth subcultures. On both 

occasions, a substantial proportion of the cell population expressed p75NTR+, indicative of 

nearly pure cultures (95.6% ± 0.710%). Both subcultures also demonstrated a high cell 

viability (97.8% ± 0.640%), indicating that the NSM+ media was suitable for ENCDC 

survival and growth.  

  We identified a total of 4.49% ± 1.67% differentiated cells in the fourth 

subculture, comprising entirely early born serotonergic and nitrergic neurons, the largest 

proportion of which were nitrergic neurons. This is in line with the notion that serotonergic 

neurons and a subset of nitrergic neurons constitute early born neurons, while dopaminergic 

neurons exhibit later birthdates (Pham et al, 1991).  

The fifth subculture had an increase in differentiation, exhibiting a total of 18.9% ± 

5.23% mature neurons. Once more, nitrergic neurons comprised the most abundant 

subpopulation (10.00% ± 2.96%), followed by serotonergic (8.76% ± 1.86%), and lastly 

dopaminergic neurons (0.180% ± 0.410%). Both, nitrergic and dopaminergic populations 

in subculture 5 are consistent with previously published reports on the proportion of these 
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neurons at P0 in C57Bl/6 mouse wholemounts. Bergner and colleagues (2014) 

demonstrated approximately 13.0% nitrergic neurons and approximately 0.880% 

dopaminergic neurons at P0 (Bergner et al., 2014). While Bergner and colleagues (2014) 

were unable to show the proportion of serotonergic neurons at P0, they did demonstrate an 

expansion from E15.5 (0.940%) to E18.5 (1.51%). These values were similar to our 

observations of the fourth subculture characteristics for serotonergic neuron proportions 

(2.00%); however, they were drastically lower than our observations in our fifth subculture 

(8.76%). Two possible explanations for this discrepancy exist.  

Since Bergner and colleagues (2014) quantified neurons in freshly prepared 

wholemounts, while we performed analyses in an in vitro model, the first explanation might 

be that isolation of ENCDCs from their native microenvironment and deprivation of input 

from other systems may have impacted the terminal differentiation of these neurons 

(Ghallab, 2013).  

The second explanation may involve the use of 5-ethynyl-2´-deoxyuridine (EdU) 

in quantifying neuron subtypes in the Bergner and colleagues (2014) study. EdU is a 

thymidine analogue that incorporates into DNA during S phase of the cell cycle, thus 

serving as a marker of proliferating cells (Bergner et al., 2014). As a result, EdU labelling 

would be strongest after the first cell cycle and would decrease with repeated proliferation. 

It is possible that the reason Bergner and colleagues (2014) reported such low levels of 

serotonergic neurons was due to these neurons either undergoing rapid proliferation and 

thus losing the marker quickly, or serotonergic neurons already having completed terminal 
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differentiation by the time they were stained, and therefore, minimal EdU was incorporated 

into the cells (Bergner et al., 2014). 

 While it is challenging to pinpoint the exact developmental timeline of our 

ENCDC cultures at the fifth subculture and just prior to treatment with bacterial products, 

based on the slow emergence of dopaminergic neurons, it is reasonable to assume that the 

fifth subculture was most representative of a perinatal timepoint. This differentiation into 

dopaminergic neurons likely commenced in the fifth subculture as the proportion (0.180%) 

was considerably less than the expected approximate proportion in the mature ENS 

(0.500%) or P0 ENS (0.880%) (Qu et al., 2008; Li et al., 2011; Bergner et al., 2014). These 

results may be suggestive of a heterogenous mixture of neuron subtypes between E15.5 to 

P0. Despite this, the relevance of the findings presented here should not be discredited 

based on the supposed heterogeneity as these populations still constituted a relatively 

immature ENS state. In addition, the consistencies between the relative proportions of 

differentiated neurons in this project and previously published reports further validates the 

ability to isolate highly pure populations of ENCDCs using immunoselection. Furthermore, 

the results from the fourth subculture which demonstrated a largely immature population 

of enteric precursors supports the ability to construct and maintain an undifferentiated 

ENCDC population in culture for future work.  

  

4.1.2 Effects of Bacterial Products on the Chemical Coding of Cultured ENCDCs 

Our results are suggestive of direct ENCDC interactions with LPS and flagellin in 

stimulating ENCDC proliferation and differentiation into early born neurons of 
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serotonergic and nitrergic subtypes. Peptidoglycan derivatives, MDP and iE-DAP, appear 

to mainly stimulate differentiation into nitrergic neurons, and in the case of iE-DAP also 

serotonergic neurons. MDP does not appear to significantly stimulate differentiation into 

serotonergic neurons in comparison to the vehicle control, but there was a significant 

increase between increasing doses (0.01 µg/ml vs 1 µg/ml, p = 0.0178).  

These observations may be due to serotonergic neurons already being fully 

differentiated at the time of treatment, as their birthdates are expected to be mostly complete 

by E15.5 (Pham et al., 1991; Bergner et al., 2014), which coincided with the timeline of 

ENCDC isolation. Propagation of ENCDCs in culture and subsequent passages using 

enzymatic dissociations may have further driven the ENCDCs to express a more perinatal 

timepoint, which was supported by the emergence of dopaminergic neurons in the fifth 

subculture. Therefore, treatment with these bacterial products might require exceptionally 

strong stimulation to result in any significance in terms of influencing proportions of 

serotonergic neurons.  

Nitrergic neurons on the other hand constitute a heterogenous mixture of both, early 

born and late born neurons. Their birthdates typically peak at E15.5, but they are known to 

continue undergoing terminal differentiation into the early postnatal period (Bergner et al., 

2014). Bacterial influences on the development of nitrergic neurons may also be strongest 

on the late born nitrergic neurons as their fate is still likely plastic.  

 Finally, dopaminergic neurons are of late born nature. They arise in the perinatal 

period and continue their terminal differentiation two weeks into the postnatal period 

(Pham et al., 1991; Bergner et al., 2014). We did not observe any significant effects of 
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bacterial products on influencing differentiation into dopaminergic neurons, and this could 

be due to two factors.  

The first consideration would be that the treatment of ENCDCs with bacterial 

products was too early in dopaminergic neuron development to have an effect on their cell 

fate, and future work analyzing dopaminergic neurons specifically should strive to replicate 

such experimental conditions in ENCDC cultures that are in later stages of perinatal 

development.  

A second consideration would be that these late born neurons are perhaps not as 

responsive to microbial products as we observed in early born neurons. It has previously 

been shown that serotonergic neurons, which arise between E9.5-E15.5 (Pham et al., 1991), 

may influence the development of perinatal dopaminergic neurons (Li et al., 2004), as mice 

lacking tryptophan hydroxylase 2 (TPH2) expression, an enzyme involved in serotonin 

synthesis, exhibited a reduction in dopaminergic populations (Li et al., 2011). Additionally, 

Li and colleagues (2011) found that ENCDC cell cultures exhibited 5-HT dependent 

increases in dopaminergic neurons in culture as well as increases in total neurons, 

suggesting that the effects of 5-HT on promoting enteric neuron survival and development 

are not restricted to dopaminergic neurons (Li et al, 2011). Indeed, 5-HT may also have an 

effect on other late born neurons such as GABAergic, CGRP-expressing, and even a subset 

of nitrergic neurons born after E15.5 (Li et al., 2011). 

 Taken together, these results may indicate that microbial products exert the most 

effect on early born neurons of serotonergic and nitrergic subtypes. These early interactions 

and the subsequent evolution of these early born neurons may provide the basic framework 
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for the developing ENS. Once established, these early born neurons may affect 

development of late born neurons through input from neurotransmitter. How these 

neurotransmitters might influence differentiation into one subtype of neuron over another 

remains unclear.  

 

4.1.3 Effects of Bacterial Products on Apoptosis of Cultured ENCDCs 

We demonstrated a notable lack of significance in apoptosis across all bacterial 

product conditions and concentrations. These findings are consisted with the notion that 

apoptosis is not an important characteristic of ENCDC maturation and ENS development.  

Programmed cell death is an important hallmark of nervous system development 

and maturation (Enomoto, 2009). This characteristic is present in a wide variety of nervous 

system components, from the superior cervical ganglion, to the retinal ganglia, and even in 

the dorsal root ganglia (Kristiansen & Ham, 2014; Strom & Williams, 1998; Bennett et al., 

2002). Previous research suggests that an important driving force for the abundance of 

nerve cell death in development may be due to competition for target-derived trophic 

factors, of which nerve growth factor is the most well studied type (Kristiansen & Ham, 

2014; Greene et al., 2007). 

 A recent publication has demonstrated for the first time that the adult enteric 

nervous system does undergo apoptosis akin to other neurons. Kulkarni and colleagues 

(2017) showed that approximately a tenth of all myenteric neurons are tagged at all times 

for caspase-3 cleavage, and that roughly a third of these cells undergoes apoptosis within 7 

days, or equal to approximately 50% cell death per day of caspase-3 labelled neurons 
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(Kulkarni et al., 2017). This is consistent with previous findings in other neurons types by 

Kristiansen and Ham (2014) who showed that there was 50% cell death of neurons from 

the superior cervical ganglion within 24 hours of deprivation of nerve growth factor 

(Kristiansen & Ham, 2014; Kulkarni et al., 2017). Prior to these findings, it was believed 

that myenteric neurons do not undergo apoptosis and are largely static until factors such as 

onset of disease result in cell death (Kulkarni et al., 2017).   

In contrast, no evidence to date has been found on notable apoptosis in ENCDCs 

specifically. A study by Gianino and colleagues (2003), showed a marked lack of apoptosis 

at developmental stages from E12.5 to adult mouse myenteric plexus wholemount 

preparations when stained for cleaved caspase-3 (Gianino et al., 2003). Another study by 

Chalazonitis and colleagues (2001) demonstrated a mild response to neurotrophin-3 

depletion on cultured ENCDCs which left the cultures undisturbed in terms of the 

proportion of viable neurons; furthermore, the limited population of cells that did respond 

to the neurotrophin-3 withdrawal by undergoing apoptosis were found to be a subset of 

neurons that selectively express the corresponding receptor, tropomyosin receptor kinase 

C (TrkC), and not necessarily the ENCDCs that provide much of the framework for the 

developing ENS (Chalazonitis et al., 2001). Interestingly, apoptosis of ENS precursors was 

detected in vagal neural crest cells as they migrate towards the foregut and prior to foregut 

invasion (Wallace et al., 2009). Taken together, these most recent findings, while still 

controversial, seem to indicate that apoptosis is not a typical characteristic of ENCDCs 

during ENS development; however, apoptosis may be a normal process in ENCDC 

precursors migrating from the vagal neural crest as well as adult myenteric neurons, as is 
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typical of other nerves within the nervous system. The conclusions drawn from these 

findings provide an explanation for the lack of significance observed in our project, where 

no significant differences were seen in apoptosis of cultured ENCDCs irrespective of 

bacterial product concentration or type.  

 

4.2 Limitations  

There are several limitations in the experiments performed in this project. Primarily, 

in vitro models are limited in the extent of conditions found in vivo, such as mimicking of 

the mesenchymal environment and influences from the immune system and hormones. 

Furthermore, isolated cells may differ in their gene expression compared to cells in native 

environments. Zellmer and colleagues (2010), showed that primary hepatocytes upregulate 

or downregulate hundreds of genes once isolated (Zellmer et al., 2010). Therefore, results 

obtained under culture conditions may not be representative of in vivo activity.  

We were unable to obtain duplicate conditions for a subset of bacterial conditions. 

The TUNEL flagellin data were obtained as singlets. The vehicle controls were also 

obtained as singlets, as was the chemical coding of subculture 4. This prevented us from 

obtaining a better representation of direct bacterial product influences on ENCDCs by 

reducing confounding variables such as inconsistent concentrations during aliquoting.  

Controls to assess bacterial product purity were not performed here. While bacterial 

products were carefully chosen based on reported purities, the potential for cross-reactivity 

with other receptors and pathways cannot be excluded without incorporating proper 

controls. As a result, we acknowledge the limitations to our claims presented here referring 
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to direct effects of specific bacterial products on ENCDC fate. Future experiments should 

assess product purity and ensure consistent increases in concentrations using reporter cell 

lines. Such experiments may entail testing LPS specificity using human embryonic kidney 

cells 293 (HEK)-Blue TLR4 and HEK-Blue TLR5 platforms. One would expect increased 

detection of secreted embryonic alkaline phosphatase (SEAP) in HEK-Blue TLR4 cultures, 

but not HEK-Blue TLR5 cultures. Stimulation of SEAP in HEK-Blue TLR5 cultures with 

LPS would indicate impurities in LPS stock and cross-reactivity with other pathways. 

Similar controls could be applied across all bacterial product conditions. 

The cultures produced in this project were of C57Bl/6 origin. Increasing research is 

shedding light on the important role of genetics in driving strain-specific differences of 

commonly used laboratory mice (Marques et al., 2011). This may indicate that the effects 

of bacterial products on ENCDC fate observed in C57Bl/6 mice here may not be consistent 

in other strains.  

A germ free ENCDC model may provide a clearer signal for assessing the true role 

of bacterial products on directing ENS development. While the first largest colonization of 

gut bacteria occurs during parturition and infancy, it is now recognized that the intrauterine 

environment is not sterile (Jimenez et al., 2008). This was first identified by the presence 

of Enterococcus, Streptococcus, Staphylococcus, or Propionibacterium isolated from 

human embryonic cord blood (Jimenez et al., 2005). Later research showed newborn 

meconium samples to be dominated by bacteria of intrauterine origin such as Escherichia, 

Shigella, Leuconostoc, Enterococcus, and Lactococcus; that is, they differed in 

composition from microbial communities typically found in the maternal vagina 
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(Lactobacillus), skin (Corynebacterium, Propionibacterium), or feces (Bacteroides, 

Clostridium) (Gosalbes et al., 2013). The presence of such bacteria in the intrauterine 

environment and their colonization of the fetal GI tract is believed to be associated with 

priming of the fetal gut and immune system via the gut-associate lymphoid tissue (GALT) 

(Jimenez et al., 2005). These findings suggest not only the presence of bacteria in the fetal 

gut but also its importance in normal development. This may indicate that the ENCDCs 

isolated here have already been exposed to a limited number of bacterial products in utero, 

making them no longer entirely naïve in development.    

The concentration of p75NTR+ antibody used for flow cytometry was high (1:10). 

Titration of the antibody resulted in a drastic decrease in positive cells. One consideration 

for such results could come from omitting sodium azide from the flow cytometry staining 

protocol. Sodium azide acts as a metabolic inhibitor and has been shown to prevent surface 

antigen internalization in an ATP-dependent manner during processing, thereby preventing 

loss of fluorescence intensity (Sato et al., 2009; Harvey et al., 1999). Future repeats of this 

experiment should consider achieving optimal antibody concentrations to reduce 

nonspecific binding with the use of sodium azide as a means of reducing confounders such 

as internalization of cell surface markers. 

The second consideration could be that the dissociation of cell cultures using 

Accutase immediately before processing for flow cytometry may have resulted in receptor 

cleavage. For the present study, Accutase was chosen due to its significantly gentler 

dissociation of adherent cells and significantly increased cell viability upon dissociation as 

compared to trypsin or collagenase (Li et al., 2015; Bajpai et al., 2008). Previously 
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published comparisons between culture characteristics of Accutase dissociated cultures and 

collagenase dissociated cultures demonstrated a larger proportion of undifferentiated cells 

with Accutase treatment, which was a particularly important objective in the study 

presented here (Bajpai et al., 2008). Previous research also showed that dissociation by 

Accutase yielded significantly higher initial viability of neural stem cells as well as cell 

survival (90-95% vs 70-80%) (Wachs et al., 2003). Furthermore, Accutase treatment 

yielded faster formation and an increased quantity of neurosphere aggregates as compared 

to trypsin (Wachs et al., 2003). In fact, Accutase was specifically formulated for the purpose 

of flow cytometry; that is, to reduce cleavage of important cell surface antigens. Despite 

this, Accutase is known to exhibit proteolytic and collagenlytic activity. The exact 

formulation of Accutase remains propriety and so its exact effects on cell surface markers 

remain unconfirmed (Wachs et al., 2003). One study investigated the impact of various 

methodologies of macrophage detachment and found both, trypsin and Accutase, caused 

cleavage of important cell surface markers (Chen et al., 2015). Future work on this project 

should look into alternative methods of cell dissociation that do not involve the use of 

enzymatic activity, such as cell scraping and manual trituration. As ENCDCs are known 

for their propensity to naturally form neurosphere aggregates in culture (Nishikawa et al., 

2015; Hotta et al., 2013), single-cell dissociation can further be ensured by straining 

through a cell strainer prior to processing for flow cytometry. 

Despite such high antibody concentrations for flow cytometry, we were able to 

validate that our cell population was in fact of neuronal origin using immunofluorescence. 

We were further able to confirm that these were our cells of interest based on our 
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experimental findings in incubations with bacterial products, where significant differences 

were found in proliferation and differentiation using different bacterial products. Our one 

constant was the consistent lack of significance across the various conditions related to 

apoptosis. The lack of apoptosis is a unique characteristic of ENCDC development and 

these findings provide additional support that our cultures were likely highly pure ENCDC 

cultures.   

 

4.3 Future Directions 

 In accordance with previous research which demonstrated that early born enteric 

neurons influence development of late born enteric neurons (Li et al., 2004), our findings 

appear to suggest that ENCDC exposure to microbial products in prenatal ENS 

development may have a stronger role in influencing programming of early born enteric 

neurons. We hypothesize that once this framework of early enteric neurons is established, 

microbial products no longer play as important a role in the terminal differentiation of late 

born enteric neurons as does neurotransmitter input from the already established early 

neurons. Further validation of our findings is required through the involvement of a broader 

panel of late born enteric neurons, such as CGRP neurons, to ensure that these findings are 

consistent. Additionally, the exact mechanisms underlying early born neuron influence on 

the development of late born neurons remain unknown. 

Future work in this area may also involve exploring the expression of appropriate 

receptors that correspond to these microbial products, and whether there is an upregulation 



42 
 

of these receptors that corresponds to bacterial product dose. Activation of appropriate 

pathways should also be assessed and determined if they act in a dose-dependent manner.  

Finally, a study by Lindley and colleagues (2008) demonstrated the ability to 

transplant cultured enteric progenitor neurospheres of neonatal human gut origin into 

aganglionic gut segments of mice. They demonstrated the rescuing of muscle contractile 

frequencies to lower normal limits of a ganglionic gut. A similar research approach can be 

taken in a future experiment, where cultured ENCDCs are transplanted into aganglionic gut 

segments of mice, along with supplementation of common bacterial products either through 

gavage feeding or enema administrations to test whether these bacterial products could 

further improve the differentiation and innervation of the deficient ENS. It is likely that 

these bacterial products would induce a concurrent inflammatory response; therefore, 

careful titration of bacterial products would be imperative. 

 

4.4 Conclusions   

Here, we demonstrated the successful establishment of an in vitro model of ENCDC 

cultures that were highly pure and viable. Cultures were characterized for chemical coding 

to determine the length of time that the cells could remain in culture in a relatively 

undifferentiated state. We showed the maintenance of ENCDCs in a highly proliferative 

and immature state for four subcultures after isolation. 

Using the in vitro model, we characterized cultures after incubation with common 

bacterial products to determine direct influences on the developmental fate of ENCDCs. 

Our results are suggestive of bacterial product influences on ENCDC proliferation and 
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differentiation into serotonergic and nitrergic neurons. We were not able to show an 

influence of bacterial products on ENCDC apoptosis or differentiation into dopaminergic 

neurons under any conditions.  

These results may indicate that the microbiome plays an important role on perinatal 

development of the ENS. Future work is required to validate these results and determine 

the mechanisms by which such interactions occur. 
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APPENDIX 

Table 1. Media components and volumes. ENCDC isolation required several variants of 

NSM media during processing (processing media, NSM antibody wash). This table also 

represents NSM+ plating media, which was used immediately post-ENCDC isolation to 

facilitate cell adherence. This media was changed after 24 hours to the NSM+ maintenance 

media, which was used for culture maintenance and growth until cryopreservation or 

processing for immunofluorescence. 
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MEDIA 

 

Component 

Processing 

Media 

NSM 

Antibody 

Wash 

NSM+ 

Plating 

Media 

NSM+ 

Maintenance 

Media 

DMEM/F12 (Sigma D8437-

500ml) 

97.5% 95.59% 75.89% 95.89% 

Heparin (Sigma H3149-

10KU) 

-- 0.01% 0.01% 0.01% 

bFGF (Sigma F0291-25UG) -- -- 0.08% 0.08% 

EGF (Invitrogen PMG8041) -- -- 0.02% 0.02% 

B27 (Invitrogen 17504044) -- 2% 2% 2% 

N2 (Invitrogen 17502048) -- 1% 1% 1% 

Penicillin/streptomycin 

(Invitrogen 15140122) 

1% 1% 1% 1% 

Horse serum (Invitrogen 

26050088) 

1% -- 20% -- 

GDNF 0.5% -- -- -- 

BSA -- 250 mg -- -- 

 

EDTA (0.5 M stock) (Sigma 

EDS) 

-- 0.4% -- -- 
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Table 2. ENCDC yield and viability at every passage for 5 subcultures. Represented 

are the subculture number, date of cell passage, number of cells after dissociation, and 

percent viability. All cells were not reseeded for establishment of subsequent subcultures. 

*Assessment of culture purity for ENCDC marker, p75NTR+, and viability was done on 

subcultures 3 and 4. ⁑5x207 cells from subculture 4 were cryopreserved for future use. 

†Characterization of culture chemical coding and proliferation was performed on 

subcultures 4 and 5. ‡Exposure to bacterial products was done on subculture 5.  

Subculture # Cells % Viability # cells re-seeded 

0 2,212,500 99.4% 2,212,500 

1 7,175,000 100% 7,175,000 

2 34,350,000 100% 34,350,000 

3* 106,250,000 100% -- 

  4*⁑† 75,500,000 100% 12,300,000 

5†‡ 148,000, 000 100% -- 
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Figure 1. Birthdates of myenteric neuron subtypes. Percentage of myenteric neuron 

subtypes retaining EdU staining at different developmental stages. (A) Serotonergic 

neurons exhibit cell cycle exits from before E10.5 to E13.5, with a peak birthdate at E11.5. 

(B) Nitrergic (NOS1) neurons have birthdates between E11.5-P10, with a cell cycle exit 

peak at E15.5. (C) Dopaminergic (TH) neurons exhibit cell cycle exits between E11.5-P10, 

with a peak time of cell cycle exit at E15.5. Figure adapted from Bergner et al., 2014. 
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Figure 2. Flow cytometry assessment of ENCDC cultures. Target cells were stained 

with antibodies against immature neuronal marker, p75NTR+-FITC. Proportion of p75NTR+ 

expressing cells are depicted by the gray peak for subculture 3 (A, 95.1% p75NTR+-

positive, 97.3% viability) and subculture 4 (B, 96.1% p75NTR+-positive, 98.2% viability). 
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Figure 3. ENCDC culture characteristics of the fourth subculture. (A-D) Proportion of 

undifferentiated ENCDC (A, p75NTR+, red; B, HuC/D, green; C, bisbenzimide, blue; D, 

overlay of all three channels). (E-H) Proportion of proliferating cells (E, phospho-histone 

H3, red; F, HuC/D, green; G, bisbenzimide, blue; H, overlay of all three channels). (I-L) 

Proportion of serotonergic neurons (I, 5-HT, red; J, HuC/D, green; K, bisbenzimide, blue; 

L, overlay of all three channels). (M-P) Proportion of nitrergic nNOS (M, nNOS, red; N, 

HuC/D, green; O, bisbenzimide, blue; P, overlay of all three channels). (Q-T) Proportion 

of dopaminergic neurons (Q, HuC/D, red; R, tyrosine hydroxylase, green; S, bisbenzimide, 

blue; T, overlay of all three channels). (U) Quantification of neuronal subtypes (% positive 

cells). Scale bar = 20 µm. Values are present as mean ± S.E.M. 

U 
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Figure 4. ENCDCs continue to differentiate in culture. There was a significant increase 

in proportion of serotonergic neurons and nitrergic neurons in subculture 5 (gray) compared 

to subculture 4 (black). There was no significant difference in proliferating cells or 

dopaminergic neurons across the cultures.  *p ≤ 0.05. Values are present as mean ± S.E.M. 
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Figure 5. Role of LPS on ENCDC programming. LPS has a significant effect on 

increasing ENCDC proliferation, and differentiation into nitrergic neurons. LPS does not 

have a significant effect on ENCDC apoptosis or differentiation into dopaminergic neurons. 

There was an increase in serotonergic neurons, but this was not significant with the control. 

*p ≤ 0.05. Values are present as mean ± S.E.M. 
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Figure 6. Role of flagellin on ENCDC programming. Flagellin has a significant effect 

on increasing ENCDC proliferation, and differentiation into serotonergic and nitrergic 

neurons. Proliferation appears to be dose-dependent. Flagellin does not have a significant 

effect on ENCDC apoptosis or differentiation into dopaminergic neurons. *p ≤ 0.05. Values 

are present as mean ± S.E.M. 

 

 

 

 

 

 

 



54 
 

Figure 7. Role of MDP on ENCDC programming. MDP has a significant effect on 

increasing ENCDC differentiation into nitrergic neurons. MDP does not have a significant 

effect on ENCDC proliferation, apoptosis or differentiation into dopaminergic neurons. 

Differentiation into serotonergic neurons was only significant between different doses. *p 

≤ 0.05. Values are present as mean ± S.E.M. 
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Figure 8. Role of iE-DAP on ENCDC programming. iE-DAP has a significant effect on 

increasing ENCDC differentiation into serotonergic and nitrergic neurons. iE-DAP does 

not have a significant effect on ENCDC proliferation, apoptosis or differentiation into 

dopaminergic neurons. *p ≤ 0.05. Values are present as mean ± S.E.M. 

 

 

 

 

 

 

 

 

 

 

 



56 
 

REFERENCES 

Andersen MN, Al-Karradi SN, Kragstrup TW, Hokland M. Elimination of erroneous 

results in flow cytometry caused by antibody binding to Fc receptors on human 

monocytes and macrophages. Cytometry A, 2016;89(11):1001-1009. doi: 

10.1002/cyto.a.22995.  

 

Anitha M, Vijay-Kumar M, Sitaraman SV, Gewirtz AT, Srinivasan S. Gut microbial 

products regulate murine gastrointestinal motility via toll-like receptor 4 signaling. 

Gastroenterol, 2012; 143: 1006-1016. doi: 10.1053/j.gastro.2012.06.034. 

 

Arciszewski MB, Sand E, Ekblad E. Vasoactive intestinal peptide rescues cultured rat 

myenteric neurons from lipopolysaccharide induced death. Regul Peptides, 

2008;146 (1-3):218-223. doi: 10.1016/j.regpep.2007.09.021. 

 

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, et al. Enterotypes of the human 

gut microbiome. Nature, 2011;473(7346):174-80. doi: 10.1038/nature09944. 

 

Azad MB, Konya T, Maughan H, Guttman DS, Field CJ, Chari RS, Sears MR, Becker AB, 

Scott JA, Kozyrskyj AL. Gut microbiota of healthy Canadian infants: profiles by 

mode of delivery and infant diet at 4 months. CMAJ, 2013;185(5):385-94. doi: 

10.1503/cmaj.121189.  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Andersen%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=27731950
https://www.ncbi.nlm.nih.gov/pubmed/?term=Al-Karradi%20SN%5BAuthor%5D&cauthor=true&cauthor_uid=27731950
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kragstrup%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=27731950
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hokland%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27731950
https://doi.org/10.1016/j.regpep.2007.09.021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arumugam%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21508958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Raes%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21508958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pelletier%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21508958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Le%20Paslier%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21508958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21508958


57 
 

Aziz M, Ishihara S, Ansary MU, Sonoyama H, Tada Y, Oka A, Kusunoki R, Tamagawa Y, 

Fukuba N, Mishima Y, Mishiro T, Oshima N, Moriyana I, Ishimura N, Sato S, Yuki 

T, Kawashima K, Kinoshita Y. Crosstalk between TLR5 and Notch1 signaling in 

epithelial cells during intestinal inflammation. Int J Mol Med, 2013; 32(5):1051-62. 

doi: 10.3892/ijmm.2013.1501.  

 

Bajpai R, Lesperance J, Kim M, Terskikh AV. Efficient propagation of single cells 

accutase-dissociated human embryonic stem cells. Mol Reprod Dev, 

2008;75(5):818-27. doi: 10.1002/mrd.20809. 

 

Barajon I, Serrao G, Arnaboldi F, Opizzi E, Ripamonti G, Balsari A, Rumio C. Toll-like 

receptors 3, 4, and 7 are expressed in the enteric nervous system and dorsal root 

ganglia. J Histochem Cytochem, 2009;57:1013–23. doi: 10.1369/jhc.2009.953539. 

 

Bauer KC, Huus KE, Finlay BB. Microbes and the mind: emerging hallmarks of the gut 

microbiota-brain axis. Cell Microbiol, 2016; 18(5): 632-644. doi: 

10.1111/cmi.12585. 

 

Bennett MR, Gibson WG, Lemon G. Neuronal cell death, nerve growth factor and 

neurotrophic models: 50 years on. Auton Neurosci¸2002;95(1-2);1-23. doi: 

10.1016/S1566-0702(01)00358-7. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bajpai%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18157870
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lesperance%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18157870
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18157870
https://www.ncbi.nlm.nih.gov/pubmed/?term=Terskikh%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=18157870
https://doi.org/10.1002/mrd.20809
https://doi.org/10.1016/S1566-0702(01)00358-7


58 
 

Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J, Deng Y, Blennerhassett P, Macri J, 

McCoy KD, Verdu EF, Collins SM. The intestinal microbiota affect central levels 

of brain-derived neurotropic factor and behavior in mice. Gastroenterol, 

2011;141(2):599-609.e3. doi: https://doi.org/10.1053/j.gastro.2011.04.052. 

 

Bergner AJ, Stamp LA, Gonsalvez DG, Allison MB, Olson DP, Myers MG, Anderson CR, 

Young HM. Birthdating of myenteric neuron subtypes in the small intestine of the 

mouse. J Comp Neurol, 2014;522(3). doi: 10.1002/cne.23423. 

 

Binder E, Natarajan D, Cooper J, Kronfli R, Cananzi M, Delalande JM, McCann C, Burns 

AJ, Thapar N. Enteric neurospheres are not specific to neural crest cultures: 

implications for neural stem cell therapies. PLoS ONE, 2015; 10(3): e0119467. doi: 

10.1371/journal.pone.0119467.  

 

Borre YE, O’Keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan JF. Microbiota and 

neurodevelopmental windows: implications for brain disorders. Trends Mol Med, 

2014; 20(9): 509-5184. 

 

Burns AJ, Champeval D, Le Douarin. Sacral neural crest cells colonize aganglionic hindgut 

in vivo but fail to compensate for lack of enteric ganglia. Dev Biol, 2000; 219(1): 

30-43. doi: 10.1016/j.molmed.2014.05.002. 

 

https://doi.org/10.1053/j.gastro.2011.04.052


59 
 

Chalazonitis A, Pham TD, Li Z, Roman D, Guha U, Gomes W, Kan L, Kessler JA, Gershon 

MD. Bone morphogenetic protein regulation of enteric neuronal phenotypic 

diversity: Relationship to timing of cell cycle exit. J Comp Neurol, 

2008;509(5):474-492. doi: 10.1002/cne.21770. 

 

Chalazonitis A, Pham TD, Rothman TP, DiStefano PS, Bothwell M, Blair-Flynn J, 

Tessarollo L, Gershon MD. Neurotrophin-3 is required for the survival-

differentiation of subsets of developing enteric neurons. J Neurosci, 

2001;21(15):5620-5636. doi: 10.1523/JNEUROSCI.21-15-05620.2001. 

 

Chen S, So EC, Strome SE, Zhang X. Impact of detachment methods on M2 macrophage 

phenotype and function. J Immunol Methods, 2015;426:56-61. doi: 

10.1016/j.jim.2015.08.001. 

 

Collins J, Borojevic R, Verdu EF, Huizinga JD, Ratcliffe EM. Intestinal microbiota 

influence the early postnatal development of the enteric nervous system. 

Neurogastroenterol Motil, 2014; 26: 98-107. doi: 10.1111/nmo.12236.  

 

Cooke HJ. Neurobiology of the intestinal mucosa. Gastroenterol, 1986;90:1057-81.  

 

Daubner SC, Le T, Wang S. Tyrosine hydroxylase and regulation of dopamine synthesis. 

Arch Biochem Biophys, 2012;508(1):1-12. doi:  10.1016/j.abb.2010.12.017. 

https://dx.doi.org/10.1002%2Fcne.21770
https://dx.doi.org/10.1016%2Fj.abb.2010.12.017


60 
 

 

Dinarello CA, Kim SH. IL-32, a novel cytokine with a possible role in disease. Ann Rheum 

Dis, 2006; 65: iii61-64. doi: 10.1136/ard.2006.058511. 

 

Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial microbiota. 

Nat Rev Microbiol, 2016;14:20-32. doi: 10.1038/nrmicro3552.  

 

Druckenbrod NR, Epstein ML. Age-dependent changes in the gut environment restrict the 

invasion of the hindgut by enteric neural progenitors. Dev Dis, 2009;136:3195-

3203. doi: 10.1242/dev.031302. 

 

Elworthy S, Pinto JP, Pettifer A, Leonor Cancela M, Kelsh RN. Phox2B function in ther 

enteric nervous system is conserved in zebrafish and is sox10-dependent. Mech Dev, 

2005;122(5):659-669. doi: 10.1016/j.mod.2004.12.008. 

 

Enomoto H. Death comes early: Apoptosis observed in ENS precursors. 

Neurogastroenterol Motil¸2009;21:684-687. Doi: 10.1111/j.1365-2009.01325.x. 

 

Fak F, Ahrne S, Molin G, Jeppsson B, Westrom B. Microbial manipulation of the rat dam 

changes bacterial colonization and alters properties of the gut in her offspring. Am 

J Physiol Gastrointest Liver Physiol, 2008;294:G148-54. doi: 

10.1152/ajpgi.00023.2007. 

https://doi.org/10.1136/ard.2006.058511
https://doi.org/10.1016/j.mod.2004.12.008
https://doi.org/10.1152/ajpgi.00023.2007


61 
 

 

Foster JA, McVey Neufeld KA. Gut-brain axis: how the microbiome influences anxiety 

and depression. Nature Rev Neurosci, 2013; 36(5): 305-312. doi: 

10.1016/j.tins.2013.01.005. 

 

Furness JB. The enteric nervous system: normal functions and enteric neuropathies. 

Neurogastroenterol Motil, 2008; 20(1): 32-38. doi: 10.1111/j.1365-

2982.2008.01094.x. 

 

Furness JB, River LR, Cho HJ, Bravo DM, Callaghan B. The gut as a sensory organ. Nat 

Rev Gastroenterol Hepatol, 2013; 10: 729-740. doi: 10.1038/nrgastro.2013.180.  

 

Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL. Cutting edge: bacterial 

flagellin activates basolaterally expressed TLR5 to induce epithelial 

proinflammatory gene expression. J Immunol, 2001;167(4):1882-5. 

 

Ghallab A. In vitro test systems and their limitations. Excli J, 2013;12:1024-1026.  

 

Gianino S, Grider JR, Cresswell J, Enomoto H, Heucheroth RO. GDNF availability 

determines enteric neuron number by controlling precursor proliferation. 

Development, 2003;130:2187-2198. doi: 10.1242/dev.00433. 

 



62 
 

Gosalbes MJ, Llop S, Valles Y, Moya A, Ballester F, Francino MP. Meconium microbiota 

types dominated by lactic acid or enteric bacteria are differentially associated with 

maternal eczema and respiratory problems in infants. Clin Exp Allergy, 

2013;43(2):198-211. doi: 10.1111/cea.12063. 

 

Greene LA, Liu DX, Troy CM, Biswas SC. Cell cycle molecules define a pathway required 

for neuron death in development and disease. Biochim Biophys Acta, 

2007;1772(4):392-401. doi: 10.1016/j.bbadis.2006.12.003.  

 

Grider JR. Neurotrasmitters mediating the intestinal peristaltic reflex in the mouse. J 

Pharmacol Exp Ther, 2003;307(2):460-467. doi: 10.1124/jpet.103.053512. 

 

Grider JR, Kuemmerle JF, Jin JG. 5-HT released by mucosal stimuli initiates peristalsis by 

activating 5-HT4/5-HT1p receptors on sensory CGRP neurons. Am J Physiol 

Gastrointest Liver Physiol, 1996;270(5):G778-G782. doi: 

10.1152/ajpgi.1996.270.5.G778. 

 

Hans F, Dimitrov S. Histone H3 phosphorylation and cell division. Oncogene, 

2001;20:3021-3027. doi: 10.1038/sj.onc.1204326. 

 

https://dx.doi.org/10.1016%2Fj.bbadis.2006.12.003
https://doi.org/10.1152/ajpgi.1996.270.5.G778
https://doi.org/10.1038/sj.onc.1204326


63 
 

Harrison C, Shepherd IT. Choices choices: Regulation of precursor differentiation during 

enteric nervous system development. Neurogastroenterol Motil, 2013;25(7):554-

562.  doi:  10.1111/nmo.12142. 

 

Harvey J, Hardy SC, Ashford MLJ. Dual actions of the metabolic inhibitor, sodium azide 

on KATP channel currents in the rat CRI-G1 insulinoma cell line. Br J Pharmacol, 

1999;126(1):51-60. doi:  10.1038/sj.bjp.0702267. 

 

Hotta R, Stamp LA, Foong JPP, McConnell SN, Bergner AJ, Anderson RB, Enomoto H, 

Newgreen DF, Obermayr F, Furness JB, Young HM. Transplanted progenitors 

generate functional enteric neurons in the postnatal colon. J Clin Invest, 

2013;123(3):1182-1191. doi:  10.1172/JCI65963. 

 

Inohara N, ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J, Fukase K, Inamura S, 

Kusumoto S, Hashimoto M, Foster SJ, Moran AP, Fernandez-Luna JL, Nunez G. 

Host recognition of bacterial muramyl dipeptide mediate through NODs. 

Implications for Crohn’s disease. J Biol Chem, 2003; 278(8):5509-12. doi: 

10.1074/jbc.C200673200. 

 

Jasarevic E, Morrison KE, Bale TL. Sex differences in the gut microbiome-brain axis 

across the lifespan. Philos Trans Royal Soc B, 2016; 371: 20150122. doi: 

10.1098/rstb.2015.0122.  

https://dx.doi.org/10.1111%2Fnmo.12142
https://dx.doi.org/10.1038%2Fsj.bjp.0702267
https://dx.doi.org/10.1172%2FJCI65963
https://doi.org/10.1074/jbc.C200673200


64 
 

 

Jimenez E, Fernandez L, Marin ML, Martin R, Odriozola JM, Nueno-Palop C, Narbad A, 

Olivares M, Xaus J, Rodriguez JM. Isolation of commensal bacteria from umbilical 

cord blood of healthy neonates born by caesarean section. Curr Microbiol, 

2005;51(4):270-274. doi: 10.1007/s00284-005-0020-3. 

 

Jimenez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, Fernandez L, 

Rodriguez JM. Is meconium from healthy newborns actually sterile? Res Microbiol, 

2008;159(3):187-193. doi: 10.1016/j.resmic.2007.12.007. 

 

de Jonge WJ. The gut’s little brain in control of intestinal immunity. ISRN Gastroenterol, 

2013;630159:17 pages. doi: 10.1155/2013/630159.   

 

Kristiansen M, Ham J. Programmed cell death during neuronal development: The 

sympathetic neuron model. Cell Death Differ, 2014;21(7):1025-1035. doi: 

10.1038/cdd.2014.47. 

 

Kulkarni S, Micci MA, Leser J, Shin C, Tang SC, Fu YY, Liu L, Li Q, Saha M, Li C, 

Enikolopov G, Becker L, Rakhilin N, Anderson M, Shen X, Dong X, Butte MJ, 

Song H, Southard-Smith EM, Kapur RP, Bogunovic M, Pasricha PJ. Adult enteric 

nervous system in health is maintained by a dynamic balance between neuronal 

https://doi.org/10.1007/s00284-005-0020-3


65 
 

apoptosis and neurogenesis. Proc Natl Acad Sci USA, 2017;114(18):E3709-E3718. 

doi:  10.1073/pnas.1619406114. 

 

Kyrylkova K, Kyryachenko S, Leid M, Kioussi C. Detection of apoptosis by TUNEL 

assay. Methods Mol Biol, 2012;887:41-7. doi: 10.1007/978-1-61779-860-3_5. 

 

Lake JI, Heuckeroth RO. Enteric nervous system development: migration, differentiation, 

and disease. Am J Physiol Gastrointest Liver Physiol, 2013; 305: G1-G24. doi: 

10.1152/ajpgi.00452.2012. 

 

Lamouse-Smith ES, Tzeng A, Starnbach MN. The intestinal flora is required to support 

antibody responses to systemic immunization in infant and germ free mice. PLoS 

One, 2011;6:e27662. doi: 10.1371/journal.pone.0027662.  

 

Lang D, Epstein JA. Sox10 and Pax3 physically interact to mediate activation of a 

conserved c-Ret enhancer. Hum Mol Genet, 2003;12(8):937-45. 

 

Lee HY, Kleber M, Hari L, Brault V, Suter U, Taketo MM, Kemler R, Sommer L. 

Instructive role of Wnt/beta-catenin in sensory fate specification in neural crest stem 

cells. Science, 2004;303(5660):1020-3. doi: 10.1126/science.1091611. 

 

https://dx.doi.org/10.1073%2Fpnas.1619406114
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kyrylkova%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22566045
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kyryachenko%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22566045
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leid%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22566045
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kioussi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22566045
https://doi.org/10.1126/science.1091611


66 
 

Li T, Li C, Zhang CY, Zhao J. Effect of accutase or trypsin dissociation on the apoptosis 

of human striatum-derived neural stem cells. Zhongguo Yi Xue Ke Xue Yuan Xue 

Bao, 2015;37(2):185-94. doi: 10.3881/j.issn.1000-503X.2015.02.009. 

 

Li Z, Caron MG, Blakelu RD, Margolis KG, Gershon MD. Dependence of serotonergic 

and other nonadrenergic enteric neurons on norepinephrine transporter expression. 

J Neurosci, 2010;30(49):16730-16740. doi: 10.1523/JNEUROSCI.2276-10.2010. 

 

Li Z, Chalazonitis A, Huang Y, Mann JJ, Margolis KG, Yang QM, Kim DO, Cote F, Mallet 

J, Gershon MD. Essential roles of enteric neuronal serotonin in gastrointestinal 

motility and the development/survival of enteric dopaminergic neurons. J Neurosci, 

2011;31(24):8998-9009. doi: 10.1523/JNEUROSCI.6684-10.2011. 

 

Li ZS, Pham TD, Tamir H, Chen JJ, Gershon MD. Enteric dopaminergic neurons: 

Definition, developmental lineage, and effects of extrinsic denervation. J Neurosci, 

2004;24(6):1330-1339. doi: 10.1523/JNEUROSCI.3982-03.2004. 

 

Li ZS, Schmauss C, Cuenca A, Ratcliffe E, Gerson MD. Physiological modulation of 

intestinal motility by enteric dopaminergic neurons and the D2 receptors: Analysis 

of dopamine receptors expression, location, development, and function in wild-type 

and knock-out mice. J Neurosci, 2006;26(10):2798-2807. doi: 

doi.org/10.1523/JNEUROSCI.4720-05.2006. 

https://www.ncbi.nlm.nih.gov/pubmed/25936707
https://www.ncbi.nlm.nih.gov/pubmed/25936707
https://dx.doi.org/10.1523%2FJNEUROSCI.2276-10.2010
https://doi.org/10.1523/JNEUROSCI.3982-03.2004


67 
 

 

Lindley RM, Hawcutt DB, Conncell G, Almond SN, Vannucchi MG, Faussone-Pellegrini 

MS, Edgar DH, Kenny SE. Human and mouse enteric nervous system neurosphere 

transplants regulate the function of aganglionic embryonic distal colon. 

Gastroenterol, 2008;135(1):205-216.e6. doi: 10.1053/j.gastro.2008.03.035.  

 

Lopez-Yglesias AH, Zhao X, Quarles EK, Lai MA, VandenBos T, Strong RK, Smith KD. 

Flagellin induces antibody responses through a TLR5- and inflammasome-

independent pathway. J Immunol, 2014; 192(4): 1587-96. doi: 

10.4049/jimmunol.1301893. 

 

Marques SM, Campos PP, Castro PR, Cardoso CC, Ferreira MAND, Andrade SP. Genetic 

background determines mouse strain differences in inflammatory angiogenesis. 

Microvasc Res¸2011;82(3):246-252. doi: 10.1016/j.mvr.2011.08.011. 

 

McVey Neufeld KA, Mao YK, Bienenstock J, Foster JA, Kunze WA. The microbiome is 

essential for normal gut intrinsic primary afferent neuron excitability in the mouse. 

Gastroenterol Motil, 2013;25:183-e88. doi: 10.1111/nmo.12049.  

 

Mittal R, Debs LH, Patel AP, Nguyen D, Patel K, O’Connor G, Grati M, Mittal J, Yan D, 

Eshragi AA, Deo SK, Daunert S, Liu XZ. Neurotransmitters: The critical 



68 
 

modulators regulating gut-brain axis. J Cell Physiol, 2017;232(9):2359-2372. doi: 

10.1002/jcp.25518. 

 

Miyahara K, Kato Y, Koga H, Dizon R, Lane GJ, Suzuki R, akazawa C, Yamataka A. 

Visualization of enteric neural crest cell migration in SOX10 transgenic mouse gut 

using time-lapse fluorescence imaging. J Pediatr Surg, 2011; 46(12): 2305-2308. 

doi: 10.1016/j.jpedsurg.2011.09.020. 

 

Morikawa Y, Zehir A, Maska E, Deng C, Schneider MD, Mishina Y, Cserjesi P. BMP 

signaling regulates sympathetic nervous system development through Smad4-

dependent and -independent pathways. Development, 2009;136(21):3575-3584. 

 

Nagy N, Goldstein AM. Endothelin-3 regulates neural crest cell proliferation and 

differentiation in the hindgut enteric nervous system. Dev Biol, 2006; 293(1): 203-

217. doi: 10.1016/j.ydbio.2006.01.032. 

 

Neal KB, Parry LJ, Bornstein JC. Strain-specific genetics, anatomy and function of enteric 

neural serotonergic pathways in inbred mice. J Physiol, 2009;587(Pt 3):567-586. 

doi:  10.1113/jphysiol.2008.160416. 

 

Netea MG, Azam T, Fererda G, Girardin SE, Walsh M, Park JS, Abraham E, Kim JM, 

Yoon DY, Dinarello CA, Kim SH. Il-32 synergizes with nucleotide oligomerization 

https://dx.doi.org/10.1002%2Fjcp.25518
https://doi.org/10.1016/j.ydbio.2006.01.032
https://dx.doi.org/10.1113%2Fjphysiol.2008.160416


69 
 

domain (NOD1) and NOD2 ligands for IL-1β and IL-6 production through a 

caspase 1-dependent mechanism. PNAS, 2005; 1022(45): 16309-16314. doi: 

10.1073/pnas.0508237102. 

 

Nezami BG, Srinivasen S. Enteric nervous system in the small intestine: Pathophysiology 

and clinical implications. Curr Gastroenterol Rep, 2010;12(5):358-365. 

doi: 10.1007/s11894-010-0129-9. 

 

Nishikawa R, Hotta R, Shimojima n, Shibata S, Nagoshi N, Nakamura M, Matsuzaki Y, 

Okano HJ, Kuroda T, Okano H, Morikawa Y. Migration and differentiation of 

transplanted enteric neural crest-derived cells in murine model of Hirschsprung’s 

disease. Cytotechnology, 2015;67(4):661-670. doi: 10.1007/s10616-014-9754-8. 

 

Obata Y, Pachnis V. The effect of microbiota and the immune system on the development 

and organization of the enteric nervous system. Gastroenterol, 2016; 151: 836-844. 

doi: 10.1053/j.gastro.2016.07.044. 

 

O’Donnell AM, Puri P. Skip segment Hirschsprung’s disease: a systematic review. Pediatr 

Surg Int, 2010; 26(11); 1065-9. doi: 10.1007/s00383-010-2692-4. 

 

https://doi.org/10.1073/pnas.0508237102
https://dx.doi.org/10.1007%2Fs11894-010-0129-9
https://dx.doi.org/10.1007%2Fs10616-014-9754-8
https://dx.doi.org/10.1053%2Fj.gastro.2016.07.044


70 
 

Pham TD, Gershon MD, Rothman TP. Time of origin of neurons in the murine enteric 

nervous system: sequence in relation to phenotype. J Comp Neurol, 

1991;314(4):789-98. doi: 10.1002/cne.903140411. 

 

Powell N, Walker MM, Talley NJ. The mucosal immune system: master regulator of 

bidirectional gut-brain communications. Nat Rev Gastroenterol Hepatol, 2017: 14: 

143-159. doi: 10.1038/nrgastro.2016.191.  

 

Qu ZD, Thacker M, Castelucci P, Bagyanszki M, Epstein ML. Immunohistochemical 

analysis of neuron types in the mouse small intestine. Cell Tissue Res, 

2008;334(2):14-161. doi: 10.1007/s00441-008-0684-7. 

 

Rescigno M, Urbano M, Valzasina B, Francolini M, Rotta G, Bonasio R, Granucci F, 

Kraehenbuhl JP, Ricciardi-Castagnoli P. Dendritic cells express tight junction 

proteins and penetrate gut epithelial monolayers to sample bacteria. Nat Immunol, 

2001;2(4):361-7. doi: 10.1038/86373. 

 

Saem M, Seidelin JB, Roler G, Nielsen OH. Muramyl dipeptide responsive pathways in 

Crohn's disease: from NOD2 and beyond. Cell Mol Life Sci, 2013; 70(18): 3391-

303. doi: 10.1007/s00018-012-1246-4.  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Pham%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=1816276
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gershon%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=1816276
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rothman%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=1816276
https://doi.org/10.1002/cne.903140411


71 
 

Sasselli V, Pachnis V, Burns AJ. The enteric nervous system. Dev Biol, 2012; 366(1); 64-

73. doi: 10.1016/j.ydbio.2012.01.012. 

 

Sato K, Nagai J, Mitsui N, Yumoto R, Takano M. Effects of endocytosis inhibitors on 

internalization of human IgG by Caco-2 human intestinal epithelial cells. Life Sci, 

2009;85(23-26);800-807. doi: 10.1016/j.lfs.2009.10.012. 

 

Schrag SJ, Zywicki S, Farley MM, Reingold AL, Harrison LH, Lefkowitz LB, Hadler JL, 

Danila R, Cieslak PR, Schuchat A. Group B streptococcal disease in the era of 

intrapartum antibiotic prophylaxis. N Engl J Med, 2000;342(1):15-20. doi: 

10.1056/NEJM200001063420103. 

 

Selleri S, Palazzo M, Deola S, Wang E, Balsari A, Marincola FM, Rumio C. Induction of 

pro-inflammatory programs in enteroendocrine cells by the Toll-like receptor 

agonists flagellin and bacterial LPS. Int Immunol, 2008; 20(8): 961-970. doi: 

10.1093/intimm/dxn055.  

 

Serio R, Zizzo MG, Mastropaolo M. The enteric nervous system: New developments and 

emerging concepts. Malta Med J, 2011;23(3). 

 

Shi N, Li N, Duan X, Niu H. Interactions between the gut microbiome and mucosal immune 

system. Mil Med Res, 2017;4(14). doi: 10.1186/s40779-017-0122-9. 

https://doi.org/10.1056/NEJM200001063420103


72 
 

 

Shibata T, Takemura N, Motoi Y, Goto Y, Karuppuchamy T, Izawa K, Li X, Akashi-

Takamura S, Tanimura N, Kunisawa K, Kiyono H, Akira S, Kitamura T, Kitaura J, 

Uematsu S, Miyake K. PRAT4A-dependent expression of cell surface TLR5 on 

neutrophils, classical monocytes and dendritic cells. Int Immunol, 2012; 

24(10):613-623. doi: 10.1093/intimm/dxs068. 

 

Shioya M, Nishida A, Yagi Y, Ogawa A, Tsujikawa T, Kim-Mitsuyama S, Takayanagi A, 

Shimizu N, Fujiyama Y, Andoh A. Epithelial overexpression of interleukin-32α in 

inflammatory bowel disease. Clin Exp Immunol, 2007; 149: 480-486. 

doi:  10.1111/j.1365-2249.2007.03439.x. 

 

Spaetgens R, DeBella K, Ma D, Robertson S, Mucenski M, Davies HD. Perinatal antibiotic 

usage and changes in colonization and resistance rates of group B streptococcus and 

other pathogens. Obstet Gynecol, 2002;100(3):525-33.  

 

Steimle A, Autenrith IB, Frick JS. Structure and function: lipid A modifications in 

commensals and pathogens. Int J Med Microbiol, 2016; 306(5): 290-301. doi: 

10.1016/j.ijmm.2016.03.001.  

 

https://doi.org/10.1093/intimm/dxs068
https://dx.doi.org/10.1111%2Fj.1365-2249.2007.03439.x


73 
 

Strober W, Murray PJ, Kitani A, Watanabe T. Signalling pathways and molecular 

interactions of NOD1 and NOD2. Nat Rev Immunol, 2006; 6(1): 9-20. doi: 

10.1038/nri1747. 

 

Strom RC, Williams RW. Cell production and cell death in the generation of variation in 

neuron number. J Neurosci, 1998;18(23):9948-8853. doi: 

10.1523/JNEUROSCI.18-23-09948.1998. 

 

Uesaka T, Nagashimada M, Enomoto H. Neuronal differentiation in Schwann cell lineage 

underlies postnatal neurogenesis in the enteric nervous system.  J Neurosci, 

2015;35(27):9879-9888. doi: 10.1523/JNEUROSCI.1239-15.2015. 

 

Uesaka T, Young HM, Pachnis V, Enomoto H. Development of the intrinsic and extrinsic 

innervation of the gut. Dev Biol, 2016; 417: 158-167. doi: 

10.1016/j.ydbio.2016.04.016.  

 

Verani JR, McGee L, Schrag SJ. Prevention of perinatal group B streptococcal disease: 

Revised guidelines from CDC, 2010. Morb Mortal Wkly Rep, 2010; 59(RR-10):1-

36. 

 

Wachs FP, Couillard-Despres S, Engelhardt M, Wilhelm D, Ploetz S, Vroemen M, 

Kaesbauer J, Uyanik G, Klucken J, Karl C, Tebbing J, Svendsen C, Weiner N, 

https://doi.org/10.1038/nri1747


74 
 

Kuhm HG, Winkler J, Aigner L. High efficacy of clonal growth and expansion of 

adult neural stem cells. Lab Investig, 2003;83:949-962. 

 

Wallace AS, Barlow AJ, Navaratne L, Delalande JM, Tauszig-delamasure S, Corset V, 

Thapar N, Burns AJ. Inhibition of cell death results in hyperganglionosis: 

Implications for enteric nervous system development. Neurogastroenterol & Motil, 

2009;21(7):768-e49. doi: 10.1111/j.1365-2982.2009.01309.x.  

 

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, Bewtra M, Knights 

D, Walters WA, Knight R, Sinha R, Gilroy E, Gupta K, Baldassano R, Nessel L, Li 

H, Bushman FD, Lewis JD. Linking long-term dietary patterns with gut microbial 

enterotypes. Science, 2011;334(6052):105-8. doi: 10.1126/science.1208344.  

 

Wu JJ, Chen JX, Rothman TP, Gershon MD. Inhibition of in vitro enteric neuronal 

development by endothelin-3: mediation by endothelin B receptors. Development, 

1999; 126: 1161-1173. 

 

Young HM, Bergner AJ, Muller T. Acquisition of neuronal and glial markers by neural 

crest-derived cells in the mouse intestine. J Comp Neurol, 2002; 456(1):1-11. doi: 

10.1002/cne.10448. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hoffmann%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bittinger%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20YY%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keilbaugh%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bewtra%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knights%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knights%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Walters%20WA%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knight%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sinha%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gilroy%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gupta%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baldassano%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nessel%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bushman%20FD%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lewis%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=21885731
https://doi.org/10.1002/cne.10448


75 
 

Young H, Bergner AJ, Simpson MJ, McKwoen SJ, Hao MM, Anderson CR, Enomoto H. 

Colonizing while migrating: how do individual enteric neural crest cells behave? 

BMC Biology, 2014; 12(23): 1-18. doi: 10.1186/1741-7007-12-23. 

 

Young HM, Hearn CJ, Farlie PG, Canty AJ, Thomas PQ, Newgreen DF. GDNF is a 

chemoattractant for enteric neural cells. Dev Biol, 2001; 229: 503-516. doi: 

10.1006/dbio.2000.0100. 

 

Zellmer S, Schmidt-Heck W, Godoy P, Weng H, Meyer C, Lehmann T, et al. Transcription 

factors ETF, E2F, and SP-1 are involved in cytokine-independent proliferation of 

murine hepatocytes. Hepatology, 2010;52:2127–2136. doi: 101002/hep.23930. 

 

Zhu L, Lee Ho, Jordan CS, Cantrell VA, Sothard-Smith EM, Shin MK. Spatiotemporal 

regulation of endothelin receptor -B by SOX10 in neural crest-derived enteric 

neuron precursors. Nat Genet, 2004;36(7):732-7. doi: 10.1038/ng1371. 

 

https://doi.org/10.1006/dbio.2000.0100
https://doi.org/10.1038/ng1371

