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Abstract 

Gastrointestinal (GI) disorders are often accompanied by a loss of enteric neurons, leading to GI 

dysfunction. Although a population of enteric neural stem cells (ENSCs) resides within the adult 

enteric nervous system (ENS), postnatal neurogenesis has been difficult to demonstrate in vivo. 

However, when enteric neurons are dissociated in culture, the brake on neurogenesis is released 

and ENSCs give rise to new neurons. Thus, the disruption of neuronal networks appears to release 

the proliferative brake on adult ENSCs. We hypothesized that neurotransmission is the factor that 

is disrupted by dissociation which may inhibit the proliferation of NSCs within the adult ENS, and 

that removal of this inhibition will give rise to neurogenesis. Longitudinal muscle and myenteric 

plexus (LMMP) preparations from adult mouse colon were organotypically cultured in vitro for 

one week while inhibiting various forms of neurotransmission. Immunohistochemistry for Human 

C/D (HuC/D) was used to identify myenteric neurons while the thymidine analogue, ethynyl 

deoxyuridine (EdU), was used as a marker of cell proliferation to detect neurogenesis. Inhibition 

of cholinergic, purinergic, serotonergic, and nitrergic neurotransmission increased enteric 

neurogenesis. Surprisingly, although neurogenesis increased, neuronal number remained constant. 

Inhibiting apoptosis in vitro using the pan-caspase inhibitor zVAD-fmk (80 µM) increased 

neuronal number within the myenteric plexus but had no effect on neurogenesis. Furthermore, 

inhibition of nitrergic neurotransmission using 7-nitroindazole (7-NI; 30 µM), in the presence of 

zVAD, led to an increase in neurogenesis and enteric neuronal number. However, when attempting 

to recreate our findings in vivo, inhibition of nitrergic neurotransmission, using 7-NI (30 mg/kg), 

had no effect on neurogenesis or neuronal density within the myenteric plexus. Together, our 

results indicate neurotransmission modulates the proliferative capacity of ENSCs, but caspase-

dependent apoptosis regulates the neuronal population in vitro. By understanding the mechanisms 
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underlying enteric neurogenesis, a viable therapeutic avenue to restore enteric innervation 

following GI injury may be identified. 
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Chapter 1 

Introduction 

1.1 The Enteric Nervous System 

 

1.1.1 Overview and function 

 

The enteric nervous system (ENS) consists of a network of neurons within the 

gastrointestinal (GI) tract that allows for complex functions, such as motility (Hansen, 

2003), secretion (Hansen and Skadhauge, 1995, Cooke, 2000), and regulation of immune 

processes (Lundgren et al., 1989). The ENS is a unique division of the autonomic nervous 

system, which can function independently of the central nervous system (CNS; Goyal and 

Hirano, 1996). While the ENS is capable of functioning autonomously, it communicates 

with the CNS through sympathetic and parasympathetic afferent and efferent pathways via 

the nodose and dorsal root ganglion (Goyal and Hirano, 1996). Together, these neural 

connections contribute to the regulation of complex GI functions. 

 

The neurons within the ENS are located in the wall of the multilayered gut tube (Figure 

1.1). Thousands of ganglia containing neurons, glia and their processes lie within two 

distinct layers of the GI tract: the submucosal plexus and the myenteric plexus (Goyal and 

Hirano, 1996). The submucosal plexus, located within the submucosa between the circular 

muscle and mucosa, primarily regulates mucosal secretory and absorptive functions as well 

as vasodilation through direct control of submucosal arterioles (Stefano, 1997, Goyal and 
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Hirano, 1996, Vanner and Macnaughton, 2004). This plexus is mostly present within the 

small and large intestine, with few innervations to the stomach. The myenteric plexus 

regulates motor activities, such as intestinal propulsion, through innervation to the adjacent 

circular and longitudinal muscles (Kunze and Furness, 1999, Goyal and Hirano, 1996, 

Harrington et al., 2010). The myenteric plexus is found throughout the GI tract, from the 

esophagus to the internal anal sphincter. These ganglionated plexuses contain 

approximately 20 types of enteric neurons, which can be characterized by their functional 

and biochemical properties (Furness, 2012).  

 

The extensive network of neurons comprising the adult ENS coordinates multiple GI 

functions that are essential for health.  Proper development of this neuronal network during 

embryogenesis is essential for correct functioning of the GI tract throughout life.  
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Figure 1.1. Organization and neuronal innervation of the multilayered GI tract. Two 

ganglionated plexuses exist within the wall of the GI tract. The submucosal plexus is 

situated closest to the lumen, between the muscularis mucosae and the circular muscle. The 

myenteric plexus lies closest to the serosa, between the longitudinal muscle and circular 

muscle. LMMP: longitudinal muscle and myenteric plexus. Adapted from Furness (2012).  

 

1.1.2. Embryonic development of the ENS 
 

Embryonic development of the ENS is unique when compared to the rest of the peripheral 

nervous system (PNS). While embryonic development throughout the PNS gives rise to an 

abundant number of neurons (over twice the number needed) resulting in an extensive 

amount of neuronal pruning, the ENS generates a sufficient amount of neurons, which are 

thought to persist into adulthood (Rao and Gershon, 2017). ENS development is an 

extremely intricate process that involves many molecular and cellular processes working 

together in unison to develop a properly functioning GI tract (Michaud and Pourquie, 

2013).  
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ENS development originates in the neural crest, specifically, neural crest cells (NCCs) 

(Kalcheim & Douarin, 1999). During embryological development, NCCs migrate from the 

neural crest, proliferate and differentiate into various cell types, including neurons and glia, 

to colonize the GI tract during early development. Along with vagal NCCs, sacral NCCs 

colonize the most caudal part of the hind gut (Burns and Douarin, 1998).  

 

Multiple intricate processes are involved in proper NCC colonization of the developing 

ENS including: migration, proliferation, and differentiation (Michaud and Pourquie, 2013). 

NCCs entering the gut express sex-determining region Y-box 10 (Sox10), the receptor 

tyrosine kinase (RTK), RET, neurotrophin receptor p75 (p75NTR), homeodomain 

transcription factor paired-like homeobox 2b (Phox2b), endothelin receptor B (EdnrB), 

Mash1, and Nestin (Figure 1.2; Rao and Gershon, 2017). Out of these, there are three 

central regulators that are essential for normal ENS development: Sox10, RET, and EdnrB 

(Rao and Gershon, 2018).  

 

The transcription factor, Sox10, is essential in maintaining the viability of NCC progenitor 

cells within the developing ENS, while also supporting their lack of differentiation during 

the migratory stage (Kapur, 1999). During migration, glial cell-derived neurotrophic factor 

(GDNF) is expressed within the mesoderm and acts on RET receptors expressed by 

migrating NCCs (Manie et al., 2001). RET signalling has two different functions that vary 

between early migration and later development. During early migration, RET signalling 

supports the survival of NCCs and their neurogenic potential, similar to Sox10 

(Chalazonitis et al., 1998). However, once migration is complete, GDNF-RET signalling 
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allows for neuronal precursors to differentiate (Taraviras et al., 1999, Chalazonitis et al., 

1998). Thus, neuronal number is dependent on precursor proliferation and differentiation, 

which is mediated by GDNF (Gianino et al., 2003). Endothelin-3 (ET3) and it’s receptor 

EdnrB have a similar function to GDNF-RET signalling during migration, in which they 

maintain the proliferative capacity of the NCCs while simultaneously inhibiting 

differentiation (Hearn et al., 1998).  

 

Migration, proliferation, and differentiation occur simultaneously during colonization as 

proliferating NCCs lead the migratory wave front, while colonized cells behind the wave 

front begin to differentiate and take on specific cellular phenotypes. Once NCCs exit the 

migratory stage and settle at their final location within the developing myenteric plexus, 

some of these cells migrate radially to form the submucosal plexus (Kapur et al., 1992). 

Behind this migratory wave front, neuronal differentiation occurs before glial cell 

differentiation. NCCs that differentiate into neurons downregulate p75NTR, Nestin and 

Sox10 while maintaining RET and Phox2b and up regulating Human C/D (HuC/D), 

PGP9.5 and Tuj1 expression (Figure 1.2; (Rao and Gershon, 2017). Glial cell 

differentiation takes place after neuronal differentiation and these cells maintain their 

Sox10 and p75NTR expression while down regulating RET and up regulating sex-

determining region Y (SRY)-box 2 (Sox2), S100β, proteolipid protein 1 (PLP1) and glial 

fibrillary acidic protein (GFAP; (Michaud and Pourquie, 2013, Boesmans et al., 2014, 

Belkind-Gerson et al., 2017a, Laranjeira et al., 2011, Rao et al., 2015, Rao and Gershon, 

2017).  
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Embryonic development of the ENS is essential for the proper establishment of a fully 

functioning GI tract. Unfortunately, this intricate process can be subject to a multitute of 

errors that give rise to enteric neuropathies.  

 

 

Figure 1.2. Cell marker expression during ENS development. During embryogenesis, 

NCCs migrate from the vagal and sacral crests giving rise to neurons and glia. Cell markers 

of precursors, neurons, and glia are indicated in boxes. Precursors express p75NTR, Nestin, 

SOX10, PHOX2b, Mash1, Ednrb, and RET. Neurons maintain RET and PHOX2b 

expression while down regulating Nestin and SOX10 and up regulating HuC/D, Tuj1, and 

PGP9.5. Glia maintain SOX10, PHOX2b, and p75NTR expression while down regulating 

RET and PHOX2b and up regulating GFAP, S100b, and PLP1. Micrograph on the right 

depicts a colonic myenteric ganglion immunolabeled with the neuronal cell body marker, 

ANNA-1. Modified from Rao and Gershon (2017). 
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1.1.3. Enteric neuropathies 

 

The importance of a properly functioning ENS is most prominent in cases of enteric 

neuropathies. Enteric neuropathies are characterized by the degeneration or dysfunction of 

neurons within the ENS, and can be grouped into four categories: 

congenital/developmental neuropathies, acquired neuropathies, neuropathies associated 

with other disease states, and drug-induced neuropathies (Furness, 2012). A common 

congenital enteric neuropathy is Hirschsprung disease (HSCR), a condition in which whole 

segments of the distal colon fail to be colonized with enteric ganglia during fetal 

development leading to health consequences, such as abnormal gut motility (Amiel et al., 

2008, Swenson, 2002, Goyal and Hirano, 1996). Chagas disease, on the other hand, is an 

example of an acquired neuropathy in which colonic neurons degenerate due to a protozoan 

infection, ultimately leading to megacolon in adults (Matsuda et al., 2009). One enteric 

neuropathy restricted to the myenteric plexus is achalasia (Furness, 2012). Achalasia is 

characterized by a loss of nitrergic neurons in the myenteric plexus of the esophagus 

leading to a loss of peristalsis as well as the inability of the lower esophageal to relax 

(Boeckxstaens et al., 2014, Mearin et al., 1993). Diabetic gastroparesis, and other diabetes-

related motility disorders, are neuropathies associated with another disease state (Giorgio 

et al., 2000, Giorgio and Camilleri, 2004).  

 

In each of the conditions listed above, the lack or loss of physiologically important neurons 

leads to GI dysfunction and abnormalities. Thus, identification, isolation and 
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characterization of ENSCs are key to identifying new therapies for adult enteric 

neuropathies.  

 

1.2. Enteric Neural Stem Cells 

 

Stem cells can be defined by two characteristics: the ability to self-renew, and their ability 

to differentiate into specialized cell types (Gage, 2000). Neurogenesis, by comparison, is 

the process in which these neural stem cells (NSC) create new functional neurons (Ming 

and Song, 2005). Following embryonic development, stem cells reside in a specific 

environment termed the “the stem cell niche” (Hsu and Fuchs, 2012). These environments 

provide appropriate conditions to facilitate neurogenesis (Ming and Song, 2005).  

 

1.2.1. Enteric glial precursor 

 

The lineage and identity of NSCs within the CNS have been widely studied in the 

mammalian brain, and various models have been proposed. For example, quiescent radial 

glial-like cells (RGLs), which express GFAP and Nestin, demonstrate NSC properties and 

give rise to new neurons in both the SGZ and DG, and are thus a strong contender for 

neuronal precursors in the adult brain (Doetsch et al., 1999, Seri et al., 2001, Dhaliwal and 

Lagace, 2011, Berg et al., 2013).  

 

While the identity of the ENSC remains unknown, many support the notion of a glial cell 

progenitor, similar to the CNS (Heanue and Pachnis, 2011, Laranjeira et al., 2011, Joseph 
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et al., 2011, Belkind-Gerson et al., 2017a). Two theories have been proposed, including 

mature glial cells de-differentiating into NSCs post-injury, or NSCs themselves being of 

glial phenotype. Laranjeira et al. (2011) showed evidence of the neurogenic potential of 

enteric glial cells when subjected to tissue dissociation or injury. Dissociating enteric 

ganglia in culture, as well as chemical ablation in vivo, activated enteric glia to give rise to 

new neurons. This evidence of glia-derived neurons was recapitulated in vitro, however 

could not be induced in vivo (Joseph et al., 2011).  

 

Further evidence supporting the theory of a glial cell progenitor include their shared 

expression of stemness markers with NSCs. Indeed, both NSCs and enteric glia express 

Sox2 (Belkind-Gerson et al., 2015, Heanue and Pachnis, 2011), Sox10, and PLP1 (Belkind-

Gerson et al., 2015). Following colitis-induced compensatory neurogenesis, newly born 

neurons have been shown to originate from Sox2 and PLP1 expressing cells (Belkind-

Gerson et al., 2017a). Furthermore, in vitro studies have demonstrated an increase in 

Sox2/HuD-expressing cells in the presence of LPS, demonstrating the possibility of Sox2 

glial cell proliferation. When isolated in culture and transplanted into the mouse gut, these 

Sox2-expressing NSCs are able to migrate, differentiate into neurons, and colonize the 

ENS (Heanue and Pachnis, 2011).  

 

Finally, Nestin is an intermediate filament protein previously shown to be found in 

neurogenic cells (Joseph et al., 2011). The formation of new neurons both in in vitro and 

in in vivo studies in the adult ENS have been shown to arise from Nestin+ cells (Kulkarni 

et al., 2017). These Nestin+ cells also contain other glial cell markers, such as S100β, 
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CD49b, and GFAP. However, contrary to previously demonstrated results, these Nestin+ 

neural precursor cells cannot be glial cells as they lack Sox10, an indisputable glial cell 

marker. Almost all glial cells in the myenteric plexus expressing S100β and GFAP co-

express Sox10 (Boesmans et al., 2014, Rao et al., 2015). Therefore, are these Nestin+ cells 

undifferentiated precursor cells, or a subset of enteric glial cells that have the capability to 

give rise to new neurons?  

 

1.2.2. Signalling pathways controlling NSC proliferation 

 

Various cellular signalling pathways function both independently and together to control 

NSC proliferation and survival. Major mitogenic pathways involved in proliferation and 

differentiation include the mitogen-activated protein kinase (MAPK) pathway and the 

phosphoinositide 3-kinase (PI3K)/Akt pathway. Both cell survival pathways are crucial for 

the proliferative capacity of ENSCs, and a diverse number of growth factors are able to 

influence these pathways, including epidermal growth factor (EGF), fibroblast growth 

factor (FGF), GDNF, and sonic hedge hog (shh).  

 

A major signalling cascade that has been widely implicated in regulating the proliferative 

capacity of adult NSCs is the MAPK pathway (Choi et al., 2008). The MAPK pathway is 

made up of a multitude of kinases, including Raf, Ras, Mek, and extracellular signal-

regulated kinases (ERK). Growth factor-mediated activation of RTKs leads to Ras binding 

to Raf, activating Mek, leading to ERK translocating from the cytoplasm to the nucleus 

and ultimately regulating transcription (Figure 1.3; (Chen et al., 1992, Zhang and Liu, 



 

11 

 

2002). G protein-coupled receptors (GPCRs) have the ability to regulate the MAPK 

pathway via protein kinase A (PKA). GPCRs coupled to inhibitory alpha subunits (Gi) 

blocks adenylyl cyclase (AC; (Kügelgen and Harden, 2011), inhibiting the conversion of 

adenosine triphosphate (ATP) to 3’,5’-cyclic AMP (cAMP). cAMP activates protein kinase 

A (PKA), which has the ability to activate Raf (Figure 1.3; (Zhang and Liu, 2002). Thus, 

the MAPK cell signalling pathway is an important mitogenic cascade for the proliferation 

of adult ENSCs, and interference of this pathway may modulate proliferation.  

 

Another crucial signalling cascade enabling cellular proliferation is the PI3K/Akt pathway. 

This pathway is initiated when RTKs are activated via their respective growth factors (Yu 

and Cui, 2016). RTKs activate PI3K, which lies downstream from RTKs (Figure 1.3). PI3K 

catalyzes the production of phosphatidylinositol-3,4,5-trisphosphate (PIP3) from 

phosphatidylinositol-3,4,5-bisphosphate (PIP2) which activates the serine-threonine 

protein kinase Akt (Cantley, 2002). This PI3K/Akt pathway intracellular signalling cascade 

leads to various cellular functions, such as cell proliferation, survival, growth, and motility 

(Aksamitiene et al., 2012). Activation of RET with GDNF induces the PI3K/Akt pathway 

(Becker et al., 2013), whereas inhibition of this pathway with phosphatase and tensin 

homolog deleted on chromosome ten (PTEN) drives quiescence (Becker et al., 2013).   

 

Key growth factors are necessary to facilitate the proliferation of both embryonic and adult 

NSCs. EGF and FGF have been widely used as mitogens in vitro and are thus likely to act 

as key pro-mitotic factors in vivo (Lie et al., 2004). Indeed, Nestin/GFAP-expressing 

precursors in the DG express FGF receptors (Berg et al., 2013). Proliferating cells in the 
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SVZ express EGF receptors (Doetsch et al., 1999), and when EGF and FGF are applied, 

cell proliferation increases (Kuhn et al., 1997). This increase in proliferation can be 

explained by the ability of EGF (Arcaro et al., 2000) and GDNF (Becker et al., 2013) to 

activate the PI3K/Akt pathway and MAPK pathway in vitro.  

 

Shh is a growth factor which enhances cell proliferation both in vitro and in vivo and has 

been implicated in injury-induced neurogenesis in the CNS, similar to the MAPK pathway 

(Yao et al., 2016, Banerjee et al., 2005). Furthermore, shh functions in cooperation with 

EGF to exert its mitogenic effects on adult precursor cells (Palma et al., 2005).  

 

The regulation of NSC survival and proliferation in multicellular organisms is a complex 

processes involving the cooperation of multiple cell signalling pathways, including MAPK 

and PI3K/Akt signalling. These cell survival and proliferation cascades are controlled by 

essential growth factors provided by surrounding cells in the neuronal niche. Without the 

cooperation of these crucial growth factors and proliferative cellular cascades, 

neurogenesis within the postnatal ENS would not be feasible.  
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Figure 1.3. PI3K/Akt and MAPK signalling networks in mammalian cells. RTK 

activation by growth factors (GF) leads to the initiation of two proliferative pathways: 

MAPK and PI3K/Akt. Ai, RTKs, linked to adaptor proteins SHC, Grb2, and SOS, initiates 

the binding of Ras to Raf, activating Mek, leading to ERK translocating from the cytoplasm 

to the nucleus, and ultimately regulating transcription and cell cycle regulation. Aii, PKA 

has the ability to stimulate this pathway via Raf activation. GPCR activation blocks the 

conversion of ATP to cAMP, inhibiting PKA activation. B, the PI3K/Akt pathway is 

initiated when RTK activation leads to the production of PIP3 from PIP2 by PI3K resulting 

in Akt activation and ultimately cell proliferation. PTEN blocks the production of PIP3 by 

opposing PI3K activity, thus inhibiting this pathway.  

 

 
 
 
 
 
 
 
 



 

14 

 

1.3. Postnatal Neurogenesis  
 

1.3.1. Postnatal neurogenesis in the CNS 

 

For many years, neurogenesis was thought not to occur past postnatal development (Ming 

and Song, 2005). However, in the past few years, this long held dogma has been challenged. 

Methodological advancements, such as the introduction of the thymidine analogue 

bromodeoxyuridine (BrdU), which marks cells undergoing S phase of cell division 

(Sanders et al., 1993), as well as lineage tracing studies have allowed for the field of 

neurogenesis to expand into a widely studied area of research. It has been found that in the 

CNS there are two distinct areas of neurogenesis, the sub-ventricular zone (SVZ) of the 

lateral ventricles (Gage, 2000) and the subgranular zone (SGZ) of the dentate gyrus (DG) 

in the hippocampus (Altman and Das, 1965). While adult neurogenesis is limited outside 

of these two areas, studies have shown that neurogenesis can still  occur in cases of 

neurogenic injury, such as stroke (Ohab et al., 2006, Kang et al., 2013).  

 

1.3.2. Postnatal neurogenesis in the ENS 

 

The topic of enteric neurogenesis remains controversial to this day. While the existence of 

postnatal neurogenesis within the ENS was thought not to occur, recent studies have 

demonstrated the presence of enteric postnatal neurogenesis in response to injury, similar 

to the CNS (Jonscher and Belkind-Gerson, 2019, Ohab et al., 2006). A signature example 

of injury-induced neurogenesis in the ENS occurs following inflammatory bowel disease 

(IBD).  
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Acute inflammatory colitis leads to an abundant loss of enteric neurons (Boyer et al., 2005, 

Gulbransen et al., 2012, Giorgio et al., 2004). However, once inflammation has ceased, 

neuronal numbers return to normal, indicating compensatory neurogenesis. Injury-induced 

neurogenesis has been demonstrated after the use of various models of colitis, including: 

dinitrobenzene sulfonic acid, trinitrobenzene sulfonic acid, dextran sulfate sodium, and 

benzalkonium chloride (Jonscher and Belkind-Gerson, 2019, Laranjeira et al., 2011). 

Mediators implicated in enteric injury-induced neurogenesis include lipopolysaccharides 

(LPS), GDNF, and serotonin (5-hydroxytryptamine; 5-HT; (Jonscher and Belkind-Gerson, 

2019).  

 

LPS has been shown to increase the proliferative capacity of ENSCs through activation of 

the toll-like receptor 4 (TLR4)/MyD88 cascade (Belkind-Gerson et al., 2017b, Schuster et 

al., 2014). TLR4 signalling leads to activation of the PI3K/Akt pathway, ultimately 

inducing cellular proliferation. Similar to the PI3K/Akt pathway, there is also evidence 

implicating the MAPK pathway in injury-induced neurogenesis. For example, ischemia 

induces neurogenesis in the DG of the hippocampus via the MAPK pathway (Choi et al., 

2007). Furthermore, hypoxia has been shown to induce MAPK-mediated neurogenesis 

(Zhou and Miller, 2006). 

 

GDNF has been heavily implicated in neuronal survival and neurogenesis within the adult 

ENS (Jonscher and Belkind-Gerson, 2019). Colitis, as well as gut ischemia, increases 

GDNF expression in enteric glial cells (Laranjeira et al., 2011, Boyen et al., 2013). 
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Intestinal inflammation also leads to the proliferation of smooth muscle cells, which is 

associated with increased GDNF expression leading to re-innervation of the ENS (Han et 

al., 2015). This increase in GDNF secretion may function in compensatory neurogenesis 

through two mechanisms. First, GDNF could lead to cell proliferation via activation of the 

PI3K/akt and MAPK pathways (Anitha et al., 2006). Second, GDNF may facilitate the 

recruitment of glial progenitors. Since GDNF acts as a chemoattractant to various glial 

cells (Iwase et al., 2005), and considering that glia have been known to give rise to new 

neurons (Laranjeira et al., 2011), its possible that GDNF may function by recruiting glial 

cells to the site of injury, which then give rise to compensatory neurogenesis.   

 

Similar to GDNF, 5-HT is regarded as a neuroprotective and neurogenic molecule in the 

ENS. Following inflammatory colitis, mucosal and neuronal pools of 5-HT are increased 

in the GI tract (Walther et al., 2003). Indeed, colitis-induced neurogenesis has been 

demonstrated to be mediated via a 5-HT4 receptor-dependent mechanism, which can be 

inhibited by blocking 5-HT4 receptors (Belkind-Gerson et al., 2015). Furthermore, this 

increase in inflammatory-induced neurogenesis may be caused by glial 5-HT receptor 

activation leading to neural fate-change in which glial cells transdifferentiate into a 

neuronal phenotype (Belkind-Gerson et al., 2015, Grider et al., 1996). Thus, 5-HT, along 

with LPS and GDNF are key mediators regulating inflammation-induced postnatal enteric 

neurogenesis.  

 

Final evidence supporting injury-induced neurogenesis includes the dissociation and in 

vitro cell culture of ENSCs. While previous studies have failed to provide evidence of in 
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vivo adult neurogenesis (Laranjeira et al., 2011, Joseph et al., 2011), in vitro neurogenesis 

has been demonstrated when neuronal networks of the GI tract are dissociated in culture 

(Kruger et al., 2002, Laranjeira et al., 2011). Enzymatically dissociating these tightly knit 

neuronal networks, and removing neuron to neuron contact, appears to facilitate 

neurogenesis (Figure 1.4). One form of intercellular interaction that would be blocked by 

dissociation is neurotransmission. I hypothesise that one role of neurotransmission in the 

adult ENS is to block the proliferative capacity of adult ENSCs. Accordingly, removal of 

this inhibitory influence of neurotransmissions may facilitate neurogenesis.  

 

 
 

Figure 1.4. Disruption of neuronal networks in vitro facilitates neurogenesis. Cell to 

cell contact may be working to supress the proliferative capacity of ENSCs within the 

neuronal niche. Dissociation of myenteric ganglia in culture may facilitate neurogenesis by 

disrupting cellular contact of ENSCs. Adapted from Gershon (2011).  

 

1.4. Enteric Neurotransmission 
 

Thirty neurotransmitters are utilized by enteric neurons, although the most widely used are 

acetylcholine (ACh), ATP or a related purine, serotonin, and nitric oxide (NO; (Harrington 

et al., 2010, Gershon et al., 1994).  
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1.4.1. Cholinergic neurotransmission 

 

Enteric neurons can fit into three broad classes: motor neurons, interneurons, and sensory 

neurons (Furness, 2007, Harrington et al., 2010, Gershon et al., 1994). ACh, synthesized 

by the enzyme choline acetyltransferase (ChAT), is one of the most widely used 

neurotransmitters within these neuronal populations (Schemann et al., 1993). Once 

synthesized, ACh is transported to the nerve terminals via the vesicular ACh transporter 

(Varoqui and Erickson, 1996). Upon its release at the cholinergic synapse, ACh binds to 

nicotinic receptors (nAChRs) and/or muscarinic receptors (mAChRs) present on the cell 

membrane of the effector cell (post-synaptic receptor), or on the originating nerve terminal 

where they function as autoreceptors to mediate the release of ACh (pre-synaptic receptors) 

(Caulfield and Birdsall, 1998, Galligan, 2002). The enzyme acetylcholinesterase breaks 

down ACh after being released from nerve terminals (Harrington et al., 2010).  

 

nAChRs are ligand-gated ion channels which mediate fast excitatory synaptic transmission 

(Galligan, 2002). Conversely, mAChRs are GPCRs and mediate slow excitatory 

transmission through intracellular mechanisms and second messenger cascades (Caulfield 

and Birdsall, 1998). Of the five mAChR subtypes, M1r, M3r, and M5r activation stimulates 

the phosphoinositol cascade via Gq/G11 while activation of M2r and M4r activate adenynyl 

cyclase via Gi/G0 (Goyal and Hirano, 1996).  
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1.4.2. Purinergic neurotransmission 

 

ATP, or a related purine, is released at synapses between enteric neurons, is a mediator of 

enteric neuromuscular transmission, and is involved in neuroglial communication (Roberts 

et al 2012). Purinergic neurotransmission depends on the activation of P1 and P2 receptors 

by adenosine and ATP, respectively. While P1 receptors are G-protein-coupled, P2 

receptors can either be ionotropic/ligand-gated (P2X receptors) (North, 2002), or 

metabotropic/G-protein-coupled (P2Y receptors; (Abbracchio et al., 2006). P2X receptors 

mediate fast synaptic transmission, whereas P2Y receptors mediate slow synaptic 

transmission (Ren and Bertrand, 2008). P2X and P2Y receptors localized to both neurons 

and glia in the ENS. While P2Y2, P2Y6, and P2Y11 receptors are isolated to enteric neurons 

(Xiang and Burnstock, 2005, Nassauw et al., 2006), P2Y1 receptors are expressed by both 

enteric neurons and glial cells (Gulbransen and Sharkey, 2009, Kimball and Mulholland, 

1996, Zhang et al., 2003), and P2Y4 receptors are expressed solely by enteric glia (Nassauw 

et al., 2006).  

 

Similar to mAChRs, metabotropic GPCRs P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptors 

function through phospholipase C (PLC) as a downstream effector (Gulbransen and 

Sharkey, 2009, Kügelgen and Wetter, 2000, Barajas-Lopez et al., 2000, Fam et al., 2000, 

Wood, 2006, Kügelgen and Harden, 2011, Zhang et al., 2003, Kimball and Mulholland, 

1996). Activation of PLC initiates the production of inositol 1,4,5 trisphosphate (IP3), 

ultimately increasing intracellular Ca2+ release (Gulbransen and Sharkey, 2009, Kimball 

and Mulholland, 1996, Zhang et al., 2003). 
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1.4.3. Serotonergic neurotransmission 

 

Serotonin is one of the key neurotransmitters involved in the brain-gut axis. Surprising to 

some, the GI tract contains the largest reservoir of 5-HT in the body, approximately 95% 

(Gershon, 1991, Li et al., 2011). While this reservoir is mostly synthesized and found in 

the enterochromaffin cells (EC) of the mucosal epithelium (Nilsson et al., 1985), it is also 

produced by neurons within the myenteric plexus (Costa et al., 1982). The 5-HT produced 

by serotonergic neurons in the myenteric plexus appears to be inconsequential when 

compared to the large 5-HT volume produced by ECs. However, neuronal 5-HT is vital for 

GI motility (Gershon, 2013). 5-HT is synthesized by the enzyme tryptophan hydroxylase 

1 (TPH1) in ECs and tryptophan hydroxylase 2 (TPH2) in myenteric neurons.  

 

Interestingly, serotonergic neurons are the first neuronal isotypes born during 

embryological development (Pham et al., 1991). Due to the coexistence of differentiated 

serotonergic neurons alongside embryonic precursors, there is speculation of their effects 

on the development and survival of later born neurons, such as dopaminergic neurons (Li 

et al., 2011). Indeed, Li et al. (2011) demonstrated the dependence of neuronal survival on 

5-HT. In this study, myenteric neuronal number in TPH2 knock out mice were significantly 

lower than controls. 5-HT has also been shown to regulate mucosal epithelium proliferation 

(Gross et al., 2012). Moreover, EC derived 5-HT has been shown to promote liver 

regeneration, which is a target of 5-HT carried by platelet cells within the bloodstream 

(Lesurtel et al., 2006). Thus, 5-HT is not only considered a neurotransmitter, but also a 

growth factor (Gershon, 2013).  
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Due to its role in neuronal development in the developing GI tract, it is unsurprising that 

5-HT has also been implicated in adult neurogenesis. Indeed, many studies have shown the 

neuroprotective and neurotrophic abilities of this complex molecule. 5-HT receptor knock 

out mice show an increase in age related neuronal loss, while 5-HT agonists increases 

neuronal number developing from precursor cells while also increasing neurite growth and 

decrease apoptosis (Gershon and Liu, 2007). Takaki et al. (2014) demonstrated the ability 

of 5-HT receptors to mediate the reformation of neuronal networks post injury involving 

ENSCs. Further studies demonstrate a symbiotic relationship between the microbiome and 

5-HT release in ENS development and maintenance (Vadder et al., 2018). 5-HT-mediated 

neurogenesis has also been implicated in colitis-induced hyperplasia via 

transdifferentiation of glial cells into neurons (Belkind-Gerson et al., 2015). These 

neuroprotective and neurogenic effects of 5-HT and its receptors have been recapitulated 

in vitro and in vivo in many studies (Liu et al., 2009, Laranjeira et al., 2011, Goto et al., 

2016, Bianco et al., 2016), and is thought to function through Akt phosphorylation 

(Rahmani et al., 2013). 5-HT’s ability to act as a paracrine factor, growth factor, 

neurotransmitter, and neurotrophic factor makes it a complex and multifaceted molecule 

essential for proper GI motility, neurogenesis, mucosal barrier function, inflammation and 

liver regeneration.  
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1.4.4. Nitrergic neurotransmission 

 

The gasotransmitter, NO, mediates smooth muscle relaxation by enteric inhibitory motor 

neurons and is released as a retrograde transmitter at enteric interneuronal synapses  

(Brookes, 1993, Yuan et al., 1995). NO is synthesized by converting its precursor, L-

arginine to L-citrulline using the enzyme NO synthase (NOS). There are three NOS 

isoforms: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). 

While nNOS and eNOS are continuously expressed, iNOS is only induced in inflammatory 

conditions due to elevated cytokine levels, and is calcium independent (Calabrese et al. 

2007, and Krumal & Zfass 2018). Nitrergic neurons form connections with smooth muscle 

cells as well as interstitial cells of Cajal (Sanders & Ward, 2018). NO is produced in 

response to elevated Ca2+ in motor neurons. nNOS is only active in its stable dimeric form, 

which requires tetrahydrobiopterin (BH4), haem, as well as L-arginine. Furthermore, nNOS 

is regulated by intracellular calcium levels. When intracellular Ca2+ increases, calmodulin 

binds to nNOS thus facilitating electron flow. However, when intracellular Ca2+ levels 

decrease, calmodulin dissociates from nNOS thus rendering it inactive (Calabrese et al., 

2007).  

 

NO readily diffuses to neighbouring cells where it then binds to downstream effector 

molecules such as soluble guanylate cyclase (sGC) converting guanosine-5’-triphosphate 

to 3’,5’-cyclic guanosine monophosphate (cGMP) which can interact with ion channels, 

protein kinases, and phosphodiesterases. Alternative actions of NO independent from sGC 

activation includes S-nitrosylation in response to high oxygen concentrations (Ahern et al., 
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2002), activation of the transcription factor p53, ribonuclease reductase (Rb), as well as the 

kinase inhibitor p21 (Gibbs, 2003).  

 

NO was first implicated in neurogenesis when it showed to inhibit proliferation during 

embryonic development of Drosophilia (Wingrove and O’Farrell, 1999). Since then, NO 

has been implicated in adult neurogenesis within the CNS as a mediator controlling the 

switch from proliferation to differentiation of progenitors (Gibbs, 2003). In the 

proliferative SVZ of the lateral ventricles, NO has been found to suppress constitutive 

neurogenesis. A study completed by Matarredona et al. (2004) shows the proliferative 

capacity of neural progenitors in the SVZ after inhibition of NOS with L-NAME and in 

the presence of EGF. This is thought to occur through nNOS’ inhibition of EGF, which has 

been shown to facilitate neural proliferation.  

 

Furthermore, nNOS inhibition has also been shown to increase neuronal progenitor 

proliferation in the DG of the hippocampus (Parka et al., 2001, Zhu et al., 2006). While 

these collective results indicate a role for NO in inhibition neurogenesis, other studies 

demonstrate conflicting results. In 2001, Zang et al. demonstrated hippocampal 

neurogenesis after NO administration. Thus, there are conflicting reports about the role NO 

plays on neurogenesis.  
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1.5. Apoptosis 

 

1.5.1 Overview 

 

Multicellular living systems are constantly striving to maintain physiological homeostasis. 

This homeostatic regulation includes programmed cell death, apoptosis. Apoptosis is a 

complex process involving a multitude of genes, proteins and cellular pathways that work 

in unison to activate and coordinate a cell’s self-destruct programme (Hengartner, 2000). 

This self-death program is imperative to get rid of potentially dangerous cells, which if in 

excess may threaten homeostasis. Either too little or too much apoptosis is a factor in many 

conditions, such as cancer and neurodegenerative diseases, respectively (Elmore, 2007). 

This physiologically important cellular programme can be identified in a multitude of 

organisms, from humans to insects (Budihardjo et al., 1999), highlighting the importance 

of apoptosis in homeostasis. The term apoptosis was first coined in 1972 due to its specific 

morphological features, which were found to be distinct from pathological cell death, 

necrosis, a passive and uncontrolled process (Kerr et al., 1972, Wyllie et al., 1980).  

 

1.5.2 Caspase-mediated apoptosis 

 

Due to their visible morphological effect on apoptotic cells, a key executioner of this 

endogenous cell death pathway are a subset of cysteine proteases called caspases (Alnemri 

et al., 1996, Kerr et al., 1972). Caspases function by cleaving proteins at specific sequences 

which lead to either activation, or inactivation of the targeted protein (Hengartner, 2000, 
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Thornberry and Lazebnik, 1998). Caspases are often found in inactive pro-enzyme forms, 

and when activated cause a “caspase cascade” in which an upstream caspase, the initiator 

(i.e. caspase-8, 9), activates an effector caspase (i.e. caspase-3; (Earnshaw et al., 1999).  

 

There are two major types of caspase-mediated pathways leading to apoptosis: the intrinsic 

and extrinsic pathways (Figure 1.5). The intrinsic pathway is triggered by stress or damage 

to the cell, such as hypoxia. This damage initiates BH3-only proteins to activate members 

of the B-cell lymphoma-2 (Bcl-2) family, BAX and BAK, causing the release of 

cytochrome c (cyt-c) from the mitochondrial membrane and the formation of apoptosomes 

(Antonsson and Martinou, 2000, Adams and Cory, 1998). Apoptosomes activates caspase-

9, which leads to caspase-3 activation (White et al., 1998).  

 

The extrinsic pathway is initiated when a ligand, such as FAS and TRAIL, binds to its 

receptors on the cell membrane. This binding activates the FAS-associated death domain 

(FADD) protein. When pro-caspase-8 encounters the activated FADD, its inactive segment 

is cleaved off and active caspase-8 is formed. Caspase-8 responds in two ways. First, it 

activates tBID, which activates BAX and BAK, thus resulting in the activation of the 

intrinsic pathway (Hengartner, 2000). Secondly, it activates caspase-3 (Elmore, 2007). 

Cleavage of caspase-3 by the extrinsic and intrinsic pathways leads to key apoptotic 

characteristics: DNA fragmentation, degradation of cytoskeletal and nuclear proteins, 

blebbing, and formation of apoptotic bodies (Kothakota et al., 1997). This cell death 

pathway can be inhibited with the use of caspase inhibitors. While some inhibitors are 

caspase specific, the drug Z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk) irreversibly 
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binds to the catalytic site of activated caspases rendering them inactive (Chow et al., 1995), 

while having no effect on necrotic cell death (Zhu et al., 1995).  

 

 

Figure 1.5. Extrinsic and intrinsic pathways of caspase-mediated apoptosis. In the 

intrinsic pathway, lethal stimuli (shown here as hypoxia) activates BH3-only proteins to 

initiate BAX and BAK-mediated release of cyt-c from the mitochondrion membrane. Cyt-

c forms apoptosomes which catalyzes the pro-caspase 9 enzyme into its active caspase-9 

form, leading to caspase-3 activation and ultimately apoptosis. In the extrinsic pathway, 

release of death receptors outside the cell (shown here as FAS) bind to their receptors 

(shown here as FAS-R) which activates FADD to catalyze caspase-8 from its zymogen 

form, pro-caspase-8. caspase-8 then activates BH3-only proteins, thus initiating the 

intrinsic pathway, and also activates caspase-3, leading to apoptosis. zVAD-fmk inhibits 

activates caspases by binding to their catalytic sites, thus inhibiting apoptosis. Adapted 

from Fulda and Debatin (2006). 
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1.5.3 Apoptosis in the ENS 

 

As previously described, various enteric neuropathies result in a loss of neurons. For 

example, idiopathic slow transit constipation is caused by motor abnormalities of the colon 

due to a loss of motor neurons, caused by Bcl-2 mediated apoptosis (Bassotti et al., 2006). 

Moreover, diabetes-associated loss of enteric neurons has also been shown to be a result of 

increased apoptosis (Anitha et al., 2006, Cellek et al., 2003, Chandrasekharan and 

Srinivasan, 2007, Guo et al., 2004). This increase in apoptosis, identified by caspase-3 

immunoreactive neurons, results in reduced Akt signalling, which can be ameliorated by 

GDNF intervention (Anitha et al., 2006). Indeed, apoptosis induced glial cell death has 

previously been shown to be rescued by GDNF (Steinkamp et al., 2012). In IBD, patients 

with Crohn’s disease show an increase in apoptotic neurons and glial cells in both the 

submucosal and myenteric plexus, whereas in ulcerative colitis, apoptosis is decreased in 

neurons and increased in glial cells (Bassotti et al., 2009). Furthermore, apoptosis can also 

be identified in neurons post intestinal ischemia and reperfusion injury (Mei et al., 2009). 

Thus, various models of enteric injury are associated with an increase in apoptosis, which 

can be visualized as early as 0.5 hours after induction of the insult (Lee Boyera and Alison 

M. Buchanb, 2005).  

 

While injury-associated apoptosis is widely known to occur, such as in colitis-induced 

inflammation, constitutive neuronal apoptosis was never known to occur. However, a 

recent study challenged this long held dogma as it demonstrates an astounding number of 

myenteric neurons labelled with cleaved capsase-3 at any given time (11%), leading to a 
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loss of one third the number of neurons per week and a total neuronal turnover rate of 

twenty-one days (Kulkarni et al., 2017). This enteric neuronal loss was abrogated by a pan-

caspase inhibitor. Furthermore, this apoptosis is caspase-3 dependent and Bcl-2 

independent as ablation of BAX or BID does not alter neuronal number in the submucosal 

or myenteric plexus (Gianino et al., 2003). The dependability of neuronal circuitry to be 

maintained in the adult ENS can no longer be presumed. The ability to modulate apoptosis 

in neurodegenerative disease may lead to a tremendous amount of therapeutic potential.  

 

1.6. Hypothesis & Aims 

 

ENPCs have been found in the adult ENS (Bixby et al., 2002, Bondurand et al., 2003), and 

when dissociated in culture, have the ability to self-renew and differentiate into neurons 

and glia (Kruger et al., 2002, Becker et al., 2013). However, the mechanisms underlying 

adult enteric neurogenesis has yet to be completely elucidated. While previous studies have 

failed to provide evidence of in vivo adult neurogenesis (Laranjeira et al., 2011, Joseph et 

al., 2011), in vitro neurogenesis has been demonstrated when neuronal networks of the GI 

tract are dissociated in culture (Kruger et al., 2002, Laranjeira et al., 2011). Enzymatically 

dissociating these tightly knit neuronal networks, and thus removing neuron to neuron 

contact, facilitates neurogenesis. Therefore, I hypothesize that dissociation of enteric 

ganglia facilitates enteric neurogenesis by disrupting synaptic transmission, which 

normally suppresses neurogenesis. To test this hypothesis, I set out to answer the 

following questions:  
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1. Does inhibiting various forms of neurotransmission increase the proliferative 

capacity of ENSCs within the adult myenteric plexus in vitro? 

2. How does apoptosis effect the neuronal population within the adult ENS? 

3. Does inhibiting neurotransmission increase neurogenesis in the mouse myenteric 

plexus in vivo? 
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Chapter 2 

Materials & Methods 

2.1. Animals 

 

All experimental procedures were approved by Queen’s University Animal Care 

Committee (QUACC), under the guidelines outlined in the Canadian Council on Animal 

Care. Male C57BL/6 mice (20-24 g) and male CD1-ICR mice (20-25 g) were obtained 

from Charles River Laboratories.  

 

2.2. Longitudinal Muscle and Myenteric Plexus Isolation 

 

Mice were euthanized via isoflurane anesthesia and cervical dislocation in accordance with 

QUACC Guidelines. Mice were placed in dorsal recumbence on surgical surface, skin 

disinfected with 70% EtOH, laparotomy performed, and the length of the colon, from 

cecum to rectum, removed. Distal colon was placed in fresh ice cold Kreb’s solution (126 

mM NaCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 5 mM KCl, 2.5 mM NaH2PO4, 11 mM glucose, 

25 mM NaHCO3) bubbled with carbogen (5% CO2/95% O2) and flushed with 

approximately 10mL Kreb’s to remove feces. LMMP was isolated using the method 

adapted from Smith et al. (2013). Briefly, distal colon was cut into approximately 2 cm 

segments and placed onto a cylindrical rod. LMMP was removed from the underlying 

circular muscle by gently grazing the edge of the mesenteric border, using forceps, and 

rolling away the LMMP using a Kreb’s soaked cotton swab (Figure 2.1.).  
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Figure 2.1. Longitudinal Muscle and Myenteric Plexus isolation. Diagram depicting the 

multilayered gut tube containing: serosa, longitudinal muscle, myenteric plexus, circular 

muscle, submucosal plexus, submucosa, mucosa, and lumen. The colon is inserted onto a 

cylindrical rode and the LMMP gently teased away by a cotton swab starting at the 

mesentery (dashed line) towards the direction of the arrow. Isolated preparation includes 

the longitudinal muscle and attached myenteric plexus. Within the myenteric plexus lies 

intact ganglion containing neurons (red), glia (yellow), and ENSCs (Blue).   

 

2.3. In vitro Organotypic Culture of Mouse Colon Myenteric Plexus 
 

LMMP whole-mount preparations were transferred and pinned to sylgard-coated sterile 

dishes containing pre-warmed DMEM/F-12 medium supplemented with 1% 

penicillin/streptomycin, N2 (Gibco, Toronto, ON, Canada), B27 (Gibco), EGF, bFGF, and 

GDNF (each 10 ng/mL; Peprotech, Rocky Hill, JS, USA), and incubated at 37°C with 5% 

CO2 for 7 days. Pharmacological agents used to modulate enteric neurotransmission (Table 

1) were added on day one and remained present for the duration of the incubation period. 

All experimental conditions were performed in duplicate in tissues from a minimum of five 
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mice. 5-ethynyl-2’-deoxyuridine (EdU; 30 µM) was added to media on day 2 of the 

incubation period for a total of 12 hours and rinsed with fresh supplemented medium for 

the duration of the incubation period, as illustrated in Figure 2.2. Following the incubation 

period, LMMP preparations were fixed with 4% paraformaldehyde (PFA) at 4°C 

overnight. 

 

 
 

Figure 2.2. 7-day in vitro protocol. Diagram depicting the 7-day incubation period. 

LMMP was isolated on day 1 and placed in media containing appropriate inhibitor or 

antagonist. On day 2, EdU was added to the media for a total of 12 hours. After replenishing 

the media and removing EdU, LMMP preparations were incubated for another 4 days in 

supplemented media containing the same drug. Preparations were fixed on day 7 at the end 

of the incubation period.  
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Table 2.1. Pharmacological Agents. 

 

Drug Mechanism of Action Distributor Concentratio

n 

Reference 

7-Nitroindazole 
(7-NI) 
 

Inhibitor of neuronal nitric 
oxide synthase 

Sigma-
Aldrich 

30 µM Moore	  et	  al.	  (1993) 

Hexamethonium 
(hex) 
 

Nicotinic acetylcholine 
receptor antagonist 

Sigma-
Aldrich 

100 µM Smith	  and	  Furness	  
(1988) 

L-nitroarginine 
methyl ester 
(L-NAME) 

Nitric oxide synthase 
inhibitor 

Sigma-
Aldrich 

400 µM Waterman and 
Costa (1994) 

1H-‐
[1,2,4]Oxadiozol
o[4,3-‐
a]quinoxalin-‐1-‐
one 
(ODQ) 

Soluble guanylate cyclase 
inhibitor 

Sigma-
Aldrich 

10 µM Quintana	  et	  al.	  
(2004) 

Probenecid Pannexin-1 channel blocker Thermo 
Fisher 
Scientific 
(ON, Canada) 

1 mM Wicki-‐Stordeur	  et	  
al.	  (2012) 

4-Chloro-DL-
phenylalanine 
(pCPA) 

Tryptophan Hydroxylase 1 
(TPH 1) inhibitor 

Sigma-
Aldrich 

100  µM (Borue	  et	  al.,	  2010) 

Scopolamine 
(Scop) 

Muscarinic acetylcholine 
receptor antagonist 

Sigma-
Aldrich 

1 µM Lomax	  et	  al.	  (2007) 

Suramin Non-selective purinoceptor 
antagonist 

Sigma-
Aldrich 

100 µM Serio	  et	  al.	  (2003) 

Tetrodotoxin 
(TTX) 

Sodium channel blocker R&D 
Systems 
(Minneapolis, 
MN, USA) 

1 µM Serio et al. (2003) 

U73122 
 

Phospholipase-C inhibitor TOCRIS 
(Bristol, UK) 

1 µM Jin	  et	  al.	  (1994) 

zVAD-fmk 
 

Pan-caspase inhibitor R&D 
Systems 

80 µM Hussain et al. 
(2011) 

All drugs were diluted in sterile distilled water, with the exception of 7-Nitroindazole, ODQ, and zVAD-

fmk, which were dissolved in dimethyl sulfoxide. Vehicle controls were performed for each drug 

condition.  
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2.4. In Vivo Inhibition of Nitrergic Neurotransmission  

 

Adult C57BL/6 male mice were given intraperitoneal (IP) injections of 7-nitroindazole (7-

NI; 30 mg/kg; Moore et al., 2013) in peanut oil, using 23-gauge needles (Becton Dickinson, 

ON, Canada) and control mice given the same volume of peanut oil as a vehicle control on 

day one. On day two, mice were administered a second IP injection of 7-NI, as well as an 

IP injection of EdU (50 mg/kg; Zeng et al., 2010) in lactated ringer’s solution. After a five-

day chase period, mice were euthanized via cervical dislocation. Distal colon and small 

intestine (SI) were harvested, and LMMP isolated, as previously described. Isolated 

LMMP preparations were immediately fixed in 4% PFA overnight at at 4°C, and after three 

rinses in phosphate buffered saline (PBS), stored at 4°C in PBS.  

 

SI was isolated as a positive control for EdU due to the high proliferation rate of stem cells 

within villi crypts differentiating into epithelial cells which migrating up the villi tips 

(Barker et al., 2007, Wright and Alison, 1984). After washing with Kreb’s buffer, SI were 

cut along the mesentery and pinned to lie in a flat sheet. SI were fixed in 4% PFA overnight 

at 4°C. After three subsequent 10-minute washes in PBS, SI was moved to 20% sucrose 

overnight for dehydration. SI preparations was cut into 1 cm sections and embedded in 

tissue molds containing Cryomatrix (Thermo Fisher Scientific). In order to reduce freezing 

artifact, dry ice was used to freeze molds containing SI preparations.  

 

A Cryotome (Thermo Shandon, Cheshire, UK) was used to cut 10 µm thick transverse 

sections of small intestine. 3-5 non-adjacent sections were placed on adhesion microscope 

slides (Ultident Scientific, QC, Canada) and stored at 4°C. Slides were rinsed in PBS three 
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times for ten minutes each in order to remove all Cryomatrix from tissue. After rinsing, 

EdU detection was completed according to manufacturer’s instructions 

(https://tinyurl.com/y2hrn9l6).  

 

 

Figure 2.3. 7-day in vivo protocol. Diagram depicting the 7-day in vivo protocol. Mice 

(N=3 per condition) were given IP injections of 7-NI & peanut oil (PO) on day 1 and 7-NI, 

PO, and EdU on day 2. After a 5-day chase period, mice were euthanized via cervical 

dislocation.  

 

2.5. Immunohistochemistry 

 

After three subsequent rinses (10 min per rinse) in PBS, LMMP tissue was blocked in 3% 

bovine serum albumin for 30 minutes. 1% Triton X-100 was then used to permeabilize the 

tissue for one hour at room temperature. LMMP preparations were incubated in 10% 

normal goat serum in PBS. After washing, mouse anti-HuC/D primary antibody (1:500; 

Fausett and Goldman, 2006; Invitrogen) was applied and left overnight at room 

temperature in a humidified chamber. Following three PBS washes, goat anti-mouse Alexa 

Fluor 555 secondary antibody (1:1000; Invitrogen) was applied for a two-hour period. EdU 

detection was completed according to the manufacturer’s instructions 
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(https://tinyurl.com/y2hrn9l6). Preparations were mounted on glass microscope slides 

using Vectashield® mounting medium (Vector Laboratories, Burlington, ON, Canada) and 

coverslipped prior to visualization.    

 

2.6. Comparison of PCNA and EdU as Markers of Cellular Proliferation 

 

In order to identify a reliable marker of cell proliferation, LMMP preparations were in 

culture (as previously described) for a shorter 3-day incubation period containing all 

supplements and the thymidine analogue, EdU (30 µM). Following the incubation period, 

LMMP preparations were fixed and immunohistochemistry performed, as previously 

detailed, with mouse anti-proliferative cell nuclear antigen (PCNA) antibody (1:4000; 

Hillis et al., 2018; Cell Signalling Technologies, Danvers, MA, USA) and goat anti-mouse 

Alexafluor 555 secondary antibody (1:1000; Invitrogen).  

 

2.7. Confocal Microscopy 

 

Immunoreactivity and EdU fluorescence were imaged using a Leica TCS SP8 confocal 

microscope (Leica Microsystems, Concord, ON, CA). The white light laser system was 

adjusted with settings for the laser line 499 nm (excitation of Alexa-fluor 488) and 553 nm 

(excitation for Alexa-fluor 555). Images were taken in a z-stack (0.6 to 1 µm; z dimension) 

and tile scan (6 to 16 tiles (145 x 145 µm each tile) acquisition mode. Two to three fields 

per preparation were imaged using HC PL APO CS2 63x/1.40 oil objective and LAS-X 

Software (Leica Microsystems). 
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2.8. Reagents 

 

The Click-iT™ EdU Alexa Fluor™ 488 Imaging Kit (Invitrogen, Oregon, USA) was used 

for all EdU applications. All primary antibodies were diluted in dako antibody diluent 

(Agilent, California, USA). All reagents were purchased from Sigma Aldrich (Missouri, 

USA), unless otherwise indicated.   

 

2.9. Statistical Analysis 

 

Quantification was completed using an Olympus IX70 inverted microscope by an observer 

blinded to treatment groups. Micrographs taken under 488 nm and 555 nm fluorescent 

filters were acquired using an x20, 0.7 numerical aperture objective lens and CCD camera 

(Retiga-2000RV; Q-Imaging, Surrey, BC, Canada) and subsequently analyzed using Q-

Capture Pro 7 (Q-Imaging). A minimum of two LMMP preparations from each mouse was 

quantified per experimental condition and a minimum of 10 ganglia was quantified in each 

LMMP preparation. All cells containing HuC/D immunoreactivity within their cytoplasm 

were identified as myenteric neurons (Lin et al., 2002). Neurons per ganglion was 

quantified by counting the number of HuC/D immunoreactive cells within a single 

ganglion. Neurogenesis was assayed by quantifying the number of HuC/D-immunoreactive 

neurons co-localizing EdU within their nucleus.  Ganglion area was analyzed using the 

free-trace tool in Image J (National Institute of Health; imagej.nih.gov/ij/).  
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Data are expressed as mean ± SEM. The N value refers to the number of mice in the 

corresponding experimental group. Statistical analysis was performed using Prism 8 for 

Mac OS X using Student’s t-test, Mann-Whitney U test or Kruskal-Wallis test followed by 

Dunn’s post hoc test, as appropriate. Statistical significance was assigned when p<0.05.  
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Chapter 3 

Results 

3.1. Validation of EdU as a Marker of Cellular Proliferation 

 

To identify a viable marker of neuronal proliferation, we started by comparing the mitotic 

marker, EdU, with another known proliferative marker, immunoreactivity for the 

transcription factor PCNA. Following incubation of LMMP preparations for three days in 

medium containing EdU, tissue was fixed and immunolabeled with an anti-PCNA 

antibody, which has previously been shown to identify cells undergoing S phase of cell 

division (Kubben et al., 1994, Schönenberger et al., 2015), while also detecting EdU. While 

99.9% (± 0.05) of all EdU labelled nuclei were co-labelled with PCNA (Fig. 3.1C), only 

85.4% (± 3.97) of PCNA labelled nuclei were also labelled with EdU (Fig. 3.1D). 

Immunoreactivity for anti-PCNA only detects cell undergoing S phase of cell division at 

the time of fixation (Schönenberger et al., 2015), whereas EdU is incorporated into DNA 

during S phase and remains within the nucleus of those cells while also labelling their 

progeny (Chehrehasa et al., 2008). EdU was chosen as our marker of ENSC proliferation 

in all subsequent experiments in order to allow sufficient time for progenitors to 

differentiate into HuC/D+-expressing neurons. Incorporation of EdU into proliferating 

ENSCs on day two of the incubation period allowed for the identification of newly born 

HuC/D+ neurons at the time of fixation.  
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Figure 3.1. EdU is a reliable marker of cell proliferation. A; B Micrographs showing 3-

day in vitro whole-mount myenteric plexus preparation of: A (i); B (i), PCNA 

immunoreactive nuclei; A (ii); B (ii), EdU labelling within the same ganglia; A (iii); B 

(iii), Merged image depicting nuclei co-localizing EdU (green) and PCNA (red). Red 

arrows indicate nuclei immunoreactive for PCNA exclusively; green arrows, EdU; yellow 

arrows, example of a nucleus co-localizing both PCNA and EdU. C, Percentage of PCNA 

positive nuclei co-labelled with EdU. D, Percentage of EdU labelled nuclei co-localizing 

PCNA (N=5 mice). 25 µm scale bar. 
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3.2. Supressing Neurotransmission Increases EdU Uptake in Myenteric Neurons 

Within the Postnatal Myenteric Plexus  

 

3.2.1. Blocking sodium channels increases both PCNA and EdU labelled nuclei 

 

As proof of concept that neurotransmission has the ability to inhibit the proliferation of 

adult ENSCs, we blocked voltage-gated sodium channels (VGSCs) using TTX (1 µM), 

thus inhibiting action potential discharge in LMMP preparations. Moreover, to further 

validate EdU has a marker of ENSC proliferation, PCNA versus EdU labelled nuclei were 

compared after a short 3-day in vitro incubation in both TTX-treated and control 

preparations. While there was no significant difference between PCNA and EdU labelled 

nuclei in either the control or TTX-treated preparations, there was a significant increase in 

both PCNA (p=0.003) and EdU (p=0.001) labelled nuclei in TTX-treated preparations 

compared to controls (Fig. 3.2; N=5, p<0.0001, one-way Kruskal-Wallis ANOVA with 

Dunn’s multiple comparisons post hoc analysis).  

 

3.2.2. Blocking sodium channels increases neurogenesis but has no effect on neuronal 

number 

 

Corroborating these results, after 7 days in vitro, there was a significant increase in the 

number of myenteric neurons co-localizing EdU within their nucleus in TTX preparations 

(Fig. 3.3Bi-iii) compared to controls (Fig. 3.3Ai-iii; Fig. 3.3C; N=5; p<0.0001, Mann-

Whitney U test). Surprisingly, there was no resultant increase in the number of neurons per 

ganglion within the myenteric plexus between TTX-treated and control preparations (Fig. 

3.3; p=0.0968, Mann-Whitney U test). Together, these results demonstrate that preventing 
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action potential generation, and reducing neurotransmission, increases neurogenesis within 

the postnatal mouse myenteric plexus.  

 

 
Figure 3.2. TTX-treated preparations show a significant increase in both PCNA and 

EdU labelled nuclei compared to control preparations. No significant difference is seen 

between PCNA and EdU labelled nuclei in either control or TTX preparations (N=5 mice). 

**p<0.01 (one-way Kruskal-Wallis ANOVA with Dunn’s multiple comparisons post hoc 

analysis). 
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Figure 3.3. Inhibiting action potential discharge increases neurogenesis in the mouse 

distal myenteric plexus while neuronal number remains unaffected. A (i), HuD 

immunostaining of myenteric neurons within a ganglion in control preparation of LMMP. 

A (ii), EdU positive nuclei in control LMMP preparations. A (iii), Merged micrograph 

showing EdU (green) and HuD (red) in a ganglion of control LMMP. B (i), HuD 

immunoreactive neurons within a ganglion of TTX-treated LMMP tissue. B (ii), EdU 

positive nuclei in TTX-treated LMMP tissue. B (iii), Merged micrograph depicting HuD 

immunoreactive neurons (red) with EdU (green) co-localized to their nucleus (white 

arrows). Scale bar 50 µm. C, Blocking VGSCs using TTX (1 µM) significantly increases 

EdU uptake in distal colon neurons of the mouse myenteric plexus. D, Neurons per 

ganglion remain unchanged (N=5 mice). ****p<0.0001 (Mann-Whitney U test). 
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3.3. Cholinergic Neurotransmission Acts as a Brake on Enteric Neurogenesis  

 

3.3.1. Inhibiting cholinergic receptors increases neurogenesis 

 

One of the major transmitter pathways within the ENS is the excitatory cholinergic 

pathway (Gershon and Erde, 1981). To assess whether activation of cholinergic receptors 

modulate enteric neurogenesis, we inhibited mAChRs and nAChRs. Inhibition of nAChRs 

using hexamethonium (Hex; 100 µM) resulted in a significant increase in neurogenesis 

within the myenteric plexus compared to controls, while inhibition of mAChR with 

scopolamine (Scop; 1 µM) resulted in a greater increase in neurogenesis (Fig. 4A; N=5; 

p<0.0001, one-way Kruskal-Wallis test followed by Dunn’s post hoc test). Finally, an 

increase in neurogenesis was also demonstrated when inhibiting both nAChRs and 

mAChRs simultaneously. An increase in neuronal number was only exhibited when 

nAChRs and mAChRs were inhibited simultaneously (Fig. 4B; p=0.0444, one-way 

Kruskal-Wallis test followed by Dunn’s post hoc test). 

 

3.3.2. Inhibiting cholinergic downstream effectors increases neurogenesis with no effect 

on neurons per ganglion 

 

mAChRs can activate downstream signalling effectors, such as PLC (Felder, 1995). Due 

to the increase in neurogenesis when inhibiting mAChRs, we next examined the effects of 

inhibiting PLC activation using U73122 (1 µM). Inhibition of PLC increased neurogenesis 

compared to controls (Fig 3.5A: N=5; p<0.0001, Mann-Whitney U test) with no change in 

neuronal number (Fig 3.5B: p=0.0649, Mann-Whitney U test).  
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Figure 3.4. Cholinergic neurotransmission in the myenteric plexus of mouse distal 

colon acts as a brake on adult enteric neurogenesis. A, Inhibition of mAchRs with Scop 

(1 µM), nAchRs using Hex (100 µM), and Hex & Scop simultaneously, increases 

neurogenesis. B, Inhibition of nAchR receptors and mAchR has no effect on neurons per 

ganglia, but combined shows a significant increase in neuronal number (N=5 mice per 

group). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (One-Way Kruskal-Wallis 

ANOVA with Dunn’s multiple comparisons post hoc analysis).  
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Figure 3.5. Inhibition of cholinergic downstream effectors increases EdU uptake 

while exerting no effects on neuronal number. A, Inhibition of PLC using U73122 (1 

µM) increases neurogenesis, while B, having no effect on neurons per ganglion (N=5 mice 

per group). ****p<0.0001 (Mann-Whitney U test). 
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3.4. Purinergic Neurotransmission Inhibits Postnatal Neurogenesis  

 

3.4.1. Purinergic neurotransmission acts as a brake on adult enteric neurogenesis 

 

In the ENS, ATP or a related purine is released at synapses between enteric neurons, is a 

mediator of enteric neuromuscular transmission and is involved in neuroglial 

communication (Roberts et al 2012). Enteric glia and neurons express receptors for this 

transmitter (Gulbransen and Sharkey, 2009). Therefore, we next determined the effects of 

purinergic neurotransmission on postnatal enteric neurogenesis. ATP binds to both 

ionotropic P2X receptors and metabotropic P2Y receptors within the ENS (Xiang and 

Burnstock, 2005). Blocking both P2X and P2Y receptors in LMMP preparations for one 

week using suramin (100 µM) increased neurogenesis compared to controls (Fig. 3.6A; 

N=5; p<0.0001, Mann-Whitney U test). Once again, blocking purinergic receptors failed 

to increase the number of neurons within these ganglia (Fig. 3.6B; p=0.8024, Mann-

Whitney U test).  

 

3.4.2. Blocking pannexin-1 channels increases neurogenesis  

 

Pannexin-1 (Panx1) channels are transmembrane proteins found in neurons that form large-

pore channels permeable to ions and metabolites (Wicki-Stordeur et al., 2012) and are also 

involved in the non-vesicular release of ATP (Gulbransen et al., 2012). However, these 

channels have been shown to facilitate non-selective dye uptake from extracellular medium 

during ATP release (Contreras et al., 2002), which can be attenuated by blocking the 

channel with probenecid (Gulbransen et al., 2012). Thus, in order to determine whether our 

EdU uptake is due to non-selective uptake by cells expressing Panx1, we blocked these 
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channels using probenecid (1 mM). Surprisingly, instead of decreasing EdU uptake within 

neurons of the myenteric plexus, the number of myenteric neurons labelled by EdU was 

significantly increased compared to controls (Fig. 3.7A; N=6; p=0.0009, Mann-Whitney U 

test) with no effect on neurons per ganglia in either condition (Fig. 3.7B; p=0.8073, Mann-

Whitney U test). Given the role of Panx1 in mediating release of ATP into the extracellular 

space, blocking this means of ATP release would be expected to result in an increase in 

neurogenesis by reducing the availability of purinergic receptor agonist.   
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Figure. 3.6. Purinergic neurotransmission acts as a brake on adult enteric 

neurogenesis within the distal colon of mouse myenteric plexus. A, Inhibition of 

ionotropic P2X and metabotropic P2Y receptors using suramin (100 µM) increases 

neurogenesis within the myenteric plexus, B, however has no effect on neurons per ganglia 

(N=5 mice). ****p<0.0001 (Mann-Whitney U test). 
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Figure 3.7. Blocking Panx1 increases EdU within mouse myenteric plexus while 

having no effect on neurons per ganglion. A, Inhibiting non-specific dye uptake in cells 

by blocking porous Panx1 using probenecid (1 mM) results in a significant increase in % 

neurogenesis. B, No change is seen in neuronal number (N=6 mice). ***p<0.001 (Mann-

Whitney U test).  
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3.5. Serotonergic Neurotransmission Effects Neurogenesis and Neuronal Number 

Within the Adult Myenteric Plexus 

 

5-HT has been found to be both neuroprotective and neurotrophic within the adult ENS in 

both in vitro and in vivo studies (Liu et al., 2009, Laranjeira et al., 2011, Goto et al., 2016, 

Bianco et al., 2016). We inhibited the synthesis of neuronal 5-HT by targeting its enzyme, 

TPH2, using pCPA (100 µM). Surprisingly, inhibition of 5-HT synthesis within myenteric 

neurons increased neurogenesis (Fig. 3.8A; N=5; p<0.0001, Mann-Whitney U test), and 

also increased neurons per ganglion (Fig. 3.8B; N=5; p=0.0176, Mann-Whitney U test).  
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Figure 3.8. Inhibition of 5-HT synthesis increases both neurogenesis and neuronal 

number. Inhibition of TPH2, using pCPA (100 µM), increased both A, neurogenesis and 

B, neuronal number in the mouse myenteric plexus (N=5). *p<0.5, ****p<0.0001 (Mann-

Whitney U test). 
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3.6. Nitrergic Neurotransmission and its Downstream Targets Influence Neurogenesis 

Within the Adult ENS  

 

3.6.1. Inhibition of NOS increases neurogenesis with no effect on neuronal number  

 

We determined the effect of inhibiting NOS within the myenteric plexus on enteric 

neurogenesis. Inhibition of NOS using L-NAME (400 µM) resulted in a significant 

increase in neurogenesis (Fig 3.9A; control: N=5; p<0.0001, Mann-Whitney U test) with 

no change in neuronal number (Fig. 3.9B; p=0.1967, Mann-Whitney U test).  

 

3.6.2. Inhibition of nNOS increases neurogenesis with no effect on neuronal number 

 

nNOS is the predominant NOS isoform within the ENS, expressed in approximately 30% 

of neurons (Vannucchi et al., 2002). Moreover, nNOS-derived NO has been previously 

shown to inhibit neurogenesis within the CNS (Parka et al., 2001, Zhu et al., 2006). 7-NI, 

a specific nNOS inhibitor, functions by reducing the enzyme’s affinity for BH4 and L-

arginine, thus rendering the enzyme inactive (Calabrese et al., 2007). Inhibition of nNOS 

with 7-NI (30 µM) increased neurogenesis compared to controls (Fig. 3.10A; N=5; 

p<0.0001, Mann-Whitney U test) with no change in neuronal number (Fig. 3.10B; 

p=0.8149, Mann-Whitney U test).  

 

3.6.3. Inhibition of sGC increases neurogenesis with no effect on neuronal number 

 

Inhibition of sGC, using ODQ (10 µM) similarly resulted in a significant increase in 

neurogenesis (Fig. 3.11A; N=5; p<0.0001, Mann-Whitney U test) while neurons per 

ganglion remained unaffected (Fig 3.11B; p=0.7974, Mann-Whitney U test).  
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Figure 3.9. Nitrergic neurotransmission inhibits adult neurogenesis while neuronal 

number remains unaffected. A, Inhibiting all three NOS isoforms using L-NAME (400 

µM) significantly increasing neurogenesis while, B, neuronal number remains unchanged 

(N=5 mice per group). ****p<0.0001 (Mann-Whitney U test). 
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Figure 3.10. nNO neurotransmission inhibits adult neurogenesis while neuronal 

number remains unaffected. A, Blocking nNOS with 7-NI (30 µM) increases 

neurogenesis while, B, having no effect on neuronal number (N=5 mice per group). 

****p<0.0001 (Mann-Whitney U test). 
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Figure 3.11. NO’s downstream target inhibits adult neurogenesis while neuronal 

number remains unaffected. Inhibiting sGC with ODQ (10 µM) A, increases 

neurogenesis, with B, no effect on neurons per ganglion (N=5 mice per group). 

****p<0.0001 (Mann-Whitney U test). 
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3.7. Are the Effects of Inhibiting Enteric Neurotransmitters on Neurogenesis 

Additive?  

 

To determine the effects of inhibiting a combination of enteric neurotransmitters on enteric 

neurogenesis, we inhibited cholinergic, purinergic, and nitrergic neurotransmission 

simultaneously in LMMP preparations. Blocking mAChRs and nAChRs with Scop and 

Hex, as well as P2X and P2Y purinergic receptors with suramin, and lastly nNOS with 7-

NI, resulted in a significant increase in neurogenesis compared to controls, but without a 

cumulative effect (Fig. 3.12A; N=4; p<0.0001, Mann-Whitney U test). Once again, 

neuronal number remained unchanged (Fig. 3.12B; p=0.0728, unpaired student’s t-test). 

Together, these data suggest a limitation of the effects of neurotransmission on the 

proliferative capacity of NSCs within the ENS.  
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Figure 3.12. Pan-neuronal inhibition of neurotransmission increases neurogenesis 

within the mouse myenteric plexus with no cumulative effect. A, Inhibition of mAchRs, 

nAchRs, P2X & P2Y receptors, as well as inhibition of nNOS, using Scop, Hex, suramin 

and 7-NI, respectively, results in a significant increase in neurogenesis, while B, having no 

effect on neuronal number (N=4 mice). ****p<0.0001 (Mann-Whitney U test). 
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3.8. The Effects of Caspase-3 Mediated Apoptosis  

 

A recent study completed by Kulkarni et al. (2017) provided new understanding of the 

regenerative capacity of the adult ENS, suggesting an ongoing balance between apoptosis 

and neurogenesis where caspase-3 mediated apoptosis results in a turnover of ~11% of 

neurons every week. This apoptosis-dependent neuronal loss may explain the lack of 

increase in the number of enteric neurons per ganglia within our preparations as a result of 

increased neurogenesis. Due to the possibility of apoptosis-dependent homeostatic balance 

of neurons, we blocked caspase-dependent apoptosis using zVAD-fmk (80 µM).  

 

3.8.1. Inhibition of apoptosis has no effect on neurogenesis  

 

Inhibition of apoptosis alone had no effect on neurogenesis compared to control, while 

inhibiting apoptosis and nNOS simultaneously resulted in a similar increase in 

neurogenesis compared to inhibition of nNOS alone (Fig. 3.13; p<0.0001, one-way 

Kruskal-Wallis test followed by Dunn’s post hoc test).  

 

3.8.2. Inhibition of apoptosis increases neuronal number in the myenteric plexus 

 

Similar to the results published by Kulkarni et al. (2017), there was a significant increase 

in neurons per ganglion when in zVAD-fmk-treated preparations compared to control (Fig. 

3.14; N=6; p<0.0001, one-way Kruskal-Wallis test followed by Dunn’s post hoc test). The 

number of enteric neurons per ganglion was further increased when 7-NI was used to 

inhibit nNOS. As previously demonstrated, there was no change in neuronal number when 

blocking nNOS alone.  



 

60 

 

 

3.8.3. Ganglion area remains constant when inhibiting apoptosis versus inhibiting 

apoptosis and nNOS simultaneously 

 

Next, we aimed to characterize the effects of increased neuronal number on ganglia size. 

We found that while there was a significant increase in ganglion area of zVAD-fmk-treated 

preparations compared to controls, there was no change in ganglion size between zVAD-

treated and zVAD-fmk + 7-NI treated LMMP preparations (Fig. 3.15; p<0.0001, one-way 

Kruskal-Wallis test followed by Dunn’s post hoc test).  
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Figure 3.13. Inhibiting apoptosis has no effect on neurogenesis within the adult 

myenteric plexus. Inhibition of caspase-3 mediated apoptosis using zVAD-fmk (80 µM) 

has no significant effect on neurogenesis. Inhibiting of nNOS increases neurogenesis, 

which is recapitulated when apoptosis is also inhibited (N=6 mice per group). 

****p<0.0001 (One-Way Kruskal-Wallis ANOVA with Dunn’s multiple comparisons 

post hoc analysis). 
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Figure 3.14. Inhibiting caspase-3 mediated apoptosis increases neuronal number, 

which is further increased when inhibiting nitrergic neurotransmission. Inhibition of 

apoptosis using zVAD-fmk (80 µM) increases neuronal number, which is further increased 

when nNOS is inhibited. Inhibition of nNOS alone has no effect on neurons per ganglion, 

as previously shown (N=6 mice per group). *p<0.05, **p<0.01, ****p<0.0001 (One-Way 

Kruskal-Wallis ANOVA with Dunn’s multiple comparisons post hoc analysis). 
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Figure 3.15. Ganglion area does not change between apoptosis inhibition alone and 

apoptosis and nNOS inhibition simultaneously. While there is a significant increase in 

ganglion area when inhibiting apoptosis using zVAD-fmk, there is no significant difference 

when also inhibiting nNOS. No change in ganglion area is seen when inhibiting nNOS 

alone (N=6 mice per group). **p<0.01, ****p<0.0001 (One-Way Kruskal-Wallis ANOVA 

with Dunn’s multiple comparisons post hoc analysis). 
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3.9. Inhibition of Nitrergic Neurotransmission in vivo has no Effect on Neurogenesis 

 

In order to demonstrate the anti-proliferative effects of neurotransmission on neurogenesis 

in vivo, we inhibited nitrergic neurotransmission using 7-NI (30 mg/kg). Nitrergic 

neurotransmission was chosen for our in vivo study due to 7-NI’s minimal toxic effects 

compared to the highly toxic effects of the other pharmacological inhibitors used 

throughout our in vitro studies. Along with inhibiting nNOS, C57BL/6 mice were 

administered EdU (50 mg/kg) as a marker of cell proliferation. To ensure that EdU was 

administered in an appropriate dose to identify proliferating cells, cross sections of SI were 

obtained and EdU positive enterocytes (known to be highly proliferative) identified as a 

positive control. As seen in Figure 3.16., villi of the SI contain numerous EdU positive 

enterocytes (white arrow), indicating EdU’s ability to mark proliferating cells.  

 

Unlike in vitro, Inhibition of nitrergic neurotransmission had no effect on either 

neurogenesis (Fig. 3.17A; N=3; 0.6566, Mann-Whitney U test) or neuronal density (Fig. 

3.17B; N=3; p=0.4230, Mann-Whitney U test).  
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Figure 3.16. Micrograph validating in vivo use of EdU. Micrograph depicting cross 

section of small intestine as a positive control for EdU. Villi of small intestine contain EdU 

positive proliferative enterocytes (white arrow) indicating EdU’s ability to mark 

proliferating cells. Scale bar 50 µm.  
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Figure 3.17. Inhibition of nNOS in vivo has no effect on enteric neurogenesis. 

Inhibition of nNOS using 7-NI (30 mg/kg) in C57B/6 mice had no effect on either A, 

neurogenesis or B, neuronal density (N=3 mice).  
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Chapter 4 

Discussion 

Neuronal loss is a common feature among enteric neuropathies (Furness, 2012). Achalasia, 

for example, is characterized by a loss of nitrergic neurons in the esophagus provoking 

disrupted motility (Boeckxstaens et al., 2014, Mearin et al., 1993). Although postnatal 

neurogenesis has been previously shown to occur in the ENS, the topic is still under much 

debate (Kruger et al., 2002, Becker et al., 2013, Kulkarni et al., 2017, Laranjeira et al., 

2011). While adult enteric neurogenesis has been difficult to demonstrate in vivo (Liu et 

al., 2009, Kruger et al., 2002, Joseph et al., 2011), dissociating neuronal networks in 

culture, and thus disrupting cell to cell contact, has been shown to stimulate neurogenesis 

(Laranjeira et al., 2011, Kruger et al., 2002). This observation suggests that intercellular 

networks, such as neurotransmission, may be inhibiting the proliferative capacity of 

ENSCs in the adult ENS and disrupting these connections may allow for ENSCs to 

proliferate and create new neurons.  

 

Our study described a novel cellular pathway involved in the maintenance of the 

neurogenic niche in the adult ENS. Here, we show that inhibiting enteric 

neurotransmission, in particular cholinergic, purinergic, serotonergic, and nitrergic 

neurotransmission, increases the proliferative capacity of adult ENSCs in intact myenteric 

plexus. Concurrently, caspase-mediated apoptosis functions to keep neuronal number in a 

homeostatic balance in vitro. Together, our findings suggest that enteric neurotransmission 

and caspase-dependent neuronal apoptosis play important roles in maintaining the adult 

ENS. By understanding the mechanisms underlying enteric neurogenesis, a viable 
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therapeutic avenue following GI injury may be identified. 

 

4.1. A Model of Enteric Neurogenesis  

 

In order to effectively study neurogenesis, a viable model of cell proliferation is needed. 

Thus, we began our study by comparing two well-known markers of cell proliferation: EdU 

and PCNA. EdU has been used in both in vivo and in vitro (Becker et al., 2013) models of 

cell proliferation. As a thymidine analogue, it incorporates itself into cells undergoing S 

phase of cell division (Buck et al., 2008). However, unlike other markers of cell 

proliferation, which can only be visualized at the time of fixation, EdU is retained within 

the cell as well as its progeny (Hong et al., 2015). Therefore, precursors as well as daughter 

cells may be identified. Other markers of proliferation, such as anti-PCNA antibodies, can 

only identify cells undergoing S phase at the moment of fixation. When comparing EdU to 

PCNA, PCNA labelled nuclei surpassed EdU labelled nuclei. This prevalence of PCNA 

immunoreactivity over EdU labelling has been shown before with a similar thymidine 

analogue, BrdU (Kubben et al., 1994). Some studies have reported PCNA expression 

during late G1 and early G2 phase (Kurki et al., 1988), which may explain why more nuclei 

are labelled with PCNA that EdU.  

 

Our findings suggest that 6.14%-11.65% of enteric neurons exhibit EdU uptake within our 

organotypic preparations under control conditions. Such high quantities of in vitro EdU 

uptake has previously been demonstrated by Becker et al. (2013), in which they show 

extensive EdU uptake within a 48-hour period. It may be that the use of growth factors, 
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such as GDNF, bFGF, and EGF, drives neurogenesis to a greater extent than would be 

anticipated in vivo. Indeed, EGF (Arcaro et al., 2000) and GDNF (Becker et al., 2013) have 

been known to activate the PI3K/Akt pathway in vitro, and thus could be contributing to 

the substantial amount of neurogenesis seen within our experiments, including our control 

conditions.  

 

4.2. Neurotransmission-Mediated Suppression of Adult Neurogenesis 

 

The wholemount preparations of LMMP used in the present study maintain intact enteric 

microcircuits and ongoing synaptic transmission, allowing for the in-depth study of enteric 

neurogenesis. TTX has been shown to disrupt synaptic transmission in the ENS through 

inhibiting the generation of action potentials by blocking VGSCs (Lee and Ruben, 2008). 

Thus, in order to examine whether neurotransmission acts as a brake on neurogenesis, we 

began by blocking this key mechanism involved in cell signalling. The increase in 

neurogenesis observed when following TTX-induced disruption of action potential 

propagation and neurotransmission suggests that enteric neurotransmission may tonically 

inhibit the proliferative capacity of ENSC. This relationship between synaptic transmission 

and NSC quiescence is reminiscent of  the inhibitory effect of GABAergic synaptic 

transmission on CNS neurogenesis in the SVZ of the DG (Song et al., 2012, Liu et al., 

2005). Activation of GABAA receptors, in both the developing brain and adult brain, allows 

for the phosphorylation of the histone variant H2AX, leading to cell cycle inhibition 

(Fernando et al., 2011). Furthermore, glutamate signalling has been shown to inhibit cell 

division in the Dictyostelium amoeba (Taniura et al., 2006).  
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During CNS development, neurotransmission has been implicated in many aspects of 

embryonic neurogenesis, including proliferation, migration, and differentiation (Kim et al., 

2006, Schlett, 2006, Heng et al., 2007). Following development, neuronal niches provide 

specific conditions to facilitate neurogenesis in the CNS (Ming and Song, 2005). 

Neurotransmission within these environments have been shown to be crucial to maintain 

the proliferative properties of the NSCs within this niche, both in normal physiological 

conditions, as well as disease (Liu et al., 2005). Therefore, while our proposed theory 

regarding neurotransmission-mediated regulation of neurogenesis is not new within the 

CNS, it is the first evidence depicted within the ENS. 

 

Excitatory neural activity, demonstrated by the use of high extracellular potassium, has 

been shown to effect the proliferative capacity of neural precursors within the CNS 

(Deisseroth et al., 2004). Therefore, in order to discriminate between the effect of TTX on 

neuronal excitability and on neurotransmission, we investigated the effects of blocking 

individual enteric neurotransmitters on ENSC proliferation.  

 

4.2.1. Cholinergic neurotransmission acts as a brake on adult enteric neurogenesis 

 

The predominance of cholinergic signaling in the ENS led us to inhibit both types of ACh 

receptors within the myenteric plexus: nAChRs and mAChRs. Interestingly, there were 

small discrepancies between nicotinic and muscarinic receptor activation on neurogenesis. 

While blocking nAChRs increased neurogenesis, blocking mAChRs resulted in a larger 
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increase. Thus, the downstream effects of activating metabotropic mAChRs, such as 

increased intracellular Ca2+, may have a more potent inhibitory effect on ENSC quiescence 

than activation of nAChRs. Muscarinic receptors in the ENS are Gq11-coupled (Caulfield 

and Birdsall, 1998, Lino and Nojyo, 2006), which leads to the activation of PLC and IP3-

mediated release of Ca2+ from endoplasmic reticulum. Our finding that inhibiting PLC 

recapitulated the increase in neurogenesis, suggests a role for PLC activity in the inhibition 

of neurogenesis. Consistent with a role for this enzyme in suppressing neurogenesis, PLC 

knockout mice exhibit an increase in NSC neurogenesis in the CNS (Manning et al., 2012).  

 

The neurogenic effects of ACh within the proliferative zones of the CNS appear to be 

controversial. Contrary to our findings, removal of cholinergic neurons in the SGZ leads 

to a reduction in proliferation (Kampen and Eckman, 2010). Moreover, mAChRs have been 

found on RGLs in the SGZ and ChAT has also been found on fibers in close proximity to 

progenitors in the DG (Kaneko et al., 2006). This study demonstrated that muscarinic M1 

activation led to progenitor proliferation. However, while they demonstrated the 

neurogenic capacity of muscarinic signaling, nAChR activation decreased proliferation, 

similar to our findings. Indeed, others have found that activation of nAChRs with nicotine 

in the proliferative DG decreases constitutive neurogenesis (Abrous et al., 2002, Jang et 

al., 2002). Furthermore, the use of the ACh receptor agonist, physostigmine, inhibits 

proliferation in the DG (Mohapel et al., 2005). Thus, there appears to be controversial 

results regarding the ability of cholinergic neurotransmission to effect neurogenesis in the 

proliferative zones of the CNS.  
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4.2.2. Purines in the adult ENS inhibit neurogenesis with the assistance of Panx1 channels 

 

ATP, or related purines, act as excitatory transmitters at neuro-neuronal synapses, 

participates in neuro-glial communication and is an inhibitory transmitter to the muscularis 

externae (Fields and Burnstock, 2007, Roberts et al., 2012). Here, we demonstrated the 

ability of this signaling pathway to maintain ENSC quiescence. Inhibition of purinergic 

neurotransmission by blocking P2X and P2Y receptors increased neurogenesis. While the 

results of blocking PLC are grouped with the cholinergic data, they can also be associated 

with purinergic neurotransmission, as metabotropic GqPCRs P2Y1, P2Y2, P2Y4, P2Y6, and 

P2Y11 receptors also function through PLC as a downstream effector (Gulbransen and 

Sharkey, 2009, Kügelgen and Wetter, 2000, Barajas-Lopez et al., 2000, Fam et al., 2000, 

Wood, 2006, Kügelgen and Harden, 2011, Zhang et al., 2003, Kimball and Mulholland, 

1996). While P2Y2, P2Y6, and P2Y11 receptors are isolated to enteric neurons (Xiang and 

Burnstock, 2005, Nassauw et al., 2006), P2Y1 receptors are expressed by both enteric 

neurons and glial cells (Gulbransen and Sharkey, 2009, Kimball and Mulholland, 1996, 

Zhang et al., 2003), and P2Y4 receptors expressed solely by enteric glia (Nassauw et al., 

2006). Since glia have been previously shown to demonstrate neurogenesis in response to 

injury (Laranjeira et al., 2011, Joseph et al., 2011), it is possible that glia to neuron signaling 

in the ENS may be contributing to adult ENSCs quiescence. Furthermore, due to the co-

expression of P2X and P2Y on cholinergic neurons (Bodin and Burnstock, 2001), these 

two neuronal pathways may be working in unison to maintain NSC quiescence in the adult 

ENS. 
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A prospective mechanism regulating the increase in proliferation when P2Y receptors are 

inhibited is the MAPK pathway. While the previously described P2Y receptor subtypes 

utilize PLC as a downstream effector, P2Y12, P2Y13, and P2Y14 subtypes are all Gi protein-

coupled and, when activated, block AC (Kügelgen and Harden, 2011). GPCR activation 

has been shown to modulate the MAPK pathway via PKA, as shown in Figure 1.3 (Zhang 

and Liu, 2002). Inhibiting GPCRs allows for the production of cAMP via AC, activating 

PKA and ultimately the MAPK pathway via stimulation of Raf. By inhibiting Gi protein-

coupled P2Y receptors within our preparations, the MAPK pathway may have been 

activated leading to cell cycle progression in ENSCs. 

 

Studies have demonstrated that PTEN drives quiescence by inhibiting the PI3K/Akt 

pathway (Becker et al., 2013), which is known to be involved in cellular proliferation 

(Sánchez-Alegría et al., 2018). A study performed by Bian et al. (2013) demonstrated the 

ability of P2X7 activation to inhibit the PI3K/Akt pathway via this mechanism. 

Furthermore, P2X7 activation mediates growth arrest via the MAPK pathway (Neary et al., 

2008). Interestingly, since P2X7 receptors are found on enteric glial cells (Vanderwinden 

et al., 2003), this further encourages the theory of glial-mediated neurogenesis.  

 

It is possible that EdU labelling of enteric neurons may not be due solely to DNA synthesis 

and could result from non-specific dye uptake through Panx1 channels. However, a number 

of observations argue against this possibility. First, non-selective uptake through Panx1 

channels would be expected to result in cytoplasmic localization, whereas EdU labelling 

within our preparations were restricted to nuclei. Second, the close agreement between our 
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findings using PCNA immunoreactivity and EdU labelling suggests a relationship between 

proliferation and EdU uptake. Finally, blocking Panx1 with probenecid resulted in an 

increase in EdU labelling with neurons of the myenteric plexus. If Panx1-mediated dye 

uptake was involved in EdU labelling, inhibiting those hemi channels with probenecid 

would result in a decrease in EdU labelling.  Given the important role of Panx1 in ATP 

release in the ENS (Gulbransen et al., 2012), it seems plausible that the increase in 

neurogenesis due to probenecid is the result of inhibiting purine release from enteric 

neurons and glia. By blocking a source of extracellular ATP, the amount of purinergic 

neurotransmission occurring within the preparation decreased. These findings further 

corroborate our earlier results demonstrating an inhibitory effect of purinergic 

neurotransmission on ENSC proliferation.  

 

4.2.3. Serotonergic neurotransmission 

 

Many studies have demonstrated the neuroprotective and neurotrophic abilities of 5-HT 

both in vitro and in vivo in the ENS and the CNS (Gershon and Liu, 2007, Takaki et al., 

2014, Vadder et al., 2018, Liu et al., 2009, Laranjeira et al., 2011, Goto et al., 2016, Bianco 

et al., 2016). For instance, serotonergic neurons project into the DG (Mongeau et al., 1997) 

and ablation of these neurons lead to a decrease in proliferation within this area (Brezun 

and Daszuta, 1999). Complementary studies corroborate the proliferative ability of 5-HT 

within the CNS (Brezun and Daszuta, 2000, Yoshimizu and Chaki, 2004, Banasr et al., 

2004).  
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Approximately 95% of 5-HT in the body is produced within the GI tract (Gershon, 1991, 

Li et al., 2011), the majority of which is produced by TPH1 in EC cells lining the mucosa 

and a comparatively insignificant amount produced by TPH2 expressing neurons in the 

myenteric plexus (Nilsson et al., 1985). Thus, a surprising finding in this study was the 

increase in neurogenesis and neuronal number resulting from the inhibition of TPH2, where 

a decrease or unaltered rate of neurogenesis was expected.  

 

While our findings are unexpected, a study performed by Lauder and Krebs (1978) 

similarly demonstrated the ability of 5-HT to inhibit proliferation. Another study 

demonstrated the antagonistic actions of various 5-HT receptors, mainly 5-HT1a, 2, 2b, on 

neurogenesis (Klempin et al., 2010). Furthermore, studies performed in the ENS utilize 5-

HT receptor agonists and donors, where endogenously most of the 5-HT in the GI tract 

originate from TPH1 expressing EC cells. EC cells are found within the mucosa of the GI 

tract, and considering the removal of the mucosa within our preparations, TPH1-produced 

5-HT would not have been present.  

 

In the ENS, 5-HT acts on enteric neurons through stimulation of intrinsic (Bülbring and 

Crema, 1958) and extrinsic (Wallis et al., 1982) sensory neurons, as well as activation of 

cholinergic neurons (Gaddum and Picarelli, 1957, Gershon, 1991). Perhaps, by suppressing 

the production of neuronal 5-HT, cholinergic activation is inhibited and thus indirectly 

inhibits cholinergic neurotransmission. This indirect inhibition of cholinergic 

neurotransmission explains the increase in neurogenesis and neuronal numbers seen within 

our TPH2-inhibited preparations, replicating our cholinergic results.  
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The involvement of 5-HT in neurogenesis is still unclear, and further studies need to be 

performed in order to fully elucidate the mechanisms underlying this molecule’s 

involvement in neurogenesis.  

 

4.2.4. Nitrergic neurotransmission maintains adult ENSC quiescence 

 

Nitrergic neurotransmission is unique in which it is not stored in vesicles but diffuses 

through membranes to reach neighboring cells (Berg et al., 2013). Nitrergic 

neurotransmission has been implicated in regulating neurogenesis both within the CNS and 

PNS. For instance, nitrergic neurotransmission has been shown to inhibit neurogenesis 

within the SVZ of the DG (Zhu et al., 2006, Parka et al., 2001, Moreno-Lopez et al., 2004, 

Packer et al., 2003). Moreover, NO has been shown to inhibit neurogenesis within postnatal 

dorsal root ganglia in the PNS (Arora et al., 2007). Similarly, our results demonstrate the 

involvement of nitrergic neurotransmission in maintaining the dormancy of NSCs in the 

adult ENS.  

 

Many intrinsic cellular pathways could be functioning to modulate the proliferative 

capacity of cells in response to nitrergic neurotransmission. Studies have indicated a role 

of the NO/sGC/cGMP pathway to inhibit PLC through activation of PKG, inhibiting 

increased intracellular Ca2+ (Xia et al., 2001). Thus, NO induced ENSC quiescence may 

be functioning through PLC, similar to mAChRs and P2Y receptors. Furthermore, the 
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mitogenic effects regulated by shh has been shown to be inhibited by NO (Gibbs et al., 

2001). 

 

In the CNS, cell signaling has been shown to modify EGF receptor expression on 

progenitor cells (Winner et al., 2009). It has been suggested that the ability of NO to 

maintain NSC quiescence is due to its inhibition of the EGF receptor and thus inhibition of 

the PI3K/Akt pathway (Torroglosa et al., 2007). Manipulation of neurotransmission may 

increase growth factor receptors expression, facilitating an increase in proliferation within 

our preparations. Neurotransmission between neurons and precursors within the 

neurogenic niche may be mediating neurogenesis through a feedback mechanism. These 

feedback loops between progenitors and neurons/glia may be modulating the neurogenic 

environment to allow for the production of new neurons or the maintenance of quiescence 

based on the neuronal environment. 

 

While our results from inhibiting sGC demonstrate the importance of this downstream 

effector in the maintenance of ENSC quiescence, the 5.6% decrease in neurogenesis 

demonstrated when inhibiting sGC compared to NOS indicates the ability of NO to effect 

neurogenesis independent of sGC. Indeed, NOS has been shown to arrest the cell cycle 

independent of the sGC pathway by influencing proteins responsible for cell cycle 

progression (Figure 4.1; Arora et al., 2007). Cyclin-dependent kinases (cdks) are necessary 

for the advancement of the G1 phase into the S phase of the cell cycle. These cdks are 

dependent on forming complexes with cyclins A, D, and E. Cdks phosphorylate the 

retinoblastoma protein Rb in late G1 phase which triggers the cell’s entry into the S phase 
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of cell division. When left unphosphorylated, the cell cannot enter the S phase. Cycling E 

and A are both involved in forming complexes with cdks and both complexes are inhibited 

by p21. While p21 is present during all phases of the cell cycle, when its ratio increases in 

relation to cdk, cells do not enter the S phase and thus remain quiescent. P53 is a potent 

transcription factor of p21. A study performed by Nakaya et al. (2000) showed an increase 

in p53 expression in the presence of NO. 

 

Finally, since studies have shown that L-arginine is present in glial cells (Nagahama et al., 

2001, Cabarrocas et al., 2003, Wiesinger, 2001, Aoki et al., 1991), glia may be playing a 

role in NO neurotransmission in the ENS (Rühl et al., 2004). 

 

 
Figure 4.1. Potential pathways regulating NO’s inhibition of cell division. NO has 

demonstrated the ability to prevent cell cycle progression by activating p53 and Rb 

signalling pathways. Adapted from Arora et al. (2007).  
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4.2.5. Restricted potential of neurotransmission on enteric neurogenesis 
 

In physiology, the ceiling effect refers to “the point at which an independent variable no 

longer has an effect on a dependent variable, when a kind of saturation has been reached” 

(Garin, 2014). Interestingly, inhibition of multiple neurotransmitter pathways 

simultaneously did not result in a cumulative increase in neurogenesis, but a “ceiling 

effect”. Thus, there appears to be an upper limit to the effects of neurotransmission on the 

proliferative capacity of NSCs within the ENS.  

 

Previous studies have demonstrated a role of various factors contributing to injury-

associated neurogenesis. For example, LPS-induced inflammation has been demonstrated 

to increase the proliferative capacity of ENSCs through activating the PI3K/Akt pathway 

(Schuster et al., 2014, Belkind-Gerson et al., 2017b). Moreover, endocannabinoids have 

also been shown to contribute to proliferation (Jonscher and Belkind-Gerson, 2019). 

Further studies have demonstrated the impact of the microbiome to influence enteric 

neurogenesis (Vadder et al., 2018). Therefore, other neurogenic mediators of NSC 

proliferation may be contributing to the proliferative capacity of ENSCs, resulting in a 

limited capacity of neurotransmission to effect neurogenesis.  

 

4.3. Inhibition of Neurotransmission in vivo has no Effect on Neurogenesis  

 

The in vitro organotypic culture system of longitudinal and myenteric plexus preparations 

used in this study, first described by Becker at al. (2013), allowed us to study neurogenesis 

within the intact myenteric plexus. This ex vivo model allowed for neuronal connections to 
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remain intact and the architecture of the neuronal niche unaltered. However, in vivo, the 

neuronal niche is subject to many uncontrolled environmental factors. For instance, the in 

vivo myenteric plexus has access to the immune system, which, in the CNS, has been shown 

to suppress neurogenesis (Monje et al., 2003, Becker et al., 2013). Similarly, our ex vivo 

model may lack key factors important in the study of enteric neurogenesis. 

 

Indeed, we were unable to replicate our in vitro findings in an in vivo mouse model. As 

previously mentioned, in vivo neurogenesis has been difficult to demonstrate in the adult 

ENS (Laranjeira et al., 2011). Similarly, our results demonstrate the complexity of adult 

enteric neurogenesis. Many environmental factors could have influenced our in vivo study. 

As previously mentioned, pathways of cell survival and proliferation, such as the PI3K/Akt 

pathway, are crucial for neurogenesis, which are dependent on key growth factors for 

initiation. It is possible that the concentration of growth factors used in our in vitro studies 

are not present in a suitable concentration in the adult ENS to facilitate the demonstrated 

high neurogenic capacity within our in vitro preparations. This is most likely the case as 

demonstrated by the discrepancies between EdU uptake in our in vitro versus in vivo 

control conditions. While our in vitro control preparations exhibit a mean EdU uptake of 

7.7%, EdU incorporation in vivo was only demonstrated in 0.3% of neurons. Thus, 

exogenous application of growth factors appears to be imperative for ENSC proliferation 

in the adult ENS. Indeed, in the CNS it has been demonstrated that peripheral 

administration of bFGF and EGF are necessary to increase precursor cell proliferation in 

the postnatal brain (Cheng et al., 2001, Wagner et al., 1999, Martens et al., 2008).  
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While we originally chose to inhibit nitrergic neurotransmission due to 7-NI’s minimal 

toxicity (Brožíčková et al., 2014), administration of the drug in mice led to approximately 

10% loss of body weight, demonstrating potential toxic effects. This toxicity could have 

interfered with the study leading to a lack of results. Furthermore, the dose of 7-NI (30 

mg/kg) used in our study has been demonstrated to sufficiently inhibit nNOS in vivo 

(Desvignes et al., 1997), however conflicting reports indicate that only 80% of nNOS is 

inhibited at this concentration with a half-life of four hours (Moore et al., 1993, MacKenzie 

et al., 1994). Therefore, the specific dose of 7-NI necessary to inhibit nNOS appears to be 

contentious, and its plausible that the dose used in this study was not sufficient to inhibit 

nNOS in our mice.  

 

Further studies exploring the use of peripheral administration of growth factors necessary 

for precursor proliferation must be explored. Furthermore, higher doses of 7-NI with 

additional injections should be performed in order to ensure complete nNOS inhibition and 

thus determine the effects of inhibiting neurotransmission on the proliferative capacity of 

ENSCs in vivo.  

 

4.4. Apoptosis-Mediated Neuronal Homeostasis 

 

An unanticipated finding throughout the study was the lack of increased neuronal number 

due to increased neurogenesis. Surprisingly, a similar finding has been demonstrated in the 

CNS. Administration of brain derived neurotropic factor increased proliferation in the DG 
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while having no effect on neuronal number (Colditz et al., 2010), similar to our results. A 

recent study performed by Kulkarni et al. (2017) explains these findings.  

 

Kulkarni reported a 4-5% loss of enteric neurons due to caspase-3 mediated apoptosis per 

day. Similarly, our results demonstrate a 4.3% increase per day in neurons per ganglion 

when caspase-dependent apoptosis was inhibited, thus corroborating their results. When 

caspase-dependent apoptosis was inhibited with zVAD-fmk, neuronal number was 

increased by ~30%. This neuronal population was further increased when nNOS was 

concurrently inhibited. Therefore, inhibition of nitrergic neurotransmission increases 

precursor proliferation generating newborn differentiated neurons, as demonstrated by our 

HuD+/EdU+ cells. However, caspase-mediated apoptosis maintains the neuronal 

population in a homeostatic balance within the neuronal niche, thus maintaining a constant 

neuronal number. Once both nitrergic neurotransmission and apoptosis is inhibited, 

neuronal number increases due to the lack of compensatory apoptosis. These findings 

resolve the surprising lack of neuronal increase expected when neurogenesis was increased 

throughout this study. 

 

However, one exception throughout the study was the increase in neurons per ganglion 

when both nAChRs and mAChRs were inhibited simultaneously, as well as inhibition of 

TPH2. Activation of certain AChRs have been shown to inhibit apoptosis through 

increasing Bcl-2 transcription, an anti-apoptotic protein (Budd et al., 2003). Thus, 

combined inhibition of both nAChRs and mAChRs may have led to increased anti-

apoptotic activity, leading to an increase in neurons within our preparations. Similarly, 
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considering the role of neuronal 5-HT to influence cholinergic neurotransmission in the 

ENS, a similar occurrence could have resulted within our TPH2-inhibited preparations.  

 

Apoptosis is an essential regulatory mechanism necessary for proper development, 

maintenance and defense in multicellular organisms (Elmore, 2007), and according to our 

results, the adult ENS appears to be no exception. While such high levels of apoptosis 

exhibited within this study has only recently been demonstrated (Kulkarni et al., 2017), 

understanding this important regulatory mechanism is key to further elucidating the 

complex balance between neurogenesis and apoptosis in the postnatal ENS. Modulating 

apoptosis in vivo may be a potential therapeutic target to increase physiologically important 

neurons following GI injury, however further investigation must be completed in order to 

comprehend the detriments of inhibiting such an important physiological regulator.  

 

4.5. Glial Cell Progenitor? 

 

While our study demonstrates the presence of ENSCs within myenteric ganglia, we neglect 

to established their identity. Due to their expression of GFAP and Sox10, glial cells have 

been speculated to be the source of adult ENSCs (Laranjeira et al., 2011). Furthermore, 

glia responds and contribute to synaptic activity and neurotransmission within the ENS 

(Auld and Robitaille, 2003). While this cell to cell contact between neurons and glia mostly 

occur via gap junctions, glial cells also respond to ATP as they express P2 receptors 

(Bassotti et al., 2007). Since glia have been previously shown to demonstrate neurogenesis 

in response to injury (Laranjeira et al., 2011), it is possible that glia to neuron signalling in 
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the ENS may be contributing to adult ENSCs quiescence. If the NSC within the ENS is 

indeed of glial lineage, this further supports our model of neurotransmission dependent 

ENSC quiescence. Further investigation must be completed to determine the identity of the 

progenitors within the neurogenic niche. 

 

4.6. Significance & Implications  

 

Several enteric neuropathies are accompanied by neuronal loss leading to gastrointestinal 

dysfunction. Replacing these damaged or lost neurons is a major goal in regenerative 

medicine. In situ generation of neurogenesis would be an ideal therapeutic route. Here, we 

show that neurotransmission modulates neurogenesis within the adult ENS while apoptosis 

maintains neuronal populations. Our study suggests that neurotransmission within the ENS 

may function to maintain the quiescent state of postnatal ENSCs of the adult GI tracts. 

Pharmacological manipulation of neurotransmission regulating neurogenesis may be a 

viable means of replacing damaged neurons following gastrointestinal injury.  

 

While the use of animal models affords the ability to investigate enteric neurogenesis in a 

suitable capacity, the findings within this report may not be translatable to human ENS 

physiology. Indeed, recent studies have found that unlike the rodent brain, which is known 

to contain proliferative zones well into adulthood, the proliferative capacity of NSCs within 

the human brain declines with age due to environmental changes within the aging neuronal 

niche (Bond and Song, 2019, Sorrells et al., 2018). Therefore, translational studies are 

necessary to ensure that discoveries within animal models, such as in this study, are 



 

85 

 

applicable to human physiology for the development of clinically relevant therapeutic 

strategies.  

 

4.7. Conclusions  

 

Many enteric neuropathies, such as congenital HSCR, lead to an absence or loss of neurons 

causing ENS dysregulation and ultimately GI dysfunction. Current interventions include 

bowel resections of the aganglionic segments as well as invasive stem cell transplants, as 

previously described. Thus, the search for minimally invasive treatments is ongoing. The 

focus of this study was to identify an alternative method of endogenously stimulating 

ENSCs to proliferate and differentiate into new neurons.  

 

While many studies have tried to elucidate the mechanisms behind adult enteric 

neurogenesis, what is known about adult ENSCs and their regulation is still not fully 

known. Here, we demonstrate the ability of four neurotransmission pathways that function 

to keep ENSCs dormant: cholinergic, purinergic, serotonergic, and nitrergic. Furthermore, 

while suppression of these pathways led to increased neurogenesis within myenteric plexus 

preparations, neuronal number remained constant. This homeostatic balance of neuronal 

population is due to caspase-mediated apoptosis, which, when inhibited, results in an 

increase in neurons. Figure 4.2. demonstrates our proposed model of neurotransmission-

mediated adult enteric neurogenesis and apoptosis-mediated neuronal homeostasis.  

 

Despite the demonstrated role of neurotransmission and apoptosis to regulate ENSCs and 
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the neuronal population within the adult ENS, further studies are necessary in order to fully 

elucidate the mechanisms behind this regulation. By understanding the mechanisms 

underlying enteric neurogenesis, a viable therapeutic avenue following GI injury may be 

identified.  

 

 
Figure 4.2. Proposed model of the neuronal life cycle in the adult ENS. 1, Constitutive 

neurogenesis (a) and apoptosis (b) maintains a homeostatic balance of enteric neurons. 2, 

Inhibition of neurotransmission further drives the proliferative capacity of ENSCs. 3, 

Neuronal number remains constant due to caspase-mediated apoptosis. 4, Inhibition of 

caspase-mediate apoptosis with zVAD-fmk increases neuronal number, which is further 

increased when neurotransmission is inhibited.  
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