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Abstract 

Gastrointestinal (GI) diseases such as inflammatory bowel disease, Hirschsprung’s 

disease or diabetic gastropareisis result in the loss of enteric neurons. The replacement of these 

lost neurons could potentially normalize the functional disturbances associated with these 

diseases. Within the adult enteric nervous system (ENS) there is a population of neural stem 

cells (NSCs) that appear to proliferate in vitro following dissociation. Until recently enteric 

neurogenesis in vivo has proven challenging due to the presence of a brake on proliferation. 

However dissociation of enteric ganglia appears to release this brake.  We hypothesized that 

dissociation induces enteric neurogenesis by disrupting synaptic connections between enteric 

neurons. Our primary aim was to test this hypothesis and identify which enteric 

neurotransmitters might be responsible for the suppression of neurogenesis in vivo.  

Whole-mount preparations of intact longitudinal muscle-myenteric plexus (LMMP) 

from mouse colon were grown in a 7-day culture protocol.  Proliferating cells were visualized 

by uptake of ethynyl deoxyuridine (EdU) while manipulating neurotransmission. 

Immunohistochemical analysis of the overlap between EdU-labeled cells and Human D (HuD)-

immunoreactive neurons were used as a marker for neurogenesis. Mann-Whitney and Kruskal-

Wallis tests were employed to compare population data. 

Incubation of the LMMP in tetrodotoxin (TTX; 1 µM), which blocks action potential 

discharge, caused a significant 3-fold increase in myenteric neurogenesis. The muscarinic 

receptor antagonist scopolamine (1 µM) also significantly enhanced neurogenesis, an effect that 

was mimicked by inhibiting phospholipase C with U73122 (1 µM).  Interestingly, nicotinic 

receptor antagonists had no effect on neurogenesis.  A significant increase in neurogenesis was 

also observed following inhibition of neuronal nitric oxide synthase by 7-Nitroindazole (30 

µM).  This nitrergic brake on neurogenesis may be dependent on activation of soluble-guanylyl 

cyclase as indicated by increased neurogenesis following incubation in oxadiazole quinoxalin 

(ODQ; 10 µM).  Additionally, treatment of LMMP with purinergic receptor antagonist, 

suramin (100 µM) resulted in increased neurogenesis per ganglia compared to controls.  In 

contrast to nitrergic, purinergic and cholinergic pathways, serotoninergic neurotransmission 

appears to play no role in modulating neurogenesis. Furthermore, inclusion of the following 

growth factors, glial derived neurotrophic factor, fibroblast growth factor and epidermal growth 
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factor, in the media for the duration of the culture period prevented excessive death of 

myenteric neurons in both control and drug-treated cultures.  

These data suggest that selective enteric neurotransmission suppresses neurogenesis in 

the adult ENS. Pharmacological manipulation of neurotransmitter pathways regulating 

neurogenesis may be a viable means of replacing damaged neurons and restoring normal 

function following GI injury. 
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Chapter 1 

Introduction 

A loss of enteric neurons accompanies gastrointestinal disorders including 

inflammatory bowel disease (IBD), Hirschsprung’s disease and diabetic gastropareisis 

(Anthia et al. 2006; Di Giorgio et al.2004). Until recently it was thought that new neurons 

could not be generated postnatally. However, constitutive neurogenesis has been 

demonstrated in central nervous system (CNS) regions, and current research is beginning to 

show the potential for adult enteric neurogenesis (Bondurand et al. 2003). Recently, it was 

verified that there is an increase of neurons in the enteric nervous system (ENS) until 3 

months after birth, at which time a brake on neurogenesis appears rendering the enteric 

neural stem cell (NSC) population dormant (Estrada-Mondaca et al. 2007; Liu et al. 2009). 

Thus, neurogenesis of postnatal neurons remains a phenomenon difficult to induce in vivo, 

despite the presence of proliferative zones and adult NSC populations in both the CNS and 

ENS (Kruger et al. 2002). These quiescent NSCs remain in the G0 phase of the cell cycle 

until they are prompted to proliferate and differentiate into neurons or glia, as shown in 

Figure 1.1. Therefore, the controlled promotion of neurogenesis by releasing the inhibition 

on neural proliferation is being sought as a treatment in many of these cases of neuronal loss. 

The focus of this thesis was to determine whether neurochemical pathways are acting as the 

brake on adult enteric neurogenesis. Furthermore, we aimed to determine whether removal of 

these inhibitors could induce production of new neurons in intact preparations of the 

myenteric plexus. 
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Figure 1.1. Brake on the proliferative capacity of adult enteric neural stem cells.  

Enteric neural stem cells become quiescent during adulthood due to the presence of brakes on 
their proliferative capacity. When these brakes (i.e: neurotransmission) are alleviated, the 
quiescent stem cells are prompted to re-enter the cell cycle and proliferate. Once these stem 
cells have proliferated into a population of multi-potent precursors, various signaling cues 
allow them to terminally differentiate into enteric neurons or glia and repopulate aganglionic 
regions of the enteric nervous system.  
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1.1.1 Enteric Nervous System  

The gut tube is a multi-layered structure as illustrated in Figure 1.2, and is innervated 

by the ENS that controls functions such as motility, blood flow and ion secretion (Costa et al. 

2000). The ENS comprises interconnected networks of neurons and glia in two plexuses: the 

submucosal (Miessener’s) and myenteric (Aucherbach’s) (Furness, 2000; Sasselli et al. 

2012). The ganglia within these plexuses contain various neuronal subtypes that produce and 

utilize neurotransmitters such as acetylcholine (ACh), adenosine triphosphate (ATP), 

serotonin (5-HT) and nitric oxide (NO) (Sasselli et al. 2012). The heterogeneity of neuronal 

subtypes within single enteric ganglia in the ENS is unique compared to the CNS where 

neuron subtypes are compartmentalized in distinct regions (Furness, 2000).  
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Figure 1.2. The multi-layered structure of the gut.  

The myenteric plexus is located between the layers of longitudinal and circular muscle on the 
serosal side of the gut. The submucosal plexus lies between the mucosa and circular muscle. 
Both plexuses govern secretomotor functions of the gut. Both plexuses contain ganglia of 
neurons that are connected by interganglionic strands in a webbed structure. Adapted from 
Furness, 2000.  
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 Enteric neurons are able to function independent of neuronal input from the CNS; 

however bidirectional interaction between the CNS and ENS does occur (Romjin et al. 

2008). Ganglia are connected by interganglionic strands and contain intrinsic primary 

afferent neurons (IPANs), interneurons and motor neurons (Costa et al. 2000). The myenteric 

plexus houses the majority of enteric neurons, approximately 200-600 million in humans, and 

lies between the longitudinal and circular muscle layers, controlling gut motility (Gabella, 

1972; Furness, 2000). Many neurons within this plexus project to the surrounding layers of 

longitudinal and circular muscle (Sasselli et al. 2012). The submucosal plexus lies between 

the circular muscle and mucosa, and primarily regulates ion secretion by responding to 

stimuli from the lumen (Harrington et al. 2010). Due to their location in the gut wall, enteric 

neurons are subject to a variety of insults including mechanical stress from propulsive 

patterns and chemical stress from bacterial exposure that can subsequently lead to neuronal 

loss and damage.  

 

1.1.2 Enteric Neuropathies  

Many gastrointestinal diseases have underlying neural defects. Some are congenital, 

such as Hirschsprung’s Disease, and others manifest over time or in response to stressors 

such as IBD or diabetic gastroparesis. Unfortunately, non-invasive treatments for these 

conditions are not fully developed, but replacing lost neurons across all conditions would be 

a novel avenue for treatment, as it bypasses the need for invasive surgical intervention to 

remedy regions of aganglionosis or neuronal defects.  

Hirschsprung’s Disease manifests as a malformation of the ENS when the embryonic 

neural crest cells do not fully migrate throughout the length of the gut tube (Edgry et al 

.1994). Mutations in the RET gene comprise the majority of hereditary and independent 

cases of Hirschsprung’s (Edgry et al. 1994). However, mutations in other genes such as 

endothelin, glial derived neurotrophic factor (GDNF) and SRY box–containing gene 10 

(Sox10) also result in aganglionosis (Martucciello et al. 2000) It is not surprising that under 

non-pathogenic conditions RET, GDNF and endothelin all regulate neurogenesis as well as 

neural survival; further, Sox10 is expressed in all enteric neural precursor cells (Rodrigues et 

al. 2011; Bondurand and Sham, 2013). Therefore, the mutations triggering this aganglionosis 

are well documented, yet a way to reverse this aneural effect is unknown.  
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Inflammation of the gut during colitis can alter the density and distribution of neurons 

in the ENS (Sanovic et al. 1999). Following 4-6 days of experimental colitis, there is a 46% 

loss of enteric neurons, which may lead to alterations in gut motility associated with 

intestinal inflammation (Sanovic et al. 1999). Additionally, there are abnormal gut motor 

patterns associated with diabetes (Janssens et al. 1990; de Freitas et al. 2008). The loss of 

neurons in diabetes varies per area of the gut, with the ileum showing decreased innervation 

compared to the distal colon; there is reduced ganglion size as well as increased apoptosis of 

neurons (Belai et al. 1991; Chandrasekharan et al. 2011). Further, nitrergic neurons appear 

more susceptible to damage in diabetic patients and this influences how gut function is 

altered (Bagyanszki and Bodi, 2012).  

It is interesting that the susceptibility of certain neuronal subtypes to damage and 

death is situational. Cholinergic neurons seem prone to degeneration with age, whereas 

nitrergic neurons remain resilient to age-related damage (Phillips et al. 2004). However, in 

enteric neuropathies like IBD, nitrergic neurons become just as prone to cell loss (Cowen et 

al. 2000). Understanding these patterns of neuronal loss can help develop customized 

treatments for diseases.  

 

1.1.3 Embryonic Development of the Enteric Nervous System 

Enteric neurons and glia are derived from enteric neural crest cells (ENCCs) (Young 

et al. 2000; Young et al. 2013). These ENCCs are heterogeneous progenitor cells with the 

capacity to terminally differentiate following migration during embryogenesis (Joseph et al. 

2011). Due to the mutlipotency of these cells, the neural crest is an ideal reservoir from 

which to harvest stem cells. From embryonic day 8 (E8) to E14, proliferating ENCCs from 

the vagal neural crest migrate rostro-caudally to colonize the proximal and distal gut tube, 

after which time the sacral ENCCs additionally colonize the developing distal gut (Young et 

al. 2000). ENCCs retain their plasticity until they are prompted to differentiate into diverse 

neuronal subtypes (Young et al. 2000; Kruger et al. 2002; Young et al. 2013). While most 

enteric precursors differentiate into myenteric neurons, a subset of radially migrating 

precursors colonizes the submucosal plexus (Uesaka et al. 2013). These submucosal 

progenitors retain proliferative ability 15 days postnatally, while myenteric progenitors were 

believed to become quiescent at birth (Pham et al. 1991).  
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The RET-signaling pathway, GDNF and the GDNF family receptor alpha 1  (GFRα1) 

have been pinpointed as essential signals directing ENCC proliferation, migration, 

differentiation and survival (Hearn et al. 1998; Heuckeroth et al. 1998). When these signals 

are interrupted either by mutation or genetic knockout, segmental aganglionosis occurs which 

resembles the pathophysiology of Hirschsprung’s Disease (Uesaka et al. 2013). RET/GDNF 

signaling is temporally mediated, and works synergistically with other pathways to promote 

proliferation while inhibiting differentiation, or allowing precursors to migrate to their 

appropriate regions. Once the precursor cell pool is sufficient within an area, high 

concentrations of GDNF trigger ENCC differentiation at the post-migratory stage (Fu et al. 

2004; Uesaka et al. 2013) Ultimately, multiple signaling pathways converge to allow 

multipotent ENCCs to establish a functioning network of neurons and glia prior to birth.  

 

1.1.4. Adult Enteric Neurogenesis  

Adult neurogenesis is defined as the postnatal formation of new neurons to populate 

the existing nervous system (Arora et al. 2007). While potential for neurogenesis was 

believed to terminate completely in adulthood, Rauch et al. (2006) found that transplantation 

of these cultured embryonic NSCs back into adult mammals resulted in neural proliferation 

and differentiation. Metzger et al. (2009) confirmed this and additionally demonstrated that 

embryonic precursors could terminally differentiate into a variety of neuronal and glial 

subtypes that then functionally incorporated into the adult ganglia. Furthermore, Joseph et al. 

(2011) demonstrated that embryonic and adult NSCs express similar markers, notably p75, 

nestin and the glial markers Sox10, glial fibrilary acidic protein (GFAP) and S100B. While 

adult NSCs can be induced to proliferate in cultures, they do not re-enter the cell cycle in 

vivo, even in circumstances when the neurons are subject to damage. Therefore, it is 

imperative to find a way to trigger enteric neurogenesis in vivo as a means to compensate for 

neuronal loss.   

Although there appears to be no spontaneous reinstatement of the proliferative 

capacity of NSCs following neural insults, Liu et al. (2009) found that the activation of 5-

HT4 receptors (5-HT4Rs) following injury allows for both enteric neural survival and 

neurogenesis. These newly generated neurons in the adult mouse intestine are initially 

localized to “germinal niches” on the periphery of ganglia, and slowly migrate towards the 
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myenteric ganglia over the course of four weeks, fully integrating by 16-24 weeks (Liu et al. 

2009).  

Both fetal and adult progenitors are able to postnatally generate functional neurons in 

vivo after being grafted into adult mice colon (Hotta et al. 2013). These new neurons can 

fully integrate into the appropriate intestinal layers with most grafted neurons migrating into 

the myenteric plexus and becoming predominantly cholinergic and nitrergic neuronal 

subtypes (Hotta et al. 2013). Demonstrating successful transplantation of progenitors into the 

adult bowel is encouraging for the development of stem cell-based therapies. However adult 

neurogenesis remains difficult to observe in vivo despite NSCs retaining this plasticity (Hotta 

et al 2013). This may be due to the failure to introduce proliferative markers at the time when 

they can best be incorporated and detected. Additionally, new neurons that are generated in 

neurogenic niches may lie outside of the anatomical ganglia area and therefore be missed in 

analysis. Furthermore, basal levels of neurogenesis may occur in the adult ENS, however too 

infrequently to be detected under steady state conditions or without prompting by injury or 

exogenous activation of receptor subtypes.  

While successful transplantation of progenitors is a viable therapeutic avenue, it is 

surgically invasive and poses risks to the patient, especially if receiving NSCs from another 

donor. Instead, it would be therapeutically advantageous to evoke neurogenesis in vivo, 

within the patients themselves. 

 

1.2 Neural Stem Cells  

 

1.2.1 Lineage of Neural Stem Cells 

The use of postnatal NSCs has a significant advantage over use of embryonic NSCs. 

It bypasses potential complications with harmful immune interactions since the recipient of 

these cells can also be the donor. The ethical issues governing harvesting of fetal stem cells 

could also be bypassed if these progenitors can be taken from mature donors. Therefore, it is 

important to localize the small populations of adult NSCs so that they can be harvested based 

on identifying lineage-markers.  

There are two defined subpopulations of postnatal NSCs that function 

interdependently within neurogenic zones (Mu et al. 2010). The first is a group of cells 
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expressing GFAP, Sox2, Sox10 and Nestin which can be used as markers when performing 

lineage-tracing studies; these cells remain quiescent during adulthood (type 1) (Mu et al. 

2010). When stimulated by neurotrophins and molecular signals, type 1 cells can give rise to 

a second group of precursors (type 2) which are able to self-renew, a key characteristic of 

NSCs (Mu et al. 2010). However these type 2 cells do not remain GFAP-immunoreactive, 

begin to express neuronal marker which phenotypically differentiates them from their type 1 

counterparts that remain in close proximity; type 2 cells are able to terminally differentiate 

into specified neuronal lineages (Mu et al. 2010). The type 1, glial-lineage cells may 

therefore be the precursors from which all newly differentiated neurons can originate. In vitro 

studies with isolated NSC populations confirm that progenitor cells express major glial cell 

markers (Kruger et al. 2002; Joseph et al. 2011, Laranjiera et al. 2011).  

In the ENS a small population of adult glial cells retain remarkable capacity for 

neurogenesis, as opposed to simply being the structural ‘glue’ that cement neuronal networks 

(Laranjiera et al. 2011) When the enteric glial networks are dissociated in culture 

proliferative pathways are activated, as opposed to the activation of expected cellular death 

pathways; this loss of cell-to-cell contact following dissociation triggers neurogenesis from 

certain glial cells (Joesph et al. 2011; Laranjiera et al. 2011). Furthermore, genetic fate 

mapping studies using transgenic mice show that most neurons in the adult ENS arise from 

Sox10-immunoreactive neural precursors, and over time the number of proliferating cells 

decreases, but the new cells go on to assume glial and neuronal fates (Joesph et al. 2011). 

The molecular switch governing the glial-to-neuron switch in Sox10 precursors remains 

unclear. One recent hypothesis posits that the activation of insulin-receptors on glial cells in 

response to certain amino acids may trigger activation of the proliferative 

phosphatidylinositol-3-OH kinase/Akt (PI3K/Akt) pathway, which lifts the signals that 

maintain NSC quiescence (Chell and Brand, 2010). The PI3K/Akt pathway is recognized as a 

major cellular proliferation cascade (Nakada et al. 2011) Therefore, a small population of 

specialized glial constituents may be the cells that can be harvested from the adult ENS to 

generate new neurons.  

 

1.2.2. Neural Stem Cell Proliferation and Migration 
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The stages of neurogenesis include proliferation of precursor cells that migrate and 

integrate into enteric neuronal networks, and then sequential fate differentiation of these 

precursors into terminal neuronal and glial subtypes (Metzger, 2010). During the first stage 

of proliferation multipotent stem cells are found at the neural crest, but have not fate-

differentiated. There are various precursor cell intermediaries that can be identified by 

expression of specific markers throughout the duration of the neurogenesis. For example, 

NSCs express glial markers such as GFAP, nestin and Sox10, whereas mature neurons 

express markers such as HuC/D or protein gene product 9.5 (PGP9.5) (Faigle and Song, 

2013). These markers have readily been used to categorize and characterize adult NSCs and 

neurons.  

There are two mitotic pathways that these stem cells may take: symmetric and 

asymmetric. Symmetric division yields two stem cell progeny, whereas in asymmetric 

division two daughter cells are produced. Of these two daughter cells, one becomes a 

differentiated cell and the other a stem cell. While the stem cell retains the capacity for self-

renewal and progenitor proliferation, the daughter cell terminally differentiates (Chen, 2005).  

While it is possible to isolate enriched populations of NSCs from both embryonic and 

postnatal gut tissue, adult cells retain less proliferative capacity than their prenatal 

counterparts (Bondurand et al. 2003; Kruger et al. 2002). While most NSCs isolated at E14 

have completed a full cell cycle, only 13% of postnatally harvested NSCs were able to do the 

same (Kruger et al. 2002). However, this limited potential for neurogenesis may be a 

beneficial regulatory control to prevent tumorigenic cell proliferation.  

Many transcription factors and pathways regulate the cell cycle of proliferating cells. 

A crucial pathway is the phosphatase and tensin homolog/PI3K/Akt (PTEN/PI3k/Akt) 

cascade, which has recently been shown to regulate induction and inhibition of adult enteric 

neurogenesis (Du et al. 2009; Becker et al. 2013). At the peak level of NSC proliferation, 

there is also a concurrent increase in both PTEN phosphorylation and activated Akt. When 

unphosphorylated, PTEN inhibits the activity of both P13K and Akt, thereby maintaining 

adult enteric progenitors in their quiescent state within intact ganglia (Becker et al. 2013). 

PTEN appears to be a common molecular brake on adult neurogenesis in both the ENS and 

CNS, which when inhibited allows proliferation in the absence of neuronal injury (Gregorian 

et al. 2009). This signaling cascade is illustrated in Figure 1.3.  
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Growth factors in the microenvironment of NSCs also exert influence over 

appropriate levels of proliferation and accurate cell migration. GDNF signaling directs 

precursor migration by acting as a chemoattractant to these cells (Young et al. 2001). 

Neuronal precursors move towards GDNF stores in non-colonized sections of the developing 

gut, while basal levels of GDNF in the immediate vicinity of enteric precursors keeps them 

alive as they proliferate (Young et al. 2001) The directionality created by GDNF may be 

important in keeping precursors within the mesenchyme, preventing them from colonizing 

random patches of gut. The expression of GDNF is also spatiotemporally mediated. 

Natarajan et al. (2002) show that as precursors invade various regions of the gut, GDNF and 

Ret expression is upregulated distal to that area; for example, as the midgut is colonized, 

GDNF expression is upregulated near the caecum. Limited concentrations of GDNF maintain 

enteric precursors in their immature state; however increasing access of precursors to this 

growth factor promotes cell expansion (Reichardt, 2012).  

Epidermal growth factor (EGF) expression and subsequent activation of these EGF 

receptors (EGFR) can result in downstream phosphorylation of the PI3K/Akt pathway. This 

cascade is well documented to be involved in regulating cell proliferation and cell cycle 

reentry as well as further activation of the mitogen-activated protein kinase (MAPK) cascade 

involved in cell growth (Lu and Xu, 2006).  

Similarly, activation of fibroblast growth factor receptors (FGFRs) propagate 

downstream signaling of the Ras-MAPK/extracellular signal-regulated kinase (ERK) and 

PI3K/Akt pathways, which are involved in cell proliferation by turning on transcription 

factors such as myc or cAMP response element binding protein (CREB) (Bonni et al. 1999; 

Finkbeiner, 2000; Desire et al. 2000). Loss of fibroblast growth factor (FGF-2) signaling 

during enteric development has been shown to result in a 40% reduction in the proportion of 

calbindin-positive neurons, as well a decrease in neurons with multipolar Dogiel II 

morphology (Hagl et al. 2013). These effects can be partially rescued with additional 

supplementation of FGF-2. FGF-2 immunoreactivity remains in the cytoplasm of most 

neurons in the colon and in the nucleus of enteric glial cells into adulthood (Chadi et al. 

2004). Resolving exactly when these growth factors are required to allow proliferation of 

NSCs is of vital importance if studies that aptly demonstrate the neurogenic capacity of adult 

stem cells are to be conducted. 
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Figure 1.3. PI3K/Akt pathway controls cellular proliferation.  

The proliferative PI3K/Akt pathway is found in many cell types, including neural stem cells. 
It can be activated by various signaling cues, one of which is receptor tyrosine kinase 
activation by growth factors. Conversely, this pathway is inhibited by PTEN, which is a 
candidate for the molecular brake on adult enteric neurogenesis. Adapted from Nakada et al. 
2011.  
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1.2.3 Neural Stem Cell Differentiation  

As precursor cells migrate and colonize the embryonic gut tube there appears to be a 

sequential emergence of the various enteric neuronal subtypes. There are two theories as to 

how these ENCCs are prompted to terminally differentiate (Harrison and Shepherd, 2013). 

The ‘stochastic theory’ posits that only after ENCCs have reached their final location in the 

gut tube can they begin to take on phenotypic characteristics of a neuronal subset. 

Alternatively, the ‘fated theory’ suggests that the potential to become a specific neuronal 

subtype is engrained within ENCCs before they begin migration; one ENCC will yield one 

subtype (Harrison and Shepherd, 2013).  

Cues such as enhanced morphogen expression or pleiotropic mitogens in the 

intestinal microenvironment may signal to precursors to differentiate following proliferation 

(Lange et al. 2006). When signals controlling differentiation of certain neuronal subtypes are 

upregulated, concurrent restrictions on the development of other phenotypes appear, which 

creates temporally mediated “waves” of neural emergence (Lange et al. 2006). Therefore, 

precursors colonizing the anterior portion of the gut will differentiate prior to those that are 

still migrating to the distal gut. In rodents, pan-neuronal markers emerge around E10.5, but 

neuron-specific markers such as neuronal nitric oxide synthase (nNOS), 5-HT, choline 

acetyltransferase (ChAT) and calcitonin gene-related peptide (CGRP) emerge sequentially 

(Branchek and Gershon, 1989) Serotonergic neurons terminally differentiate by E14.5 

whereas neuropeptide Y (NPY) precursors only begin to emerge at E10 and continue to 

proliferate until postnatal day 7 (P7) (Kruger et al. 2002). While most neuronal precursors are 

still proliferating, those positive for serotonergic and cholinergic markers have already 

entered the post mitotic stage followed by enkephalin, NPY, vasoactive intestinal peptide 

(VIP) and CGRP neurons (Pham et al. 1991).  

The cues governing the initiation and loss of differentiation-potential are not fully 

understood, but it is most likely a combination of synergistic pathways that regulate both 

processes. The sonic hedgehog (shh) signaling pathway and its associated transcription 

factors (Mash1/Ascl1) have been highlighted as regulators of neurogenic patterning of the 

CNS, dorsal spinal cord and ENS (Fu et al. 2004; Kasai et al. 2005; Ille et al.2007; Goldstein 

et al. 2005). Shh signaling attenuates differentiation and promotes proliferation of neurons by 

limiting the responsiveness of precursors to Ret-activation by GDNF (Fu et al. 2004). When 
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shh signaling is down regulated and GDNF is able to bind its receptors, differentiation of 

precursors is permitted (Uesaka et al. 2013). The reliance of NSCs to spatiotemporal 

exposure to growth and transcription factors affects the subtypes of neurons that are 

generated. It will be interesting to see whether cues such as neurotransmission also elicit 

similar effects.  

Neurogenic niches remain in adult neural networks, containing a myriad of precursor 

cells, terminally differentiated cells, cell-to-cell connections, neurotransmitters and other 

neurotrophic factors. These microenvironments are flexible and change both temporally and 

in response to endogenous or exogenous physiological stressors.  

 

1.3 Neurotransmitters of the Enteric Nervous System 

 

1.3.1 Acetylcholine 

Cholinergic neurotransmission produces excitatory post-synaptic potentials (EPSPs) 

in the gut mediating both motility and secretory reflexes. These neurons are predominant in 

the ENS, comprising 55-57% of the total neuronal number in the adult colon (Erikson et al. 

2014). Motility-controlling cholinergic neurons are found mostly in the myenteric plexus, 

whereas a small subpopulation of myenteric neurons innervating the submucosal plexus 

regulate secretion of ions from the epithelium (Furness, 2000). 

ACh is synthesized within presynaptic neurons from choline and acetyl CoA by 

ChAT, and degraded in the synaptic cleft by acetylcholinesterase (AChE) into inactive 

choline and acetate (Amenta and  Tayebati, 2008). Once ACh is synthesized and released 

into the synaptic cleft it can bind either ionotropic nicotinic receptors (nAChR) on neurons or 

muscle, or metabotropic muscarinic receptors (mAChR). Depending on which receptors are 

activated at the cell membrane, ACh is able to signal via various downstream pathways.  

When ACh binds nAChRs an influx of ions is allowed to flow through the pore, into 

the cytoplasm and the neuron depolarizes rapidly (Schneider and Galligan, 2000; Galligan, 

2002). Nicotinic neurotransmission is predominant when propagating quick, reflexive 

ascending and circumferential motor activity in the gut. The second classes of cholinergic 

receptor are mAChRs, which are G-protein coupled and propagate slow excitatory 

postsynaptic potentials (Galligan and North, 2004). The muscarinic cellular cascade begins 
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with the binding of a muscarinic agonist to its receptor and activation the Gq11-protein 

(Thomas et al. 2008). The Gαq subunit then binds with phospholipase C (PLC), activating it 

and the active PLC enzyme proceeds to hydrolyze phospholipid phosphatidylinositol 4,5- 

bisphosphate (PIP2) into two components: diacyl glycerol (DAG) and 1,4,5-triphosphate 

(IP3) (Thomas et al. 2008). One function of DAG and IP3 is to release intracellular stores of 

depolarizing Ca2+. When Ca2+ and DAG are simultaneously available, they can activate 

protein kinase C (PKC) (Schwonwasser et al. 1998).  

PKC activity is especially relevant because it controls cell growth, proliferation and 

differentiation via the ERK/MAPK cascades (Schonwasser et al. 1998). Inhibition of PKC 

has been demonstrated to increase levels of neuronal differentiation in cell-lines (Lacal et al. 

1990). Understanding how to modulate these downstream components of the muscarinic 

signaling pathway may lead to insight on what the in vivo brake on adult enteric neurogenesis 

may be. 

 

1.3.2. Nitric Oxide 

Nitric oxide is the major inhibitory gaseous neurotransmitter of the ENS contributing 

to gastrointestinal relaxation, and can be aberrantly produced in pathological conditions 

(Rivera et al. 2011). It is produced following activation of nitric oxide synthase (NOS), 

which catalyzes the oxidation of L-arginine to L-citrulline and nitric oxide, which then 

diffuses to nearby target cells. There are three isoforms of NOS, and neuronal NOS (nNOS) 

is the prevalent form found in enteric neurons (Furness et al. 1994). nNOS is activated to 

produce nitric oxide when calcium (Ca2+) binds to calmodulin at a specialized site of 

attachment on the enzyme (Weaver et al. 2002). nNOS-derived nitric oxide is a 

neurotransmitter and is involved in the phosphorylation of proteins and modulation of cyclic 

GMP (cGMP) levels (Martin et al. 2005). As nitric oxide diffuses to post-synaptic cells it is 

able to bind soluble guanylyl cyclase (sGC) thus generating cGMP (Martin et al. 2005). 

cGMP, in turn can activate downstream effectors such as protein kinase G and result in target 

protein phosphorylation.  

There seems to be an important, but controversial role of nitric oxide in neurogenesis 

of adult NSC populations, which is dependent on the concentration of the gas present in 

specific regions at various stages of neuronal development. Postnatal neurogenesis has been 
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shown in dorsal root ganglion neurons following inhibition of nitric oxide synthesis using L-

NAME (Arora et al. 2007). This study also demonstrated that nitric oxide prevents the 

expression of the neuron restrictive silencer factor (NRSF), which is a key regulator of 

neuronal-lineage genes (Arora et al. 2007) Other groups have also demonstrated the negative 

regulatory effect of nitrergic signaling on postnatal neural proliferation in the CNS and 

peripheral nervous system (Ciana et al. 2006; Materredona et al. 2004).  

There are associated enteric neuropathies in cases of diabetes mellitus that result in 

the dysregulation of gastrointestinal motility due to a loss of inhibitory innervation (Uranga-

Ocio et al. 2015). Nitrergic neurons become susceptible to cell loss as a consequence of 

cytotoxic, elevated intracellular calcium (Rivera et al. 2011). As calcium stores are emptied 

within the neuron, excessive NOS is activated to produce reactive oxidative species, which 

damages multiple surrounding cells (Foster et al. 2009). The balance of calcium homeostasis 

is often upset in enteric neuropathies, and due to the strong reliance of NOS on this gradient, 

these neurons are often involved and lost during enteric pathophysiology, making them an 

optimal target for stem cell therapies promoting neurogenesis. 

 

1.3.3. Serotonin  

5-HT is synthesized when tryptophan and tetrahydrobiopterin are converted to 5-

hydroxytryptophan (5-HTP) by the rate-limiting enzyme tryptophan hydroxylase; this 5-HTP 

is then decarboxylated by amino acid decarboxylase to produce hydroxytryptamine (5-HT) 

(Best et al. 2010) 5-HT has become known as both an enteric neurotransmitter and 

neurogenic growth factor due to the ability of serotonin agonists to induce neurogenesis 

following injury (Liu et al. 2009; Metzger et al. 2009). Liu and colleagues (2009) speculate 

that because 5-HT4R agonists have been used to treat chronic constipation, which is 

associated with an age-related decline in neuronal number, reactivation of these receptors 

may also allow neurogenesis of these lost neurons. When 5-HT agonists were used to treat 

cultured enteric neurons it was found that activation of these receptors prevented apoptosis 

and promoted neurogenesis within the germinal NSC niches. Furthermore, NSCs, which 

were in close proximity to the myenteric ganglia, migrated closer towards existing neurons 

over time (Liu et al. 2009; Joseph et al. 2011).  
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It is known that in the sequential emergence of neuronal subtypes, serotonergic 

neurons are the first to terminally differentiate and may influence the fate of late-

differentiating neurons (Hearn et al. 1998). Lavdas et al. (1997) demonstrated that the 

presence of 5-HT in the microenvironment of developing CNS neuroblasts led to a 

preferential development of glutamatergic neurons. Within developing enteric ganglia there 

is a high expression of 5-HT2B receptors between E15-16, when certain subtypes are 

terminally differentiating (Florica-Howells et al. 2000). However, the effects of this receptor 

activation seem to be limited to embryonic stem cell development, as 5-HT2B receptors are 

not readily found on mature neurons (Florica-Howells et al. 2000). The role of 5-HT, 

specifically at 5-HT4Rs seems to be crucial in the postnatal neurogenesis in the CNS and 

ENS, especially following inflammation and injury (Djavadian 2004; Liu et al. 2009; Takaki 

et al. 2014; Belkind-Gerson et al. 2015). 

 

1.3.4. Adenosine Triphosphate   

ATP acts as a major excitatory neurotransmitter in the neurons and glia of the ENS. 

There are two major purinergic receptor subtypes, P2X and P2Y (Ren and Bertrand, 2008). 

ATP activates both ligand-gated P2X receptors and G-protein coupled P2Y receptors that 

mediate slow excitatory transmission via downstream cascades similar to muscarinic 

cholinergic receptors (Galligan, 2002; Bertrand, 2003). There are excitatory P2X receptors 

found on the longitudinal muscle and within the myenteric plexus on neurons and glia 

(Bertrand, 2003; Gulbranssen and Sharkey, 2009). P2Y receptors are found on descending 

interneurons and both P2X and P2Y are found on inhibitory motor neurons controlling 

smooth muscle activity (Galligan, 2002). Purinergic neurotransmission from enteric ganglia 

to the intestinal muscle layers primarily coordinates contraction and relaxation of the gut 

wall, but purinergic neurotransmission is also important in secretomotor and splanchnic 

circulation control (Bornstein, 2008). ATP can reach its receptors in three ways: as a 

neurotransmitter released from activated neurons, as a byproduct of tissue damage or after 

being produced from non-neuronal cells (Bertrand, 2003).  

P2Y receptor expression has been shown on neural progenitors, and purinergic 

inhibition in these cells in vitro demonstrated an increase in glial-to-neuronal differentiation, 

thereby expanding the population of newly generated neurons (Lin et al. 2007). However, 
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increased purinergic signaling through P2Y receptors has been shown to augment rates of 

proliferation in subventricular zone precursor cells (Suyama et al. 2012). Therefore, 

purinergic signaling is important for both embryonic and adult stem cell development and 

survival and may be an important candidate pathway in uncovering the brake on adult enteric 

precursor cells. 

 

1.4 Neuronal Survival and Death Pathways  

 

There is a fine-tuned balance controlling regulated neuronal death and survival in the 

face of harmful stimuli. Both survival and death signaling involve converging pathways that 

are found in most neurons of the CNS, PNS and ENS.  

A major pathway controlling survival of both neuronal bodies and axons is the 

PI3K/Akt pathway (Nakada et al. 2011). Akt has many pro-survival functions. Firstly, Akt is 

able to inactivate forkhead transcriptional regulators (Anitha et al. 2006). These 

phosphorylated transcription regulators are unable to express cell-death genes.  They are 

restricted to the cytoplasm instead of moving into the nucleus to activate their cell death 

pathways (Brunet et al. 1999). Secondly, Akt inhibits p53 activation (Yamaguchi et al. 2001). 

p53 is a tumor suppressor gene which controls apoptosis and is upregulated following 

cellular stress, and when expressed erroneously in cells can lead to intracellular damage and 

cell death (Yamaguchi et al. 2001). Finally, Akt is able to inhibit the effects of Caspase-9, a 

cell death regulator, by phosphorylating it at its serine-196 site (Cardone et al. 1998) 

Caspase-9 mediates controlled cell death of progenitors in the developing ENS, and at basal 

levels of activation prevents hyperganglionosis of the ENS (Wallace et al. 2009). With its 

myriad downstream targets, Akt is a major pro-survival regulator of neurons in the 

developing and adult nervous systems.  

Neurons that fail to colonize their appropriate gut region or innervate their final targets 

often are deprived of neurotrophic factors needed to survive, and therefore undergo cell death 

(Gianino et al. 2003). While some cell death pathways are negatively regulated by pro-

survival factors such as Akt, there are cell death pathways specific to various pathological 

conditions such as inflammation (Gulbransen et al. 2012) A significant decrease in adult 
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enteric neuronal number occurs following colitis (Sarnelli et al. 2009; Gulbranssen et al. 

2012; Brown et al. 2015). This inflammatory neuronal death is a result of aberrant 

extracellular ATP production following glial P2Y1 receptor activation (Brown et al. 2015; 

Gulbranssen et al.2012) Subsequently, activation of the neuronal P2X7 receptor-pannexin 1-

Asc pathway by ATP triggers caspase activity resulting in apoptotic cell death (Gulbranssen 

et al. 2012). The effects of this purinergically mediated cell death pathway are augmented in 

the presence of high concentrations of nitric oxide, suggesting that overproduction of 

endogenous enteric neurotransmitters potentiates inflammation-based damage to adult 

neurons (Brown et al. 2015). Therefore, inhibition of both pannexin-1 and the overproduction 

of neurotransmitters may be a valuable neuroprotective step to prevent neuronal loss and the 

motor dysfunction of the gut that is specific to IBD.  

Enteric neurons are more vulnerable to stressors and damage than CNS neurons because 

they are constantly subject to propulsive forces, bacteria from the lumen and are in close 

proximity to immune cells and their secretory products. Therefore, maintaining neuronal 

function and number in the face of these insults is a difficult task.  

 

1.5 Neuron-to-glia signaling  

Glial cells have recently been shown to be integral contributors to enteric 

neurotransmission (Ruhl et al. 2004).  The presence of certain receptors on glia and their 

processes that extend within the ganglia make them apt to send and receive signals (Ruhl et 

al. 2004; Boesman et al. 2015). Various subsets of glia have been identified based on their 

morphological properties, and while it is not clear what the individual function of each 

subtype is, it is known that neuron-to-glia signaling does occur (Di Giorgio et al. 2012). 

Predominantly, cell-to-cell signaling in glia occurs via gap junctions, but glia also have been 

shown to respond to purinergic neurotransmission, IP3-mediated increases in intracellular 

calcium as well as receptors linked to PLC  (Gulbranssen and Sharkey, 2009; Ruhl et al. 

2004) Enteric glial cells predominantly increase intracellular calcium in response to ATP via 

a phospholipase C-linked pathway, when compared with responses to 5-HT or cholinergic 

agonists (Kimball and Mullholland, 1996). Considering that enteric NSCs are a 

subpopulation of glial cells, the dynamics of signaling and receptor activation will be 
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important to categorize when understanding which cues are required to bring these NSCs out 

of their dormant state.   

 

1.6  Hypothesis and Aims 

 It is known that a population of quiescent NSCs exists in the adult ENS, and that 

disruption of synaptic connections and cell-to-cell contact within the myenteric ganglia 

during dissociation results in neurogenesis from these precursors (Gershon, 2011). Therefore, 

we hypothesize that within the intact, adult myenteric plexus the proliferation and 

differentiation of NSCs is suppressed by neurotransmitter signalling and 

pharmacological inhibition of certain neurotransmission may promote neurogenesis. 

Further, certain growth factors are more conducive to maintaining a microenvironment that 

allows these progenitors to survive so they may differentiate into neurons. To cultivate these 

progenitors in vitro, the presence of specific growth factors, GDNF, FGF-2 and EGF, will be 

vital for sustaining neural proliferation and survival. The aim of this study is to determine 

whether specific neurotransmission pathways act as a brake on adult neurogenesis and when 

inhibited, promote proliferation of adult enteric NSCs in the intact myenteric plexus.  
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Chapter 2 

Materials and Methods 

2.1 Animals 

All protocols were setup in accordance with the regulation and guidelines of the 

Canadian Council on Animal Care and approved by the Animal Care Committee at Queen’s 

University. Adult male CD1-ICR mice (20-25g) obtained from Charles River (Saint-Constant 

QC) were given ad libitum access to a standard lab chow diet and tap water while maintained 

at 22-24°C on a 12-hour light-dark cycle. All chemicals were purchased from Sigma-Aldrich, 

Oakville ON unless otherwise noted.  

 

2.2 In Vitro Whole Mount Cultures  
 

2.2.1 Harvesting Colonic Tissue  

Mice were anesthetized by inhalation of isofluorene and subsequently sacrificed by 

cervical dislocation. A laparotomy was performed and the gastrointestinal tract from the anus 

to cecum was harvested and transferred to ice-cold Kreb’s solution (126 mM NaCl, 11mM 

glucose, 25 mM NaHCO3, 1.2 mM MgCl2, 2.5 mM CaCl2, 5 mM KCl, 2.5 mM NaH2PO4) 

continuously bubbled with carbogen (5% carbon dioxide/ 95% oxygen). The length of the gut 

was cleaned of feces and debris by flushing with 10 mLs of sterile Kreb’s solution and the 

colon stored in 250 mL of oxygenated Kreb’s solution for the duration of the dissection. 

 

2.2.2 Dissection of Longitudinal Muscle-Myenteric Plexus  

1-2 cm segments of colon were cut with surgical scissors and each piece was threaded 

onto a sterile, cylindrical rod so the tissue was snugly fitted. The mesentery was then gently 

removed using fine forceps. The longitudinal muscle-myenteric plexus (LMMP) layer was 

separated from the circular muscle by gently grazing the line where the mesentery was previously 

attached with the side of the forceps. A sterile, Kreb’s soaked cotton swab was used to gently roll 

away the LMMP by applying light pressure along the circumference of the cylindrical rod; the 

LMMP was easily separated from the remaining layers. The LMMP segments were washed in 

sterile Krebs before being pinned onto sylgard-lined dishes. This dissection procedure was 

adapted from an established protocol by Smith et al. 2013 and is illustrated in Figure 2.1. 
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A) 

              
 

B) 

 
 

Figure 2.1. Dissection of the longitudinal muscle (lm) and myenteric plexus (mp).  

The LMMP was dissected away from the gut tube by rolling off the outer two layers (A) and 
subsequently pinned facing up in a sylgard-coated dish. After addition of media, it was 
cultured for 7 days (B). Adapted from Orisio and Delmas, 2010. 
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2.2.3 Longitudinal Muscle Myenteric Plexus 7-Day Wholemount Culture  

 

The culture protocol timeline is outlined in Figure 2.2. Segments of LMMP were 

incubated for 7 days in Dulbecco’s Modified Eagle Medium supplemented with F12 

(DMEM/F12; Gibco Life Technologies, Burlington ON, CA) at 37°C and with 5% CO2. 

During days 0-2 of culture the media was enriched with N-2 and B-27 nutritional 

supplements (Invitrogen, Burlington, ON), 1% penicillin streptomycin (PS), GDNF (10 

ng/mL; PeproTech, Dollard des Ormeaux, QC), bFGF (10 ng/mL; PeproTech), EGF (10 

ng/mL; Peprotech) and various pharmacological agonists and antagonists; media A. All 

culture media reagents are listed in Table 2.1 and pharmacological agents listed in Table 2.2.  

On day 2 the thymidine analog ethynyldeoxyuridine (EdU, 30µM; Life Technologies) 

was added into the media for 12 hours to allow any proliferating cells to take up the 

compound; media B. Finally for days 3-7 the EdU-media was replaced with a media 

containing all components except EdU (Becker et al. 2013). While Becker et al. (2013) 

removed growth factors from their media during the chase period, the media for our 

experiments was modified to include growth factors for all days; culture media was 

replenished daily. Upon completion of the culture period, tissues were pinned into a second 

sylgard-coated 12 well plate and fixed for one hour at 4°C in 10% formalin solution.  
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Figure 2.2. 7- Day Culture Media Timeline.  

The LMMP cultures were incubated in a pulse-chase culture protocol in which growth 
factors GDNF, bFGF, EGF and nutritional supplements B27 and N2 were added to culture 
media. Then EdU (30 uM) was pulsed into media for 12 hours, subsequently washed out and 
tissues incubated in media containing all growth factors. This protocol was modified to 
include growth factors in both the pulse and chase phases. Adapted from Becker et al. 2013.  
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2.3 Immunohistochemical Reactivity and Analysis 
 

2.3.1 Immunohistochemistry of whole mount cultures  
 

Immunohistochemistry was used to analyze pan-neuronal marker expression, thus 

allowing for the quantification of neuronal density and analysis of neurogenesis per ganglia. 

The primary and secondary antisera used are listed in Tables 2.1 and 2.2.  

Following fixation in cold 10% formalin solution for one hour, the cultured LMMP 

sections were washed 3 times in phosphate buffered saline (PBS) and transferred into 24-well 

plates stabilized within a slide staining tray (Newcomer Supply, Middleton WI). Tissues 

were then incubated in 3% bovine serum albumin (BSA; Fisher Scientific, Ottawa ON) 

solution for 30 minutes followed by incubation in 10% normal goat serum (NGS; Sigma-

Aldrich) solution diluted in 1% Triton X-100 for one hour (LabChem Inc, Pittsburgh, PA, 

USA). This protocol allowed for both blocking of nonspecific proteins and permeabilization 

of the tissue to facilitate optimized binding of the primary antibody to its antigen.  

To detect proliferating cells we visualized the cellular uptake of the thymidine analog 

EdU. EdU is taken up by mitotically active cells and labels all of their daughter cells (Capella 

et al. 2008). It is the main component of the Click-iT EdU Alexa Fluor 488 Imaging Kit 

(Invitrogen, Burlington ON). It is superior to other proliferation-detection assays because it 

does not require harsh, chemical DNA denaturation such as that required with 

bromodeoxyuridine (BrdU) incorporation protocols. The Alexa Fluor 488 dye contains an 

azide component that is conjugated to an alkyne on the EdU molecule via a copper-catalyzed 

covalent reaction, and allows for fluorescent detection of EdU incorporation. The Click-iT 

cocktail was prepared according to the manufacturer’s instructions. Tissues were incubated in 

the Click-iT cocktail for 30 minutes in the dark. Thereafter, tissues were washed in 3% BSA.  

EdU labeled tissues were subsequently incubated in a dark, humid chamber overnight 

with mouse anti-HuD antibody (Dako, Burlington ON). HuD was chosen as the standard 

pan-neuronal marker over protein gene product 9.5 (PGP9.5) because it allowed for optimal 

resolution of both the neuronal cell bodies and nuclei within the ganglia. 

After 24 hours, tissues were washed three times in PBS. A two-hour, dark incubation of the 

tissues in goat anti-mouse 555 secondary antibody was followed by three final washes in 

PBS. The tissues were mounted onto glass microscope slides (Fischer Scientific) and cover-
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slipped with fluorescence mounting medium (Dako).  

 

2.3.2 Quantification of Neuronal Number and EdU Overlap 
 

All neuronal and proliferative cell counts were obtained at 400x magnification on an 

inverted Olympus IX70 microscope; the experimenter was blind to all conditions during 

quantification. All slides were blinded to the experimenter by hiding all identifying markers 

of the experimental conditions on each slide prior to counting by a unbiased, third-party 

volunteer. To quantify neurogenesis per ganglion, 10 ganglion per slide were chosen. Each 

ganglion was selected first from the left side of the slide, and the experimenter moved 

rightwards and down in the field of view until 10 individual ganglion were selected.  

First, all cells immunoreactive for human neuronal protein (HuC/D) within the 

ganglion were counted. Then under a second fluorescent channel, all EdU-positive cells in 

the immediate perimeter of the ganglion were counted. Finally, to gauge overlap of EdU and 

the nucleus of a myenteric neuron, a grid was overlapped directly onto the nucleus of the 

neuron and the channels were flipped between the two immunoreactivities to see if there was 

direct colocalization of EdU and the neuronal nucleus, signifying a proliferating neuronal 

cell. Each colocalized HuD-immunoreactive and EdU-labeled cell per ganglion was averaged 

over the total number of HuD-immunoreactive neurons within that ganglion and expressed as 

percent neurogenesis per ganglia (Figure 2.3). The percentage neurogenesis per ganglion was 

then compared between each pharmacological condition and control. Individual ganglion 

were counted, and deemed independent of each other when they were at least 100 µm apart.  
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Figure 2.3. Quantification of percent neurogenesis per ganglion 

Quantification of percentage neurogenesis per ganglia was done at 40x magnification by 
looking for co-localization of HuD-immunoreactive neurons (red) and EdU-labeled cells 
(green) that overlay directly on the nucleus of the neuron.  
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2.3.3 Confocal Microscopy 
 

Fluorescent confocal images were taken using an Olympus Fluoview confocal 

microscope. Each image was captured at 40x magnification with a step size (z-plane) of 0.3 

µm between XYZ scans. The Kalman filter for each series of scans was 2, indicating that two 

scans were sequentially acquired from each channel and then averaged to increase the signal 

to noise ratio, reduce autofluoresence and generate an optimal image.  

 

2.3.4 Specificity of Proliferative Markers 
 

To confirm the specificity of EdU as a marker of proliferative cells in both control 

and 7-Nitroindazole-treated (30 µM) cultures, EdU uptake was compared with the 

immunoreactivity of a second proliferative marker: proliferating cell nuclear antigen (PCNA; 

Cell Signaling Technologies). In these cultures, colonic LMMP was dissected and cultured in 

Media A for day 1, replaced with Media B on day 2 and pulsed with 30 µM EdU for 12 

hours. The tissues were fixed in 10% formalin after 72 hours in culture for one hour at 4°C. 

This was done to catch only the cells that were proliferating when the marker was pulsed into 

the media.  The tissues were then incubated in 3% BSA solution for 30 minutes, followed by 

three washes in PBS. The tissues were blocked and permeabilized in 10% NGS diluted in 1% 

Triton X-100 before EdU detection. The LMMP were then washed in PBS three times before 

overnight incubation with mouse-anti PCNA (1:3200) antibody. Following three washes in 

PBS the following day and the LMMP were incubated with a goat anti-mouse 555 secondary 

antibody for two hours in the dark. The final washes in PBS were done prior to mounting 

tissues on slides in Dako fluorescent media.   

These preparations were analyzed by taking micrographs at 20x magnification on an 

inverted Olympus IX70 microscope and processed them using ImageJ software. The 

experimenter was blinded to conditions prior to taking micrographs and during quantification 

of percent area of fluorescence (% AOF). 

Percent AOF was used to gauge the degree of fluorescence visible in a field of view 

compared between PCNA and EdU. It was used as a measure of the number of 

immunoreactive cells , thus giving an indication of the specificity of each marker. Greyscale 

micrographs were analyzed using ImageJ. The area of fluorescence per image was selected 
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by applying the same threshold to each photo, and the cells to be analyzed were selected by 

using the ‘analyze particles’ setting. Each image of a full field of view comprised a separate 

micrograph for PCNA and EdU labeling. For each EdU-labeled or PCNA-immunoreactive 

cell the background fluorescence was subtracted and % AOF was calculated for each field of 

view, as a whole. The steps for analysis were adapted from the ImageJ User Guide 

(http://rsbweb.nih.gov/ij/docs/guide/146-29.html).  

 

2.4 Statistical Analysis: 

GraphPad Prism 5 was used for all statistics. Mann-Whitney and Kruskal-Wallis tests 

with a Dunn’s multiple comparisons post-test were used to analyze data when comparing 

between independent treatment groups and with controls. Statistical signifance was inferred 

with p < 0.05 and population data are shown as mean ± standard error of the mean. 
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Table 2.1. 7-day culture media components 

 

Name 

 

 

Working 

Concentration 

 

Source 

 

Reference 

GDNF 10 ng/mL Peprotech Becker et al. 2013 

bFGF 10 ng/mL Peprotech Becker et al. 2013 

EGF 10 ng/mL Peprotech Becker et al. 2013 

B27 1x Gibco - Life 

Technologies 

Becker et al. 2013 

N2 1x Gibco - Life 

Technologies 

Becker et al. 2013 

 

Table 2.2. Antagonists and inhibitors used during culture period 

 

Name 

Working 

Concentration 

(µM) 

 

Source 

 

Reference 

Tetrodotoxin 1 Sigma-Aldrich Bjerknes and Cheng, 2001; Serio 

et al. 2003; Gulbranssen et al. 

2012 

Hexamethonium 100 Sigma-Aldrich Smith and Furness 1988; Nurgali 

et al. 2004; Lomax et al. 2007 

Scopolamine 1 Sigma-Aldrich Lomax et al. 2007 

L-NAME 400 Sigma-Aldrich Waterman and Costa, 1994 

Suramin 100 Sigma-Aldrich Serio et al. 2003; Lomax et al. 

2007 

pCPA 100 Sigma-Aldrich Borue, 2010; Borue et al. 2010 

7-Nitroindazole 30 Sigma-Aldrich Laranjeira et al. 2010 

ODQ 10 Sigma-Aldrich Quintana et al. 2004; Grasa et al. 

2009 

U73122 1 TOCRIS Jin et al. 1994; Lee et al. 2006 
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Table 2.3. Primary Antibodies  

 

Antibody Species Working 

Concentration 

Source Reference 

 

HuC/D 

 

Mouse 

 

1:500 

 

Invitrogen - Life 

Technologies 

Rodrigues et al., 

2011 

PCNA Mouse 1:3200 Cell Signaling 

Technologies 

Pelletier et al. 2010 

 

 

Table 2.4. Secondary Antiserum 

 

Host Reactivity Fluorophore Source Working 

Concentration 

Goat Mouse 555 Life Technologies 1:1000 
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Chapter 3 

Results 

3.1 EdU is a viable proliferative marker for adult enteric neurons 

 

To confirm that EdU (30 µM) was a reliable marker for detecting proliferative cells 

within whole-mount LMMP tissues, we compared it to a second proliferative marker, PCNA 

(1:3200). EdU is detected using a copper-catalyzed reaction in which a fluorophore is 

conjugated to the thymidine analog that is taken up by proliferating cells during the culture 

process. PCNA immunoreactivity is visualized in cells that are in the DNA-synthesis phase 

using a standard immunohistochemistry protocol.  

All EdU-labeled cells in the 3-day cultures were also PCNA-immunoreactive but not 

all PCNA-immunoreactive cells were labeled with EdU (Figure 3.1A). This confirmed that 

any cells labeled with EdU were indeed proliferating cells. PCNA consistently labeled a 

significantly greater percentage of proliferative cells, while EdU appeared to be a more 

conservative proliferative marker (Figure 3.1B). EdU was deemed a superior proliferative 

marker than PCNA also because it labels both the cells that are mitotically active as well as 

their progeny, as opposed to PCNA, which can only be detected following the culture period, 

and gives only a snapshot into the cells which were in the S-phase of the cell cycle when the 

culture period ended.  
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A) 

          

 
B) 

                                          
Figure 3.1. EdU is a viable proliferative marker in colonic whole-mounts  

A) Micrographs of 3-day LMMP cultures in which EdU-labeled (30 µM; green) cells are 

directly overlapping with PCNA-immunoreactive (1:3200; red) cells. Ai) PCNA-
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immunoreactive cells, Aii) EdU-labeled cells, Aiii) Colocalized PCNA-immunoreactive and 

EdU-labeled cells; scale bar, 50 µm. 

B) There were significantly more PCNA-immunoreactive cells in these LMMP tissues, 

compared with EdU-labeled cells both in control and 7-Nitroindazole (7-NI; 30 µM) 

conditions. Purple bars indicate EdU quantifications and greyscale bars indicate PCNA 

quantifications. Control: n=2 mice, N=12 ganglia per mouse; 7-NI: n=2 mice, N=12 ganglia 

per mouse. One-way Kruskal Wallis ANOVA with Dunn’s post hoc analysis; *** p <0.0001, 

** p < 0.05. 
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3.2 Blocking tetrodotoxin-sensitive Na+ channels increases adult enteric neurogenesis  

  

Adult enteric NSCs can proliferate and differentiate into neurons and glia when 

dissociated and grown in culture or in response to injury (Liu et al. 2009; Laranjeira et al. 

2011). In both scenarios a disruption of cell-to-cell contact within the ganglia restores this 

proliferative potential. To disrupt cell signaling in LMMP cultures with intact myenteric 

ganglia, tissues were incubated for 7 days in the absence and presence of TTX (1µM). TTX 

inhibits certain voltage-gated Na+ channels thereby preventing the influx of Na+ ions into 

those cells to elicit an action potential. In the presence of TTX there was a three-fold increase 

of neurogenesis per ganglion compared to controls indicating that disruptions in action 

potential generation can trigger significant proliferative capacity of adult NSCs (Figure 3.2, p 

< 0.0001).  

After 7 days in culture there was no significant change in the number of neurons per 

ganglion between TTX-treated tissues, controls and the initial number of neurons per ganglia 

at day 0 (Figure 3.3, p > 0.05).  
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A) 

     

     
B) 

 
Figure 3.2. Inhibition of TTX-sensitive Na+ channels significantly increases 

neurogenesis per ganglion 

A) Examples of neurogenesis per ganglion in control (Ai, ii) and TTX-treated (1 µM; Aiii, 
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iv) cultures. Green cells are EdU-labeled proliferating cells (Ai, iii) and red cells are HuD-

immunoreactive neurons (Aii, iv). White arrows denote EdU-labeled cell colocalized with a 

HuD-immunoreactive neuron. Scale bar, 50µm. 

B) Colonic LMMP whole-mount tissues treated with TTX for 7 days show significantly 

greater neurogenesis per ganglion than in controls. Control: n=2 mice, N=10 ganglia per 

mouse. TTX: n =3 mice and N = 9 ganglia per mouse. Mann-Whitney Test;  *** p < 0.0001  
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Figure 3.3. Neurons per ganglion in tetrodotoxin cultures 

After 7 days, TTX-treated (1 µM) cultures had maintained a similar number of neurons per 

ganglion compared to controls and at day 0. Day 0: n=2 mice and N=10 ganglia per mouse; 

Control: n=2 mice, N=10 ganglia per mouse. TTX: n =3 mice and N = 9 ganglia per mouse. 

One-way Kruskal Wallis ANOVA with Dunn’s multiple comparisons post-hoc analysis (p > 

0.05) 
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3.3 Inhibition of the muscarinic cholinergic signaling increases neurogenesis  

 

3.3.1. Inhibition of muscarinic receptors increases neurogenesis  

There are two cholinergic receptor subtypes, nicotinic and muscarinic. Nicotinic 

receptors are ionotropic and allow fast excitatory postsynaptic potentials (fEPSPs), whereas 

muscarinic receptors are coupled to Gq11 and elicit slow excitatory postsynaptic potentials 

(sEPSPs) via a downstream cascade (Galligan, 2002; Thomas et al. 2008). In 7-day cultures 

of colonic LMMP, the tissues were incubated with a combination of nicotinic antagonist 

hexamethonium (100 µM) and muscarinic antagonist scopolamine (1 µM) (Figure 3.4).  

When both nicotinic and muscarinic receptors were inhibited there was doubling of 

neurogenesis per ganglion compared to controls (Figure 3.4B, p <0.0001). This suggests that 

a cholinergic brake on adult enteric neurogenesis may exist.  

Inhibition of only the mAChRs following scopolamine-treatment significantly 

increased neurogenesis per ganglion compared to both controls and following nicotinic 

receptor-inhibition with hexamethonium. (Figure 3.4A, 3.4B, p <0.0001). However, the 

hexamethonium-treatment did not significantly alter levels of neurogenesis per ganglia 

compared to controls (Figure 3.4B, p > 0.05) This experiment highlighted that only the 

muscarinic cholinergic pathway may be acting as the brake on adult enteric neurogenesis by 

keeping enteric NSCs quiescent.  

 

3.3.2. Downstream muscarinic pathway enzymes contribute to the brake on adult 

neurogenesis. 

Muscarinic receptor activation transduces a G-protein coupled cascade in which the 

PLC enzyme is activated to hydrolyze PIP2 into two constituents: IP3 and PIP2 to increase 

intracellular Ca2+ release (Thomas et al. 2008). To gauge the further involvement of the PLC 

enzyme in this brake on neurogenesis we inhibited the activation of several PLC isoforms 

using U73122 (1 µM). Following 7 days of U73122-treatment there was significant greater 

neurogenesis per ganglion than in controls (Figure 3.5A, p < 0.05). 

 

3.3.3. Neuronal number increased following inhibition of cholinergic signaling  
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The number of neurons per ganglia was compared between each treatment condition 

(hexamethonium + scopolamine, hexamethonium, scopolamine and U73122) and controls. 

All tissues treated with inhibitors of cholinergic signaling had significantly more neurons per 

ganglion after 7 days compared to controls. (Figure 3.6, p < 0.001, p <0.0001). It was 

interesting to note that even hexamethonium-treated cultures, which did not show increased 

neurogenesis per ganglion, also had significantly more neurons per ganglion compared to 

controls. 
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A) 

      

      
B) 
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Figure 3.4. Inhibition of cholinergic signaling significantly increases neurogenesis per 

ganglion  

A) Examples of neurogenesis per ganglion in control (Ai, ii) and scopolamine-treated (1 µM; 

Aiii, Aiv) cultures. Green indicates proliferating EdU-labeled cells (Ai, iii) and red indicates 

HuD-immunoreactive neurons (Aii, Aiv). White arrows denote an EdU-labeled cell 

colocalized with a HuD-immunoreactive neuron; scale bar, 50 µm. 

B) Colonic LMMP treated with a combination of both cholinergic antagonists 

hexamethonium (100 µM) and scopolamine shows significantly increased neurogenesis 

compared to controls. Inhibiting nicotinic receptors with hexamethonium did not demonstrate 

a significant increase in neurogenesis, whereas treatment of cultures with muscarinic 

antagonist scopolamine significantly increased neurogenesis per ganglion compared with 

controls. Control: n=3 mice, N=10 ganglia per mouse. Hexamethonium + Scopolamine: n=4 

mice, N=10 ganglia per mouse. Hexamethonium and scopolamine: n=3 mice with N=9 

ganglia per mouse. One-way Kruskal Wallis ANOVA with Dunn’s multiple comparisons 

post-hoc analysis, *** p < 0.0001. 
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Figure 3.5. Inhibition of phospholipase C by U73122 increases neurogenesis per 

ganglion 

Inhibition of the PLC enzyme following U73122-treatment (1 µM) resulted in a significant 

increase of neurogenesis compared to controls. Control: n=2 mice, N=10 ganglia per mouse. 

U73122:n=3 mice with a minimum of N = 8 ganglia per mouse. Mann-Whitney test, ** p < 

0.05  
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Figure 3.6. Total neuronal number per ganglion following inhibition of cholinergic 

signaling compared to initial neuronal number 

After 7 days, cultures treated with hexamethonium (100 µM) + scopolamine (1 µM), 

hexamethonium, scopolamine and U73122 (1 µM) neuronal numbers all had significantly 

more neurons per ganglion compared to controls. Control: n=2 mice, N=10 ganglia per 

mouse. Hexamethonium + Scopolamine, Hexamethonium, Scopolamine and U73122: 

minimum of n=3 mice, N=8 ganglia per mouse. One-way Kruskal Wallis ANOVA with 

Dunn’s multiple comparisons post-hoc analysis *** p < 0.0001, ** p < 0.001. 
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3.4. Inhibition of nitrergic signaling increases neurogenesis  

 

3.4.1. Inhibition of nitric oxide synthase activity increases neurogenesis per ganglion 

 

The role of nitric oxide in adult neurogenesis is controversial, and it has been shown 

to both positively and negatively regulate neurogenesis in the CNS and during ENS 

embryogenesis (Wright et al. 1998; Peunova et al.2001; Carreira et al. 2013) Within our 

postnatal myenteric cultures nitric oxide seems to negatively regulate cell proliferation. Nitric 

oxide is a gaseous neurotransmitter that either diffuses onto its target cells or is recognized 

by its receptor, soluble guanylyl cyclase (sGC) (Martin et al. 2005). This neurotransmitter is 

synthesized by activation of nitric oxide synthase (NOS) isoforms, which can be inhibited by 

L-NAME, thereby depleting concentrations of nitric oxide in the intestinal microenvironment 

(Arora et al. 2007). Treatment of LMMP tissues with L-NAME (400 µM) elicited 

proliferation of 27.9±2.4% of neurons per ganglion, which was significantly more than in 

controls (Figure 3.7, p <0.0001). This enhanced proliferation suggests that in the absence of 

nitrergic neurotransmission a brake on adult enteric neurogenesis is lifted.  

 

3.4.2. Inhibition of neuronal nitric oxide synthase activity increases neurogenesis per 

ganglion  

 

There are three isoforms of NOS that are expressed in mammals. Neuronal nitric 

oxide synthase (nNOS) is the isoform constitutively expressed in the nervous system 

(Weaver et al. 2002). nNOS produces nitric oxide using L-arginine, as do the other isoforms 

of NOS; however each isoform has a different active site at which inhibitors may bind 

(Weaver et al. 2002). A common inhibitor of nNOS-specific activity is 7-Nitroindazole (7-

NI) (Laranjeira et al. 2010). LMMP cultures that were treated with 7-NI (30 µM) had 

significantly greater neurogenesis per ganglion after 7 days compared to controls (Figure 

3.8A, 3.8B p <0.0001).  

 

3.4.3. The nitrergic brake on adult enteric neurogenesis is cGMP-dependent  
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sGC has a binding site for nitric oxide, which when bound leads to an upregulation in 

the production of cGMP (Martin et al. 2005). 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one 

(ODQ) is a competitive sGC agonist that prevents this nitric oxide-sGC interaction. To gauge 

whether this downstream nitrergic-signaling pathway was involved in the nitrergic 

neurogenic brake, colonic LMMP tissues were cultured in 10 µM ODQ for 7 days (Quintana 

et al 2004). There was a five-fold increase in neurogenesis per ganglion following ODQ-

treatment, compared to controls (p <0.0001) (Figure 3.9, p >0.05). This experiment suggests 

that the nitrergic neurogenic brake operates through a cGMP-dependent mechanism. 

 

3.4.4. Neuronal number maintained following inhibition of nitrergic signaling 

All LMMP tissues treated with the nitrergic-signaling inhibitors L-NAME, 7-

Nitroindazole and ODQ had similar numbers of neurons per ganglion compared to controls 

after 7 days in culture, despite showing increased neurogenesis per ganglion (Figure 3.10, p > 

0.05). 
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Figure 3.7. Evidence of a nitrergic brake on adult enteric neurogenesis 

Inhibiting colonic nitrergic neurotransmission by inactivating NOS with L-NAME-treatment 

(400 µM) demonstrated significantly increased neurogenesis per ganglia compared to 

controls. Control: n=2 mice, N=10 ganglia per mouse. L-NAME: n=3 mice, N=9 ganglia per 

mouse. Mann-Whitney Test, *** p < 0.0001. 
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A) 

     

      
B) 

 
Figure. 3.8. Inhibition of nNOS activity significantly increases neurogenesis per ganglia 

A) Example of neurogenesis per ganglia in control (Ai, ii) and 7-Nitroindazole-treated (30 

µM; Aiii, Aiv) cultures. Green cells are EdU-labeled proliferating cells (Ai, iii) and red cells 
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are HuD-immunoreactive neurons (Aii, Aiv). White arrows denote EdU-labeled cell 

colocalized with a HuD-immunoreactive neuron. Scale bar, 50 µm. 

B) Inhibition of nNOS using 7-Nitroindazole (30 µM) significantly increased neurogenesis 

per ganglia compared with controls. Control: n=2 mice, N=10 ganglia per mouse. 7-NI: n = 3 

mice, minimum of N= 9 ganglia per mouse. Mann Whitney test*** p < 0.0001. 
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Figure 3.9. The nitrergic neurogenic pathway is cGMP-dependent 

Incubation of colonic LMMP with the competitive sGC-agonist, ODQ (10 µM), 

demonstrated increased neurogenesis per ganglia compared to controls after 7 days. Control: 

n=2 mice, N=10 ganglia per mouse. ODQ: n=3 mice, N=10 ganglia per mouse. Mann 

Whitney test, *** < 0.0001. 
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Figure 3.10. Total neuronal number per ganglia following inhibition of nitrergic-

signaling  

After 7 days, cultures treated with L-NAME, 7-Nitroindazole and ODQ had similar numbers 

of neurons per ganglion compared to controls. Control: n=2 mice, N=10 ganglia per mouse. 

L-NAME, 7-NI, ODQ: minimum of n=3 mice, N=9 ganglia per mouse. One-way Kruskal 

Wallis ANOVA with Dunn’s multiple comparisons post-hoc analysis, p > 0.05. 
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3.5. Depleting serotonin does not significantly alter adult enteric neurogenesis 

 

Serotonin is synthesized in subclasses of myenteric neurons and plays a role in 

motility reflexes (Gershon, 2003). It also appears to promote neurogenesis in the developing 

ENS (Liu et al. 2009; Joesph et al. 2011). Serotonin synthesis is regulated by the activity of 

the rate-limiting, tryptophan hydroxylase enzyme (THE) (Best et al. 2010). We chose to 

inhibit the biosynthesis of serotonin in our LMMP cultures by using the THE-inhibitor para-

chlorophenylalanine (pCPA; 100 µM), as opposed to inhibiting the various serotonergic 

receptors with a cocktail of 5-HT4 receptor antagonists (Borue et al. 2010). When serotonin 

biosynthesis and availability was disrupted there was not a significant difference in the 

percentage of neurogenesis per ganglion compared to controls (Figure 3.11, p > 0.05). 

Therefore, the serotonergic neurotransmission pathway does not seem to influence adult 

enteric neurogenesis under our steady-state conditions. However, despite observing no 

increases in neurogenesis per ganglion, there were significantly more neurons per ganglion at 

the end of the culture period in pCPA-treated LMMP compared to controls (Figure 3.12, p > 

0.01).  
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Figure 3.11. Inhibition of serotonin synthesis does not increase neurogenesis per 

ganglion 

Treatment with tryptophan hydroxylase inhibitor pCPA (100 µM) was used to deplete 

serotonin levels in LMMP 7 day-cultures. No significant difference in neurogenesis per 

ganglia was observed in the absence of serotonin as compared to controls. Control: n=2 mice, 

N=10 ganglia per mouse. pCPA: n=3 mice, N=10 ganglia per mouse. Mann-Whitney Test, p 

> 0.05. 
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Figure 3.12. Total neuronal number per ganglion when serotonin is depleted   

After 7 days, cultures treated with pCPA significantly more neurons per ganglia compared to 

controls. Control: n=2 mice, N=10 ganglia per mouse. pCPA: n=3 mice, N=10 ganglia per 

mouse. Mann Whitney test, ** p < 0.01. 
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3.6. Inhibition of purinergic receptors increases neurogenesis  

 

ATP signals as a co-transmitter, primarily with acetylcholine, and mediates fEPSPs in 

enteric neurons via ionotropic P2X receptors and sEPSPs via metabotropic P2Y receptors 

(Galligan, 2002; Bertrand, 2003). The ENS has clearly categorized pathways of purinergic 

neurotransmission, which can be inhibited by the broad P2 antagonist suramin (Serio et al. 

2003). Colonic LMMP tissues were cultured with suramin (100 µM) for 7 days alongside 

control cultures. Inhibition of the purinergic receptors resulted in an approximately five-fold 

increase in neurogenesis per ganglion compared to controls (Figure 3.13, p < 0.001). 

Additionally, there were significantly more neurons per ganglion after 7 days in culture 

compared to controls (Figure 3.14, p < 0.05). 
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Figure 3.13. Inhibition of P2 receptors significantly increases adult enteric neurogenesis  

Purinergic signaling was inhibited in LMMP cultures using suramin (100 µM) and 

significantly increased neurogenesis per ganglion compared to controls. Control: n=2 mice, 

N=10 ganglia per mouse. Suramin: n=3 mice and N=9 ganglia per mouse. Mann-Whitney 

Test, p < 0.001. 
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Figure 3.14. Total neuronal number per ganglion following inhibition of purinergic 

signaling 

After 7 days, cultures treated with suramin had significantly more neurons per ganglia 

compared to controls. Control: n=2 mice, N=10 ganglia per mouse. Suramin: n=3 mice, N=9 

ganglia per mouse. Mann Whitney test, * p < 0.05. 
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Chapter 4  

Discussion 

 There are many enteric neuropathies in which the loss of neurons leads to 

dysregulation of bowel function. Hirschsprung’s, for example, is a prominent enteric disease 

that disrupts colonic motility when aganglionic regions lead to tonic contraction, intestinal 

obstruction or megacolon (Heanue and Pachnis, 2007). Without intervention to remedy these 

aneural segments the disease can become life threatening. Traditionally, treatments have 

focused on surgical excision of the aganglionic segments, however the search for minimally 

invasive treatments continues (Heikkinen et al. 1997; Georgeson and Robertson, 2004).  

 Recently a surge of interest in stem cell-based therapies has emerged for enteric 

neuropathies including Hirschsprung’s, IBD and diabetic gastroparesis (Hawkey et al. 2000). 

However, these stem cells must first be extracted, cultured and then transplanted into the 

aganglionic gut, and it remains uncertain how many cells will successfully integrate as 

differentiated neurons into the surrounding ganglia or how long they may survive. Therefore, 

development of minimally invasive therapies to target the adult enteric NSCs within their 

niches in vivo and without resorting to surgery or transplantation is open for exploration. 

Stimulating NSCs to proliferate and integrate within intact ganglia was the focus of this 

thesis.  

 

4.1.  Cell signaling and neurogenesis 

A reservoir of stem cells persists within the adult ENS, however these NSCs remain 

dormant due to a brake on their proliferative capacity. This state of dormancy is adopted by 

NSCs to preserve their genomic integrity and withstand metabolic stress until they are cued 

to reenter the cell cycle (Cheung and Rando, 2013). Quantifying the cells that are labeled by 

proliferative markers such as EdU at various time points can help identify the stem cells that 

have left the G0 phase to enter the subsequent cell cycle phases. Furthermore, the presence of 

growth factors and activation of certain transcription factors in the gut microenvironment can 

be crucial to promoting this NSC proliferation. Therefore, in our study LMMP cultures were 

incubated in a growth factor-enriched media adapted from Becker et al. (2013) to supply both 

new and mature neurons with appropriate proliferative and survival cues from GDNF, FGF-2 
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and EGF for the duration of the 7-day culture period. These growth factors have been well 

documented as conveying temporally mediated signals for NSC neurogenesis, with GDNF 

specifically contributing to all stages of proliferation, migration and differentiation (Hearn et 

al. 1998; Gianino et al. 2003; Ostenfeld and Svendsen, 2004; Bondurand et al. 2006).  

 Adult NSCs are believed of a glial-lineage due to their expression of GFAP and 

Sox10 (Laranjeira et al. 2011). Glia within the adult ENS are able to both modulate and 

respond to neurotransmission and contribute to neuronal synaptic transmission by situating 

their processes in close proximity to sites of neurotransmitter release (Auld and Robitaille, 

2003). The cell-to-cell coupling between glia and neurons is done predominantly via gap 

junctions, however GABA, serotonin and ATP can also activate glia (Bassotti et al. 2007). 

Additionally, glia show immunoreactivity for L-arginine, a compound of nitric oxide 

synthesis, alluding to a role of glial nitrergic neurotransmission (Aoki et al. 1991; Nagahama 

et al. 2001) Glial responses to synaptic activity are shown by an increase in intracellular 

Ca2+, and the disruption of intact ganglionic structure can alter this signaling (Fields and 

Stevens-Graham, 2002). Additionally, glia have been shown to monitor and respond to 

changes in neuronal signaling during neuropathies and instigate neurogenesis in response to 

injury (Laranjeira et al. 2011). Thus it seems that likely the cross talk between neurons and 

glia may modulate quiescence and neurogenesis from glial-derived precursors.  

 The successful demonstration of adult and fetal NSCs isolation and transplantation 

into aganglionic gut has been shown (Bondurand et al. 2003; Metzger et al. 2009; Laranjeira 

et al. 2011; Hotta et al. 2013). In these studies the networks of neurons and glia are first 

dissociated, leading to the loss of cell-to-cell contact within the ganglia. This is followed by 

an increase in neurogenesis of the cells as opposed to programmed cell death as seen in 

Figure 4.1 (Gershon, 2011). Removal of this neuron-glia and interneuronal synaptic 

transmission appears to release a brake on adult NSC neurogenesis. It was this interesting 

observation that invited the question: does loss of intercellular connections promote 

proliferation of dormant NSCs? If so, would inhibition of certain types of neurotransmission 

and synaptic communication between cells in the adult myenteric ganglia also act as a 

stimulus to promote neurogenesis?  
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Figure 4.1. Disrupting cell-to-cell contact within enteric ganglia results in neurogenesis.  

A) Myenteric neurons and glia are arranged in networks of interconnected ganglia. These 
cells and their processes are in close proximity to each other can signal via neurotransmitters 
or gap junctions. Under steady state conditions new neurons are not generated, despite the 
presence of adult neural stem cells in the enteric nervous system.  
 
B) When ganglia are dissociated the cell-to-cell contact within the neurons and glia within 
ganglia are disrupted. Instead of expected cell death as a result of this ganglionic disruption, 
neurogenesis occurs. Many studies demonstrating enteric neurogenesis use dissociated cell 
cultures, which suggests that a loss of intercellular contact of enteric neurons and glia may 
prompt cellular proliferation. Adapted from Gershon et al. 2011.  
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4.2 Disruption of action potential generation stimulates proliferation of quiescent adult 

enteric NSCs  

 Enteric neurons receive some synaptic input from the sympathetic and the 

parasympathetic nervous systems but the majority of their synaptic input comes from other 

enteric neurons and glia within the ENS (Boesmans et al. 2013). TTX has been shown to 

partially disrupt enteric neurotransmission by preventing the generation of action potentials 

via the TTX-sensitive Nav1.7 and Nav1.3 channels that are found on both adult colonic 

myenteric neurons and ENCCs (Bartoo et al. 2005; Sage et al. 2007; Hirst et al. 2015). 

Therefore, the increase in NSC proliferation seen when these channels are blocked gives us 

an indication that there may be a positive relationship between steady-state cell signaling and 

the maintenance of NSC quiescence. Accordingly, when this intercellular signaling is 

disrupted, NSCs begin to proliferate as a response to a change in the frequency and strength 

of signals within their niche. Song et al. (2012) show a similar phenomenon in which GABA 

neurotransmission strengthens the quiescent properties of subventricular zone stem cells, but 

not of hippocampal stem cells. This highlights that perhaps every population of adult NSCs 

has its own unique brake on neurogenesis. To date, this effect of neurotransmission 

negatively regulating neurogenesis has not been directly demonstrated from populations of 

adult enteric NSCs.   

 Due to the heterogeneity of neuronal and glial subtypes within enteric ganglia there 

are many neurotransmitter-signaling pathways that simultaneously operate in the ENS. 

Knowing that the disruption of cell signaling could cue NSCs to proliferate, we sought to 

understand whether individual neurotransmitter pathways were acting as a brake on adult 

enteric neurogenesis, and if removal of these specific signals could trigger NSC proliferation 

in vitro.  

 

4.3 Muscarinic cholinergic signaling acts as brake on enteric neurogenesis 

 Postnatal NSCs display 3.5-fold less proliferative potential compared to their fetal 

counterparts (Kruger et al. 2002). Due to this limited capacity for proliferation, releasing the 

postnatal brake on neurogenesis is difficult and may involve multiple steps. From our 

experiments we observed that cholinergic neurotransmission seems to negatively regulate 

neurogenesis of adult enteric NSCs. Interestingly, there was discrepancy between the levels 
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of neurogenesis seen when muscarinic signaling was inhibited versus nicotinic signaling. 

While inhibition of muscarinic-signaling increased neurogenesis in adult myenteric ganglia, 

inhibition of nicotinic-signaling did not. This may occur due to variations in the properties of 

muscarinic versus nicotinic signals, especially the downstream cascades involved. Ma et al. 

(2004) emphasize that there are many converging downstream muscarinic pathways that may 

regulate the proliferation and quiescence of NSCs.   

 In the ENS both nAChRs and mAChRs can be found on the same cell (Galligan et 

al. 2000). In our study, when ionotropic nAChRs were inhibited there was no significant 

increase in the level of proliferation compared to controls. Thus, under steady-state 

conditions nicotinic signaling may not prime NSCs to remain dormant and therefore the 

absence of this specific signaling may not regulate proliferation of enteric NSCs. However, 

the activation of nAChRs has been implicated in axonal proliferation, so nicotinic 

neurotransmission may still be important in later stages of neural development (Resende and 

Adhikari, 2009). It was surprising that despite the inhibition of nAChRs showing no 

significant increases in proliferation, there were more neurons per ganglion in these culture 

compared to controls. One explanation for this effect may be attributed to the continued 

activation of mAChRs that occurs in these cultures. Activation of certain mAChRs has been 

shown to inhibit apoptotic pathways by increasing transcription of anti-apoptotic protein Bcl-

2 (Budd et al. 2003). Therefore, while inhibiting nAChRs does not seem to release a brake on 

enteric neurogenesis, the absence of nicotinic signaling may also not interfere with other cell-

survival mechanisms of the myenteric neurons in vitro.   

 Instead, when there is inhibition of only muscarinic downstream signaling then 

quiescent NSCs are able to coordinate their reentry into the cell cycle. mAChRs (M2, M3, 

M4) have been identified on both myenteric neurons and NSCs (Ma et al., 2000; Yagle et al. 

2001). When inhibiting these receptors and the downstream signaling enzyme PLC we 

observed a significant increase in neurogenesis. The muscarinic pathway is Gq11-coupled, 

that when activated triggers function of PLC; signaling via both the receptor and enzymes 

appears to contribute to the multi-step brake on adult enteric neurogenesis (Brown and 

Galligan, 2003).  

 There are twelve isozymes of PLC, involved in a variety of cell functions including 

neurotransmitter signal transduction, cell growth and regulation of proliferation that is 
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enhanced in the presence of growth factors (Nakahara et al 2005). Furthermore, a significant 

proportion of enteric glial signaling is dependent on PLC-linked increases of inter- and 

intracellular Ca2+, making it a key enzyme in multiple postnatal signaling pathways (Zhang et 

al. 2003). In a study of adult CNS neurogenesis there was increased proliferation of NSCs in 

a PLC knockout mouse model, compared to wildtypes, and a significant proportion of these 

cells differentiated to express markers of adult neurons (Manning et al. 2012). It may be that 

overexpression of PLC gamma-1 prevents stem cells from exiting their cell cycle arrest 

phase, thereby keeping NSCs dormant (Nyugen et al. (2007). Wang et al. (2008) demonstrate 

that there is synergistic activity between the inhibition of PLC and increased levels of FGF-2 

that facilitates neuronal differentiation. While FGF-2 alone can promote the differentiation of 

neural stem cells, the rate of differentiation is increased and neuronal survival is enhanced 

when PLC is inhibited in conjunction with FGF-2 activity (Wang et al. 2008) This is 

especially important to note because when stem cells are used therapeutically their survival, 

differentiation and integration rates are lower than ideal. Therefore, the inhibition of this 

signaling enzyme alongside a growth-factor rich microenvironment may facilitate postnatal 

neurogenesis.  

 Furthermore, neurotrophin and PLC signaling jointly modulate synaptic transmission 

(Yang et al. 2001). Neurotrophins activate a PI3K-PLC pathway through their trk receptors, 

which leads to enhanced neurotransmission (Yang et al. 2001). It is interesting that these two 

pathways are linked because they seem to have antagonistic effects on NSC proliferation. 

While PLC inhibition facilitates proliferation, PI3K inhibition prevents it (Yang et al. 2001; 

Becker et al. 2013). The opposing effects of these signaling cascades may work in tandem to 

keep NSCs quiescent under steady-state conditions. We have hypothesized that 

neurotransmission is the brake on adult neurogenesis, therefore when endogenous growth 

factors are signaling in vivo they may keep these two pathways activated at a balanced rate. 

However, when we inhibit the PLC component of this signaling in our experiments, and the 

PI3K pathway remains solely activated by neurotrophin signaling there appears to be 

augmentation of adult NSC proliferation. Therefore, the interruption of synaptic transmission 

via PLC-linked pathways may increase proliferation of NSCs.  

 EGF has been highlighted as a neurotrophin that specifically manipulates this PLC-

PI3K pathway. When EGF binds its receptor EGFR, Akt is activated, able to bind to PLC 
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and inactivate it (Wang et al. 2006). The upregulation of Akt in the PI3K/Akt pathway leads 

to enhanced proliferation of adult enteric NSCs (Becker et al. 2013). The use of both EGF 

and FGF-2 in our myenteric cultures may contribute to augmenting NSC proliferation 

alongside inhibition of the muscarinic receptors and PLC. It is important to acknowledge that 

while upstream inhibition of the muscarinic receptor releases a brake on adult enteric 

neurogenesis, there may be multiple PLC-mediated pathways that work synergistically to 

augment proliferative signals to these stem cells (Bertrand and Galligan, 1995). This further 

suggests that under steady-state conditions muscarinic signaling pathways may cue adult 

NSCs to remain in their quiescent state, and when this signaling is inhibited it may stimulate 

proliferation. 

 

 

4.4. Nitrergic neurotransmission acts as a brake on enteric neurogenesis  

The involvement of nitric oxide on postnatal neurogenesis is under heavy debate, 

with much of the literature focused on its effects in CNS neurogenesis (Wright et al. 1998; 

Gibbs, 2003; Packer et al. 2005). We demonstrate that within the postnatal ENS the nitrergic 

signaling pathway negatively regulate neurogenesis. Nitric oxide is a prevalent inhibitory 

neurotransmitter of the ENS and regulates many facets of gastrointestinal diseases. The 

conversion of L-arginine to L-citrulline by NOS enzymes results in the production of nitric 

oxide (Xu et al. 2004). Aberrant production of nitric oxide has been pathogenically 

implicated in both CNS neuropathies and gastrointestinal disorders such as ulcerative colitis 

(Kim et al. 2008 ;Middleton et al. 1993). Further, both NSCs and nNOS neurons show 

significant susceptibility to damage during enteric neuropathies such as Hirschsprung’s 

Disease and gastroparesis (Paratore et al. 2002; Chandrasekharan et al. 2011). Thus it is 

encouraging that Laranjeira et al. (2011) have shown that glial progenitors do possess the 

capacity to generate compensatory nNOS-immunoreactive neurons in response to injury. 

Inflammation, cell damage and the presence of excess inflammatory cytokines will elicit 

depolarization of nNOS neurons and irregular elevation of intracellular Ca2+ levels (Rivera et 

al. 2011). This becomes a further issue when Ca2+ over-stimulates NOS to produce excessive 

levels of nitric oxide, which then form damaging free radicals that are cytotoxic to cells 

(Dong et al. 2006). Therefore, targeting the production of nitric oxide at the nNOS enzyme 
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seems to be one way to both mitigate neuronal damage during enteric neuropathies and 

promote proliferation of adult NSCs. In an example of CNS neurodegeneration Kim et al. 

(2008) demonstrate, using an in vitro model, that there is excessive production of nitric 

oxide, but when L-NAME is used to inhibit its synthesis it is also able to inhibit the apoptotic 

activity of caspase-3 as well as increase NSC self-renewal.  

Currently there is conflicting evidence over whether nitric oxide stimulates or 

represses adult neurogenesis, however the discrepancies seem to be concentration-dependent; 

in the CNS, low concentrations (10 µM) increase cell proliferation whereas high 

concentrations (100 µM) inhibit it (Carreira et al. 2010; Moreno-Lopez et al. 2004). It is still 

controversial whether this pattern is seen in the developing ENS, however in our study we 

have shown that nNOS inhibition enhances proliferation of adult enteric NSCs by down 

regulating nitric oxide production. Moreover, the interruption of nitric oxide and sGC 

interaction increases NSC proliferation by preventing cGMP upregulation (Ciani et al. 2004). 

It was Wright et al. (1998) who first showed that NO-sGC interactions were key when 

forming mature synaptic contacts in enteric neurons, therefore it seems that the inhibition of 

this synaptic transmission following ODQ-treatment allows NSCs to proliferate. When cell 

lines are treated with cGMP analogs there is an anti-proliferative effect, similar to that seen 

when nitric oxide interacts with sGC (Garg and Hassid, 1989). Park et al. (2003) 

demonstrated the anti-proliferative effects of nitrergic signaling in CNS-NSCs in vivo, 

confirming that the long-term inhibition of nNOS not only promoted proliferation of adult 

NSCs in the CNS, but also that there was no concurrent cell death. It is now imperative to 

demonstrate that inhibition of nitrergic signaling can restore enteric neuronal loss and 

promote enteric neurogenesis in vivo.  

The enhanced production of nitric oxide following neurotrophic factor-activation of 

NOS acts as a temporally mediated switch signaling cell-cycle arrest in NSCs (Peunova and 

Enikolopov. 1995; Peunova et al. 2001). The presence of growth factors leads to increased 

expression of NOS and production of nitric oxide following cell proliferation, thereby 

controlling rates of neurogenesis (Peunova and Enikolopov, 1995). The gaseous properties of 

nitric oxide allow it to diffuse to surrounding proliferating cells and signal them to also arrest 

their neuronal proliferation, suggesting that nitrergic signaling may be a key component of 

NSC quiescence. The presence of growth factors in the NSC microenvironment may not only 
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promote regulated nitric oxide production to prevent aberrant NSC proliferation under steady 

state conditions, but also confer neuroprotection against nitric-oxide mediated cell-death 

pathways (Murillo-Carretero et al. 2002; Curtis et al. 2014).  

Specifically it is GDNF signaling that can enhance the survival of cultured neurons 

by binding the glycosylphosphatidylininsitol (GPI)-anchored protein known as GFRα1 

(Airaksinen and Saarma, 2002). The interaction of GDNF and its receptor results in 

activation of the PI3K/Akt pathway, which is implicated in cell proliferation and adult enteric 

neurogenesis as shown by Becker et al. 2013. This may explain why we see the maintenance 

of, but not increase in neuronal number per ganglia when nitrergic signaling is inhibited 

compared to controls. It may be that while the proliferative pathways are activated in the 

absence of nitrergic signaling, some apoptotic pathways are activated simultaneously as well, 

as the dichotomy of nitric oxide signaling is well documented (Melino and Brune, 2003). 

This may allow a balance between neural survival and death.  

To promote controlled rates of neurogenesis there must be a balance between the 

initial proliferation and subsequent differentiation of NSCs (Contestible and Ciana, 2004). 

The spatiotemporal expression of NOS during embryonic neurogenesis suggests it may 

contribute to this balance by negatively regulating neuronal proliferation, but enhancing 

neuronal differentiation (Arnhold et al. 2004). During enteric neurogenesis the switch from 

proliferation to differentiation occurs when the expression of iNOS is upregulated around 

E16 in mice (Arnhold et al. 2004). However at later developmental stages nNOS activity is 

upregulated and contributes to synaptogenesis (Sunico et al.2005). Furthermore, beginning at 

E18 in mice there is an increase in the expression of sGC and cGMP, which have been shown 

to maintain anti-proliferative effects (Arnhold et al. 2004). Therefore, it may be that once the 

elevated production of nitric oxide by iNOS has exerted its major anti-proliferative effect and 

allowed precursors to differentiate, the later activation of the sGC-cGMP pathway by basal 

levels of nitric oxide may keep NSCs quiescent after birth. While Arnhold et al. (2004) 

believe that the embryonic anti-proliferative effects of nitric oxide seem to be sGC/cGMP-

independent and primarily mediated by intracellular calcium homeostasis, we demonstrate 

that postnatally the brake on neurogenesis in adult NSCs may still involve these compounds. 
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4.5. Serotonin does not alter enteric neurogenesis in steady-state conditions  

Most research on adult enteric neurogenesis has focused on the neuroprotective 

functions of serotonin and activation of 5-HTRs following neuronal loss or injury. For 

example, treatment of age-related chronic constipation (in which there is neuronal loss) is 

achieved using serotonin agonists (Bassotti et al. 2006; Muller-Lissner et al. 2001). 

Furthermore, the activation of the 5-HT4Rs following neuronal ablation leads to increased 

phosphorylation of cAMP response element-binding protein (CREB), which mediates neural 

proliferation and neuroprotection (Finkbeiner, 2000; Liu et al. 2009). CREB is a major 

regulator of adult neurogenesis, with its active phosphorylated form found in the majority of 

new undifferentiated adult neurons (Merz et al. 2011; Jagasia et al. 2009).  

In our study we inhibited the biosynthesis of serotonin in myenteric ganglia. We 

observed under steady state conditions inhibiting 5-HTR-activation did not alter rates of 

enteric NSC proliferation. This was surprising as we expected to see decreased neurogenesis 

following depletion of 5-HT. Studies which have administered serotonin agonists around 

sites of injury, have demonstrated increased neuroprotection and survival, however this 

addition of 5-HT agonists does not aptly mimic constitutive serotonergic signaling in vivo. 

The activation of 5-HT4Rs accelerates the rates of proliferation in adult enteric NSCs 

that have entered the cell cycle, thereby making these cells more detectable by pulse-chase 

experiments in vivo (Liu et al. 2009). Perhaps serotonergic signaling may not be the direct 

quiescence signal to adult enteric NSCs as cholinergic, nitrergic and purinergic signals seem 

to be. Instead activation of 5-HT4Rs may be an additional mechanism enhancing 

neurogenesis following injury. It would therefore be interesting to investigate whether 5-

HT4R-activation in conjunction with inhibition of cholinergic, nitrergic or purinergic 

neurotransmission yields accelerated rates of neurogenesis.  

Serotonergic signaling may regulate adult enteric neurogenesis by restoring irregular 

bowel function over time (Matsuyoshi et al. 2010). This temporal effect could function as 

such: while injury to the ganglia may first release an initial brake on cell proliferation in 

dormant NSCs, the subsequent activation of 5-HT4Rs is required to activate proliferative 

mediators such as CREB or Akt (Walton and Dragnow, 2000; Finkbeiner, 2000; Liu et al. 

2009). Becker et al. (2013) have already demonstrated that Akt activation and PTEN 

phosphorylation is a major regulator of adult enteric NSC proliferation, so it may be that the 
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serotonergic signaling acts synergistically with this pathway, but does not exert direct anti-

proliferative effects on enteric NSCs. 

 

4.6. Inhibition of purinergic signaling increases adult enteric neurogenesis 

A significant portion of neuron-glia crosstalk is done via purinergic signaling (Fields 

and Burnstock, 2007). In our experiments we used a P2 receptor antagonist, suramin, to treat 

LMMP cultures and demonstrated that purinergic signaling may keep adult NSCs dormant. 

However, we do not yet have insight into which specific purinergic signaling pathways could 

be exerting this control on neurogenesis.  

The activation of purinergic receptors may regulate neurogenesis via depolarization, 

second messenger cascades or intracellular calcium flux. P2X receptors regulate fast synaptic 

transmission while P2Y receptors predominately control slow synaptic transmission 

(Abbracchio et al. 2006). These receptors are often co-expressed on cholinergic motor 

neurons in the myenteric plexus (Bodin and Burnstock, 2001). Therefore, the activity of these 

receptors may be influenced in part by the activity of cholinergic signaling.  

There are two mechanisms by which P2X and P2Y receptors may contribute to the 

brake on enteric neurogenesis. The first may be that purinergic signaling synergistically 

inhibits adult enteric neurogenesis through both the P2X and P2Y receptors. The second 

possibility may be that P2X and P2Y receptor signaling each independently, have 

antagonistic effects on proliferative capacity of NSCs. Signaling via one subtype may 

augment cell-proliferative capacity, while the other may regulate cell loss or dormancy. 

When P2X and P2Y receptors are simultaneously signaling, homeostasis of pro-and anti-

proliferative effects may occur allowing the precursors to remain dormant.  

Purinergic signaling occurs readily between neurons and glia in the ENS 

(Gulbranssen and Sharkey, 2009). When neuronal purinergic receptors are stimulated a 

subsequent increase in intracellular Ca2+ levels is observed within glia. This is important to 

note because adult NSCs are believed to be a subpopulation of glia, and under steady-state 

conditions neuronal to glial purinergic signaling may keep enteric NSCs in their state of cell 

cycle arrest. However, what is most interesting is that this neuron-to-glia communication was 

inhibited by treatment with both TTX and U73122, confirming that synaptic transmission 

may inhibit enteric neurogenesis (Gulbransen and Sharkey, 2009). We treated LMMP 
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cultures with both TTX and U73122 and found increases in neural proliferation, similar to 

that observed when purinergic signaling itself was inhibited. This may also implicate PLC as 

part of the purinergic brake on neurogenesis.  

Purinergic signaling through certain receptors is also important when regulating the 

cell death seen during enteric neuropathies. For example, in models of colitis there is 

excessive production of ATP, which can activate neuronal P2X7 receptors, initiating a 

caspase-mediated cell death pathway (Gulbranssen et al. 2012). When these receptors, or any 

part of that cell death cascade, are inhibited there is a reduction in cell loss during colitis, but 

not a specific increase in new neurons. Perhaps inhibition of P2Y receptors is required 

alongside P2X7 receptor inhibition to observe a resultant increase in neuronal number, such 

as what we observed in our experiments. Furthermore, increased activation of P2X7 

receptors leads to depletion of active Akt and ultimately to cell death (Bian et al. 2013). 

Increased levels of activated Akt have been shown to increase proliferative capacity by 

Becker et al. (2013) in adult enteric neurons and by Gregorian et al. (2009) in postnatal CNS 

progenitor cells. Therefore, inhibition of these P2X7 receptors during colitis may prevent the 

downregulation of Akt activity and allow proliferation of adult NSCs (Mistafa et al. 2010). 

Interestingly, Lin et al (2007) have shown in CNS neurogenic regions that inactivation of 

P2Y receptors using suramin decreases proliferation, but increases neuronal differentiation. 

Thus, there may be multiple levels of purinergic regulatory control over neurogenesis of 

adult NSCs. 

 

4.7. Conclusion and future directions   

While there is extensive literature on the signals governing adult CNS-NSC 

neurogenesis and quiescence, what is known about adult enteric NSCs and their regulatory 

signals is very narrow. Our study is unique in that it shows three potential signaling pathways 

that may keep adult enteric NSCs dormant: cholinergic, nitrergic and purinergic, as seen in 

Figure 4.2. It is possible to inhibit components of these signaling pathways to alleviate 

neurogenic inhibition in myenteric ganglia to generate new neurons. However, to gain a clear 

understanding of how therapeutically applicable and feasible it is to promote neurogenesis in 

the ENS under steady state conditions, the need for further extensive studies remains. 
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Figure 4.2. Cholinergic, nitrergic and purinergic signaling pathways influence adult 

enteric neural stem cell proliferation.   

Muscarinic cholinergic receptors (mAChRs) on adult enteric NSCs are G-protein coupled 
and involve downstream phospholipase C (PLC). Activation of PLC increases intracellular 
calcium via IP3, its receptor (IP3R) and ryanodine receptors (RyR) within the cell. 
Additionally, PLC activation may also inhibit the NSC from re-entering the cell cycle to 
proliferate. Nitric oxide (NO) diffuses into the NSC and can bind with soluble guanylyl 
cyclase (sGC) which upregulates production of cyclic GMP. The nitrergic brake on enteric 
NSC proliferation appears to be cGMP-dependent. Purinergic P2Y receptors (P2YRs) are G-
protein coupled with a similar signaling pathway to mAChRs. The activation of PLC through 
this receptor may inhibit NSC proliferation. Activation of P2X7 receptors prevents the 
activation of proliferative factor, Akt, thereby preventing proliferation via the PI3K/Akt 
pathway. These three signaling pathways appear to positively regulate the quiescence of 
adult enteric NSCs.  
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There are many immediate and long-term directions that this research can take. In the 

near future, a main task includes resolving whether both purinergic receptor subtypes are 

equally involved in acting as a neurogenic brake, giving us a complete overview of the role 

of purinergic signaling on enteric neurogenesis. Further, while we know that there is neural 

proliferation in the absence of cholinergic, nitrergic and purinergic signaling, it will be 

important to categorize which types of differentiated neurons are colonizing the ganglia, 

whether certain subtypes are preferentially seen and what the electrophysiological properties 

of these new neurons are.  

While it is possible to label NSCs using dyes and antibodies, these methods are not 

able to track the emergence of new neurons. Therefore, to confirm that the proliferating 

neurons we observe are derived from the pool of Sox10 and GFAP-expressing NSCs, 

lineage-tracing studies using cre-lox mice should be conducted. Lineage mapping studies 

label precursor cells and their progeny to determine their ultimate fate specification. To study 

adult enteric neurogenesis, GFAP-Cre;Rosa-loxpEYFP or Sox10:Cre;R26ReYFP mice can 

be treated with the nNOS inhibitor, 7-Nitroindazole (Joesph et al. 2011; Laranjeira et al. 

2011). We would hope to see whether any new neurons are generated following 7-

Nitroindazole treatments, and if those cells were progeny of glial-NSCs.  The use of 

inducible cre recombinase mice allows time and tissue-specific control over gene activity; 

the induction of recombination would done with tamoxifen-treatment alongside treatment 

with 7-Nitroindazole for a allotted period of time, and prior to euthanization of the animal 

(Danielian et al. 1998; Feil et al. 2009). This would trace the lineage of new neurons 

generated in response to the treatment itself, and would be invaluable when establishing that 

treatment with this drug promotes adult enteric NSCs to exit their dormant state.  

We know that our in vitro culture protocol has its shortcomings in that neurons are 

lost in the dissection process or over time in ex vivo cultures. Despite supplementing our 

culture media with nutritional serums and growth factors, the microenvironment for the 

LMMP tissues is not entirely similar to what is available to them in vivo. Therefore, to gauge 

how NSCs respond without these stressors, in vivo studies will need to be conducted to test 

whether proliferation of quiescent NSCs can be stimulated following nNOS inhibition. 

Furthermore, to gauge whether there is therapeutic value in manipulating this 

neurotransmission-neurogenesis relationship, it must be tested in diseases conditions such as 
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dextran sulfate sodium-induced colitis. It will be interesting to see whether neurogenesis can 

be recapitulated in these scenarios with the inhibitors from our preliminary in vitro 

experiments. It also remains to be determined whether there are additive or synergistic effects 

on the rates of neurogenesis following inhibition of the cholinergic, nitrergic and purinergic 

pathways. 

We provide evidence that three signaling pathways, cholinergic, nitrergic and 

purinergic, act as brakes on adult enteric neurogenesis, These signaling pathways may also 

converge on one similar downstream enzyme or pathway, such as the PI3K/Akt cascade, 

which may be the master regulator of NSC quiescence and proliferation. Moving forward, a 

better understanding of how to manipulate the balance between NSC proliferation and 

quiescence is needed so that these cells may be used in minimally invasive therapies for 

enteric neuropathies.  
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