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Abstract 

Normal intestinal functions are coordinated by enteric neurons within the enteric nervous system 

(ENS). In the embryonic and neonatal gut, enteric neuron survival is dependent on the expression 

of glial cell line-derived neurotrophic factor (GDNF) from its targets of innervation - the 

intestinal smooth muscle cells (ISMC). In the inflamed adult intestine, enteric neuron loss is 

immediately followed by ISMC proliferation, resulting in severe disruption of normal intestinal 

functions. Although GDNF can support the survival of postnatal enteric neurons, whether adult 

ISMC can secrete GDNF and support neuron survival is unclear. Results from qPCR analysis 

showed that freshly isolated adult ISMC have acquired the ability to express GDNF at the onset 

of proliferation, in vitro. Western blot analysis indicates that GDNF continues to be upregulated 

in ISMC at Passage 2 (P2), but its expression is decreased after long periods of proliferation at 

Passage 10 (P10). A neuron survival bioassay suggests that GDNF expression is correlated with 

enteric neuron survival. Results showed that P2 ISMC or conditioned media (CM) - but not P10 

ISMC and CM, significantly increased enteric neuron survival. In subsequent experiments, the 

RET tyrosine kinase inhibitor vandetanib was used to block GDNF receptor-ligand interactions, 

and anti-GDNF neutralizing antibody was used to sequester soluble GDNF within the culture 

media. Both methods were successful at decreasing myenteric neuron survival. Furthermore, 

abolishing GDNF expression in P2 ISMC with GDNF siRNA also resulted in a decreased 

myenteric neuron survival. The above observations suggest that ISMC-derived GDNF is 

important in supporting myenteric neuron survival in vitro.     
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Chapter 1 

Introduction 

Dysfunction of the gastrointestinal tract can be detrimental to the health of the animal. 

For example, the inability to absorb or digest food may result in malnutrition, and the inability to 

coordinate gastrointestinal secretion and motility can cause potentially life threatening diseases 

(reviewed in Barrett et al., 2006 ). Normal intestinal function requires an appropriate balance 

between mucosal secretion and absorption, as well as the coordination of smooth muscle 

contraction and relaxation that constitutes motility (reviewed in Salminen et al., 1998).  These 

processes are largely achieved by the actions of the enteric nervous system (ENS) (reviewed in 

Furness, 2008). 

The ENS is a complex population of enteric neurons arranged in ganglionated plexuses. 

The neuronal cell bodies residing within the intestinal wall and axons cover and innervate the 

entirety of the GI tract (reviewed in Gershon et al., 1994). This structural design allows the ENS 

to coordinate the functions and activities of the gut independently from central and peripheral 

nervous system. Together with the complexity of its structure, the ENS is often referred to as the 

‘second brain’ (reviewed by Gershon, 1999). An understanding of the structure and function of 

the intestine is necessary to understand how the ENS coordinates these physiological functions.  

1.1.1 The structure of the intestine 

The gastrointestinal tract is comprised of distinct regions: the esophagus, stomach, small 

intestine and the colon, with each region performing distinct functions. The intestine is also multi-

layered, with layers of tissue wrapping around each of its immediate inner layer. This ‘tube in a 

tube’ design enables each layer to perform distinct functions, which collectively achieves food 
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nutrient digestion, absorption, secretion and motility (reviewed in Barrett et al., 2006). For 

example, digestion, absorption and secretion are normally performed by cells in the intestinal 

mucosa, and the submucosa. Mucosal villi contain epithelial cells whose apical brush border is 

important in digesting and absorbing luminal contents. The submucosa is made up mostly of 

extracellular collagen, which provides support for blood vessels. This is important since absorbed 

contents require blood vessels to enter the circulation. In addition, the muscularis externa, 

comprised mostly of smooth muscle cells, is responsible for intestinal motility and peristaltic 

movements (reviewed in Barrett et al., 2006).   

While intestinal activity is performed by these tissues, their action is coordinated by 

neurons in the ENS, which are located within two interconnecting plexuses: the submucosal 

plexus and the myenteric plexus. Enteric neurons within the submucosal plexus coordinate the 

tissue functions in the mucosa and submucosa. The myenteric plexus, located between the 

muscularis layers of the intestine, functions to regulate the contractile activity of these two 

smooth muscle layers (reviewed in Gershon et al., 1995). 

1.1.2 The Structure and function of the intestinal smooth muscle wall 

 

The muscularis is mainly composed of two layers of smooth muscle tissues. The inner, 

circular smooth muscle layer wraps around the wall of the intestine, delineating its circumference. 

The outer smooth muscle layer runs perpendicular to the direction of the circular smooth muscle 

layer, and extends along the length of the intestine (reviewed in Barrett et al., 2006). This 

structural organization allows circular smooth muscle contraction to narrow the intestinal lumen, 

and longitudinal smooth muscle contraction to shorten it. Together, these two basic contractile 
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patterns allow the intestine to achieve motility and peristaltic movement (Bayliss and Starling, 

1899). 

The connections between individual smooth muscle cells also contribute to this motility 

pattern. Each intestinal smooth muscle cell is connected to neighbouring cells through gap 

junctions (Nakamura et al., 1998), and this allows changes in membrane potential to be 

propagated to its neighbouring cells (Coppen et al., 1998). Since a decrease in membrane 

potential of a smooth muscle cell is important in generating contraction, gap junctions enable 

contractile signals to be propagated. This not only prevents the simultaneous depolarization of all 

nearby smooth muscle cells, but also delays downstream smooth muscle contraction (Wang and 

Daniel, 2001). This is a crucial process in directional propagation of the intralumenal contents. 

The predominant cell type within the intestinal muscularis is the intestinal smooth muscle 

cell (ISMC). This cell type makes up the bulk of the circular and longitudinal smooth muscle cell 

layer (reviewed in Barrett et al., 2006). On the cellular level, smooth muscle cells are bipolar, 

mono-nucleated and composed of primarily contractile filaments (Campbell et al., 1971). Smooth 

muscle cells are typically identified by immunostaining for intracellular markers such as α-

smooth muscle actin (α-SMA) and desmin (reviewed in Powell et al., 2005). Individual smooth 

muscle cells can be stimulated to contract by activating its surface receptor, muscarinic receptor 3 

(M3R) (Murthy et al., 2003). Acetylcholine, expressed by a set of enteric neurons, activates M3R 

and G protein, Gq. This results in the upregulation of phospholipase C (PLC). PLC acts to cleave 

the phosphatidylinositol 4,5-biphosphate (PIP2) into diacyl glycerol and inositol trisphosphate 

(IP3) (Murthy et al., 2003). IP3 activates calcium channels on the surface of the cell membrane 

and endoplasmic reticulum (ER), causing an influx of calcium ions. Increased intracellular 

calcium binds to calmodulin (CaCM), and also binds to caldesmin (Cald). This frees the myosin 
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binding sites on thin filaments. Furthermore, CaCM also activates myosin light chain kinase 

(MLCK), which acts to phosphorylate the myosin light chains and consequently activate the 

myosin responsible for the crossbridge formation, which ultimately leads to contraction (Tansey 

et al., 1992).  

Myogenic tone in smooth muscle tissues can be decreased by nitric oxide (NO), a 

neurotransmitter synthesized by neuronal nitric oxide synthase (nNOS) (Brehmer et al., 2004). 

Upon release, NO can diffuse into target smooth muscle cells, and act on guanylate cyclase. 

Guanylate cyclase, in turn, activates protein kinase G, resulting in the phosphorylation and 

inactivation of MLCK. This prevents crossbridge formation between actin and myosin, and 

ultimately reduces myogenic tone in smooth muscle cells (Murthy et al., 2001). Even though 

intestinal smooth muscle tone is controlled by Ach and NO, contraction and relaxation can also 

be regulated by a variety of other neurotransmitters. For example, vasoactive intestinal peptide 

(VIP) and adenosine triphosphate (ATP) can cause a decrease in smooth muscle myogenic tone 

(Huizinga et al., 1992, Crist et al., 1992), while substance P can act to increase myogenic tone 

(Holzer and Lippe, 1989). Furthermore, intestinal smooth muscle not only contracts in response 

to neural input, but can also respond to mechanical distention independently from neurogenic 

inputs (Grider et al., 1998).  

The adult ISMC, similar to other smooth muscle cell types (vascular, pulmonary), are 

normally quiescent. However, these smooth muscle cells can become proliferative under specific 

conditions. Smooth muscle cell proliferation is required for the proper development and 

elongation of the embryonic and neonatal intestine (McHugh, 1996).  Furthermore, adult ISMC 

can also become proliferative in response to mechanical injury (Santiago et al., 1999, Uglow et 
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al., 2003). However, ISMC can also proliferate during intestinal inflammation, and this will be 

discussed in the next few sections. 

In nearly all cases, ISMC proliferation results in a modulation of phenotype (reviewed by 

Sobue et al., 1999). This usually involves loss of a contractile phenotype and a switch to a more 

proliferative characteristic. This is characterized by a transient down-regulation of α-SMA and 

desmin during the period of proliferation (Nair et al., 2011). However, the cessation of 

proliferation is associated with re-upregulation of these contractile proteins, allowing these cells 

to restore contractile functions (Brittingham et al., 1998).  

1.1.3 The structure and function of the enteric nervous system 

The myenteric plexus lies in between the circular and longitudinal smooth muscle layers. 

The myenteric plexus, as its name implies contains large ganglia of enteric neurons. Each enteric 

ganglia projects large axonal bundles to its neighbouring ganglia; forming networks that takes on 

a shape of a mesh-work. These networks extend throughout the length of the gastrointestinal tract 

(reviewed in Barrett et al., 2006). In addition, each enteric ganglion is composed of aggregates of 

enteric neurons that are surrounded by supporting enteric glial cells. Myenteric neurons extend 

axons to innervate smooth muscle cells within its proximity. These axonal fibres contain 

varicosities that are filled with neurotransmitters. Depolarization of these neurons would result in 

the release of these molecules onto neighbouring smooth muscle cells (Qu et al., 2008).  

Myenteric neurons can be categorized based on structure and the type of neurotransmitter 

that is expressed. In general, myenteric neurons can be classified as either Dogiel type I or type II 

neurons (reviewed in Brehmer, 2006). Dogiel type I neurons typically exhibit single long 

extending axons, with little branching outside of the main axonal fibre. In contrast, Dogiel type II 

neurons typically extend short axons in close proximity to the cell body, these neurons also 
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exhibit a high degree of axonal branching. Dogiel I and II neurons can be distinguished based on 

their axonal profiles and patterns of axonal extension (Bertrand et al., 1997). Myenteric neurons 

can also be distinguished based on neurotransmitter expression. Myenteric plexus enteric neurons 

are composed of both cholinergic neurons and nitrergic neurons, which secrete ACH and NO, 

respectively. These two types of neurons alone make up the bulk of the neuronal population in the 

myenteric plexus (Qu et al., 2008).  

Subsets of enteric neurons can be identified by immunostaining for neuronal markers that 

are specific for each subset of neurons. Cholinergic neurons within the myenteric plexus express 

a key enzyme choline-acetyl-transferase (ChAT), which is important in synthesizing the two key 

components, choline and acetyl-CoA, into ACH (Nakajima et al., 2000). NO is produced in 

enteric neurons by nNOS, and this can be used as a marker to identify nitrergic neurons (Bredt et 

al., 1990, Aimi et al., 1993). Furthermore, SNAP25 is present in both neuronal cell bodies and 

varicosities. The high density of varicosities along the axons of myenteric neurons allows this 

protein to be used to label and trace axons (Gibbins et al., 2003). These specific neuronal markers 

not only enable the identification of subsets of neurons, therefore simplifies studying the survival 

of specific subsets of neurons (Schemann and Neunlist, 2004). 

1.1.4 Glial-cell-line derived neurotrophic factor in the ENS 

Various neurotrophic factors have been shown to be responsible for driving the 

development, survival and proliferation of nervous systems. In particular, GDNF has been shown 

to be the most important neurotrophin in the ENS. The key roles of GDNF include driving the 

migration, proliferation, maturation and survival of enteric neural crest-derived cells (ENCC). 

The high expression of GDNF in the smooth muscle cells can act as a chemoattractant for the 

ENCC, which drives their migration (Young et al., 2001).  After migrating into a new 
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environment, GDNF continues to act on these ENCC, which drives their proliferation as well as 

the differentiation and maturation of these progenitor cells into mature enteric neurons (Gianino 

et al., 2003). Lastly, GDNF is important in maintaining the survival of both ENCC and 

differentiated enteric neurons in the embryonic gut. The absence of this neurotrophin or its 

receptor results in aganglionosis or hypoganglionosis in the distal colon (Uesaka and Enomoto, 

2010).   

GDNF belongs in the same super family of proteins as transforming growth factor–β 

(TGFβ) (reviewed in Saarma, 2000). Furthermore, it is a member of the GDNF family ligands 

(GFL), which also includes neurturin, persephin and artemin (Kotzbauer et al., 1996, Milbrandt et 

al., 1998, Baloh et al., 1998). To produce the mature GDNF molecule, the mRNA transcript for 

GDNF is first translated into pre-pro-GDNF (Matsushita et al., 1997, Grimm et al., 1998). 

Intracellular processing cleaves the pre-domain from this peptide, giving rise to two pro-GDNF 

isoforms: α-pro-GDNF or β-pro-GDNF, stored in the Golgi apparatus or secretogranin II, 

respectively. Changes in intracellular calcium concentration results in the secretion of β-pro-

GDNF. Furthermore, upon secretion, membrane bound pro-protein convertase 4, 5 or 7 (PACE4, 

PC5A, PC5B or PC7) cleaves the pro-domain from these proteins, giving rise to the mature 

GDNF peptide (Lonka-Nevalaita et al., 2010).  

Secreted monomeric GDNF can form homodimers  (Lin et al., 1993). Upon dimerization, 

GDNF binds to its surface receptor, GDNF family receptor-α1 (GFRα1), on target neurons. 

GFRα1 is covalently linked to the receptor tyrosine kinase “rearranged during transfection” 

(RET) through glycosyl-phosphatidylinositol (GPI) (Trupp et al., 1998). Dimeric GDNF, upon 

binding to GFRα1, activates RET by causing auto-phosphorylation and thence, activation of 

downstream effector molecules and transcriptional factors (Tansey et al., 2000).   
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 Neurturin has been shown to exhibit many structural similarities as GDNF (Kotzbauer et 

al., 1996). Secreted neurturin acts on GDNF family receptor α 2 (GFRα2). GFRα2, similar to 

GFRα1, is linked to RET through GPI (Trupp et al., 1998). These structural similarities allow 

neurturin to bind GFRα1with relatively low affinity, and activate downstream signaling 

molecules and consequently mimic the survival and proliferative actions of GDNF (Jing et al., 

1997).  Furthermore, neurturin has been shown to support survival of sympathetic neurons, as 

well as its neurite outgrowth. The activation of GFRα2 has been shown to phosphorylate mitogen 

activated protein kinase (MAPK), this is essential for neurturin dependent neurite outgrowth and 

increased neuron survival (Lee et al., 2006) in the peripheral nervous system. Furthermore, 

neurturin has also been demonstrated to support the survival of embryonic neurons (Rossi et al., 

1999). However, whether this neurotrophic factor is still expressed in the postnatal gut is largely 

unknown.  

GDNF supports post-natal enteric neuron survival 

GDNF plays an important role in the survival of neo-natal enteric neurons. In vitro 

studies have shown that GDNF is highly expressed in the intestinal smooth muscle layer and 

myenteric plexus of the post-natal animal (Rodrigues et al., 2010). Furthermore, its expression is 

associated with an increase in enteric neuron survival. It has also been shown that the source of 

GDNF in the neonatal intestine is the proliferating neonatal ISMC. Immunostaining of GDNF 

shows that it is primary localized in the longitudinal and circular smooth muscle layers, 

furthermore, enteric glial cells are not a major source of this neurotrophin in the neonatal intestine 

(Rodrigues et al., 2010).  

1.2.1 The impact and changes associated with intestinal inflammation and re-establishing 

homeostasis 
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Inflammatory bowel disease (IBD) is a chronic disease that affects individuals worldwide 

(reviewed in Loftus, 2004). Despite the high prevalence of this disease, IBD is largely incurable. 

To develop a viable treatment strategy requires an understanding of the pathophysiology behind 

this human disease.   

To study intestinal inflammation, scientists have developed a variety of animal models to 

mimic this human condition. Current animal models of colitis can be divided into five categories: 

antigen and microbial induced colitis, chemically induced colitis, genetic knockout models, 

adoptive transfer models and spontaneous colitis models (reviewed in Kaser et al., 2010). Each of 

these models allows the study of different aspect of intestinal inflammation. The chemically 

induced model of colitis, the 2,4,6-trinitrobenzene sulfonic acid (TNBS) model of colitis is one of 

the most commonly used models. Animals with TNBS colitis typically experience weight loss 

and bloody diarrhea, and the colons show significant macroscopic changes, such as thickening of 

the intestinal wall, mucosal ulceration and immune cell infiltration (Morris et al., 1989, reviewed 

in Scheiffele and Fuss et al., 2001). These are all key symptoms of intestinal inflammation that 

are present in IBD.  

TNBS is normally delivered into the colon of the animal intra-rectally along with a vehicle 

solution, such as ethanol. This allows TNBS to permeate the mucosa and enter the submucosa. 

Upon entering the submucosa, the trinitrophenyl (TNP) group in TNBS haptenizes with 

surrounding proteins, causing the immune system to mount a hypersensitivity reaction against 

these haptenized self-proteins (Erhardt et al., 1997, reviewed in Neurath et al., 2000). 

Furthermore, this hypersensitivity reaction also drastically increases the number of immune cells 

in the intestinal wall. This includes a large number of T cells and antigen presenting cells (APC) 

such as macrophages and neutrophils (Morris et al., 1989). Previous studies have demonstrated 
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that infiltrating APCs stimulates Th1 T cell differentiation, consequently increasing the 

concentration of pro-inflammatory cytokines, such as tumour necrosis factor α (TNFα) and 

interleukin-1β (IL-1β) (Alex et al., 2009, Neurath et al., 1997). In addition to these macroscopic 

changes, TNBS-induced colitis also significantly affects the myenteric plexus and the smooth 

muscle cells in the muscularis externa, which will be discussed in detail in the next two sections. 

1.2.2 TNBS-induced colitis results in acute enteric neuron loss 

Acute loss of enteric neurons within the myenteric plexus is one of the major changes 

associated with TNBS-induced intestinal inflammation. Established models of TNBS-colitis in 

rats have shown that as much as 50% of enteric neurons in the ganglia of the myenteric plexus are 

lost as early as 2 days following inflammation. This includes a decrease in the number of ganglia 

as well as the number of neurons within each ganglia (Sanovic et al., 1999, Lin et al., 2005).  In 

addition, this decrease is also exclusive to the enteric neurons residing in the myenteric plexus. 

Changes in enteric neuron number appear to be minimal in the following days and until the 

resolution of inflammation by the 6th day post-TNBS. Besides the rapid loss of enteric neurons, 

axons number is also transiently decreased. Axonal density was decreased by nearly 50% by the 

4th day after the induction of TNBS colitis, and restored to its original density by the 6th day 

(Sanovic et al., 1999, Lourenssen et al., 2005). Furthermore, axonal density continues to increase 

upon the resolution of inflammation, and reaches approximately 2.5 fold of the initial density. 

The increase in axonal density is also permanent (Lourenssen et al., 2005), indicating this is the 

newly established homeostasis. Since smooth muscle cells increase in number during 

inflammation, studies have demonstrated the ratio of axons to intestinal smooth muscle cells in 

the post inflamed intestine is the same as normal intestine (Lourenssen et al., 2005). Therefore, 

this increasing axonal density is required to provide innervations to the newly established ISMC. 
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There have been many proposed mechanisms of enteric neuron death. The hypersensitivity 

reaction in the intestine results in an increased permeability, allowing an increased number of 

cytotoxic immune cells to enter (Elson et al., 1996). Furthermore, the massive influx of immune 

cells is also associated with an increase of peroxide and other reactive oxygen species (ROS) 

present in the inflamed regions of the intestine (Segui et al., 2004). It has been clearly 

demonstrated that an increase in the concentration of reactive oxygen species can cause a 

decrease in both neuron number and axonal density. Although the neuron number decrease is 

permanent, axonal density is restored to its original state 96 hr after oxidative damage 

(Lourenssen et al., 2009).  

Appearance of immune cell infiltrates correlate with an increase in the expression of 

inducible nitric oxide synthase (iNOS) (Seago et al., 1995). Under normal physiological 

circumstances, high amounts of NO, produced by iNOS can function like ROS and act as an 

antimicrobial agent (Pfeilschifter et al., 1996). At low concentration, however, NO produced by 

nNOS can be used to control myogenic tone in smooth muscle cells. An increase in active 

immune cell infiltration often results in an increase in iNOS expression, this consequently 

exposes enteric neurons to a toxic concentration of NO, and result in a loss of enteric neurons 

(Unpublished data). Even though enteric neuron loss has been observed, little is known about 

how this large influx of immune cells causes cell death.  Recent studies indicate that the immune 

response may not be the primary cause of enteric neuron death in TNBS induced colitis. But 

rather, high concentration of extracellular ATP results in the activation of P2X7 receptors and in 

turn cleaves caspase III, and ultimately results in the neuronal apoptosis (Gulbransen et al., 2012). 

The observations made in this study still need to be confirmed.  
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Enteric neuron loss also takes its toll on the functional integrity of the intestine. Myenteric 

neuron loss in TNBS-colitis has been shown to compromise normal motility patterns. In 

particular, guinea pigs with TNBS-induced colitis showed not only neuron loss in the myenteric 

plexus but more specifically, a selective loss of purinergic motor neurons, important in providing 

inhibitory signals to the smooth muscle cells and thus, to decrease myogenic tone in these tissues 

(Mawe et al,2010).  Furthermore, there was a lack of intestinal movements and motility patterns 

only in inflamed regions of the guinea pig colon, while the rest of the intestine remained 

functional. 

1.2.3 TNBS-induced colitis results in intestinal smooth muscle proliferation 

Besides an acute loss of enteric neurons and eventual axonal outgrowth, TNBS-induced 

colitis also causes thickening of the muscularis in the inflamed colon (Lourenssen et al., 2005). 

This increase in thickness of the colon is primarily a result of an increase in the number of ISMC, 

which indicates that these normally quiescent cells become proliferative during inflammation. 

Furthermore, studies have also shown intestinal smooth muscle cell proliferation is also driven by 

PDGFRβ and PDGF-BB interactions (Stanzel et al., 2010). In vitro studies show that initial onset 

of proliferation results in an increase in the expression of PDGFRβ, and this receptor continues to 

be expressed until the resolution of proliferation (Nair et al., 2011).  

The intestinal smooth muscle proliferation seen in TNBS-colitis colon is a transient 

response. The number of smooth muscle cells increase by 2 fold over the initial cell number 

during the inflammatory episode, stabilizes after the resolution of inflammation. This increase in 

number of smooth muscle cells and thickness of the intestinal wall stays increased even after 35 

days post inflammation, long after the resolution of inflammation, indicating this is a permanent 

change (Lourenssen et al., 2005).  
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Smooth muscle proliferation during TNBS induced intestinal inflammation also causes 

significant cellular changes. In vitro studies have shown that the onset of smooth muscle 

proliferation is associated with a significant reduction in contractile protein expression (Carrilo-

Sepulveda et al., 2010, Nair et al., 2011). The expression of α-SMA and desmin has been shown 

to be decreased by over 50%. Accompanying this decrease, the expression of vimentin is 

increased, indicating these cells are becoming dedifferentiated. Flow cytometry studies done on 

day 2 TNBS inflamed colon shows approximately 8% of cells are proliferative. These 

proliferating cells, on average, have lost 50% of α-SMA and desmin compare to their quiescent 

counterparts (Nair et al., 2011). Furthermore, a loss of contractile protein expression and 

phenotype also result in a decrease in ability to respond to contractile stimuli.  

The cessation of proliferation results in the re-differentiation of these intestinal smooth 

muscle cells. In vitro studies have shown that withdrawing mitotic factors from the culture media 

not only transiently halts proliferation, but also allows smooth muscle cells to up-regulate 

expression of α-SMA and desmin (Nair et al., 2011). Nevertheless, ISMC that were allowed to 

proliferate again following an initial proliferative episode exhibited an accelerated rate of smooth 

muscle marker expression loss (Nair et al., 2011). This observation indicates TNBS –colitis 

induced changes in smooth muscle proliferation is permanent and dysfunctional.  

1.3.1 Hypothesis and experimental goals 

Intestinal smooth muscle proliferation and myenteric neuron loss are two of the key 

pathological changes that occur during TNBS-induced colitis. These changes not only lead to a 

disruption of normal intestinal function, but also permanently change the structure of the 

myenteric plexus and myenteric neurons (Poli et al., 2001, Lourenssen et al., 2005). For these 

reasons, our lab has aimed at investigating and exploring ways to encourage and promote enteric 
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neuron survival. Since GDNF can support enteric neuron survival in the postnatal intestine, we 

investigated if proliferating adult ISMC acquire the ability to produce GDNF through 

proliferation. We hypothesized that proliferating adult ISMC express GDNF, and this GDNF 

expression is crucial in maintaining enteric neuron survival in the face of challenge.  

The goals were as follows:  

- To identify the expression of GDNF at the onset of ISMC proliferation 

- Study how continual proliferation affects GDNF expression 

- Determine the effect of adult ISMC proliferation on enteric neuron survival 

- Identify if a reduced GDNF expression from proliferating ISMC also result in a decrease 

in enteric neuron survival. 
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Figure 1. Schematic diagram of the gastrointestinal tract showing the major structures of the 

intestine (Smout and Akkermans, 1992). 
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Chapter 2 
 

Material & Methods 

 

2.1.1 Adult Circular Smooth Muscle Cell Culture 

To generate primary adult intestinal smooth muscle cell (ISMC) cultures, adult male 

Sprague-Dawley rats (Charles Rivers, QC) were euthanized, and colons were dissected into 

Hank’s balanced salt solution (HBSS)( 1mM CaCl2, 0.25mM EDTA, 10mM HEPES, 1mM 

MgCl2, 10mM glucose, 4mM KCl, 125mM NaCl, 10mM Taurine, pH 7.8). The intestinal 

mucosa, serosa and longitudinal intestinal smooth muscles layer were removed with forceps and 

the remaining circular smooth muscle layer was then minced with scissors into fine strips. These 

strips were placed into 10mL of HBSS containing an additional 5mg of Papain, 50µM of CaCl2, 

10mg of BSA, 10µL of 1M DTT and 2.5mg of Type F Collagenase. The tissue containing 

solution was placed into a 15mL conical tube and incubated at 4 °C for 2 hr, then room 

temperature for 1 more hr, finally at 37 °C for 1 hr. During all three phases of incubation, the 

15mL conical tube was gently agitated every 30 minutes. Following the incubation, the HBSS 

solution was removed and the remaining pellet was washed with serum free Dulbecco’s modified 

eagle medium (DMEM). The liberated cells were then transferred into a new 15mL conical tube 

and were then counted with a hemocytometer before plating into either 60mm culture dishes or 

into 24-well plates for PCR analysis. The above circular smooth muscle dissection and 

dissociation procedures were performed by Kurtis Miller.   

Freshly isolated adult ISMC plated into 60mm culture dishes were cultured in DMEM 

with 5% FCS for 4 days, then washed and replenished with new DMEM containing 5% FCS. 
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The above procedure was repeated every 4 days until the primary culture reached 100% 

confluence. Confluent ISMC cultures were given 0.125% tTrypsin, followed by 5 minutes 

incubation at 37°C. Trypsinized adult ISMC were triturated in 2mL of DMEM to liberate single 

cells from the culture dish, and then collected into a 15mL conical tube. An additional 12mL of 

DMEM containing 5% FCS was added into the conical tube and this was followed by a brief 

period of gentle agitation. 14mL of the ISMC containing DMEM were then seeded in equal 

volume into 2 new 60mm Culture dishes. Newly passaged ISMC were then allowed to adapt to 

the new culture, and were given fresh DMEM containing 5% FCS every 4 days until confluence. 

The confluent dish of adult ISMC cultures were then passaged into two new 60mm culture 

dishes. This was repeated until the ISMC reached the 10th passage.  

2.1.2  Neonatal Smooth muscle myenteric plexus co-culture 

Smooth muscle/myenteric plexus(SM/MP) co-cultures were generated from the intestine 

of 2-6 days old neonatal Sprague-Dawley rats (Charles River, QC). Isolated tissues were 

dissected into Hank’s/HEPES solution, and the intestinal mucosa was removed leaving the 

smooth muscle layers exposed. This layer was minced into fine pieces with scissors and placed 

into 15mL conical tubes containing 0.125%Trypsin and 0.5mg/mL collagenase diluted in 

Hank’s/HEPES solution. The tube was incubated for 1 hr at 37 °C with gentle agitation every 20 

minutes. Following enzymatic digestion, digested tissues have settled to the bottom of the tube, 

and the Hank’s/HEPES supernatant was removed, and replaced with DMEM. The digested tissue 

pellet was liberated into single cells by gentle trituration and was quantified. Approximately 6 

x105 cells were then seeded into 24-well plates, containing glass coverslips coated with rat-tail 

collagen. Upon seeding, cells were given either DMEM alone, DMEM with 5% FCS, or DMEM 

with 50ng/mL of GDNF.   
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2.1.3 Neuron survival Bio-assay 

To assess adult ISMC’s ability to support enteric neuron survival, P2 or P10 ISMC were 

first seeded into 24 well plates at a density of 7x104 cells per well in DMEM containing 5% FCS. 

This culture was incubated for 2 days before being washed and given 500µL serum free DMEM 

for 1 day. 1µM of andetanib,  RET, was added prior to co-culture seeding. SM/MP co-culture 

were then seeded onto either P2 or P10 ISMC at a density of 2x105 cells per well. Each well 

containing co-culture cells were given additional serum free DMEM to a final volume of 

2mL/well. The cultures were incubated for 2 more days before neuronal survival was measured.   

Cohort P2 ISMC or P10 ISMC were also seeded into 24 well plates at a density of 1x105 

cells per well in DMEM containing 5% FCS. Upon reaching 60-70% confluence, serum was 

removed from each well and replaced with fresh serum free DMEM. 750µL of culture media 

from P2 or P10 CSMC were collected and centrifuged at 10000 RPM for 5 minutes. Supernatant 

were collected and seeded into new 24 well plates. SM/MP co-culture generated from day 4 

neonatal rat intestine was diluted at a density of 1.6x106 cells per mL of DMEM. 250µL of the 

SM/MP co-culture at this dilution was seeded into each of the P2 ISMC or P10 ISMC condition 

media (CM )containing wells. This culture was then incubated at 37 °C for 2 days before neuron 

survival was measured.  

2.2.1 Immunocytochemistry  

For this, neutral buffered formalin (NBF) was first warmed to 37 °C in a water bath 

before being added directly to target cell cultures. The NBF and DMEM mixture was 

immediately aspirated and an additional 1mL of NBF was added to each well for 15 minutes. 

This was then followed by 3 x 5 minutes washes with phosphate buffered saline (PBS) solution 

before incubation in 350µL of mouse anti-HuD (1:1000, Invitrogen) and rabbit anti-SNAP25 
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(1:4000, Sigma) primary antibodies diluted in phosphate buffered saline containing 0.2% tween-

20 (PBS-T) at 4°C overnight. Following incubation with primary antibody, the coverslips were 

washed with PBS 3 x 5 minutes and incubated with secondary antibodies (Goat anti- mouse IgG 

conjugated with Alexa Fluor 488( 1:1000, Invitrogen) and Goat anti-rabbit Alexa-Fluor 555 

(1:1000, Invitrogen)) diluted in PBS-T at room temperature for 1 hr. This was followed by 3 

washes with PBS and incubation with Hoechst (1:1000, Sigma) for 30 seconds. These coverslips 

were further washed once with PBS before mounting onto glass slides with 60% glycerol.  

These stained coverslips mounted on glass slides with 60% glycerol were observed with 

a fluorescent microscope (Olympus X60) using a 40X objective lens and the appropriate filter. 

Under the 40x lens, the diameter of each coverslip contains 21 fields of view, and every third 

field along the vertical and horizontal axis was selected. The number of HuD positive neurons on 

each of the selected fields was quantified. The neuron number per coverslip was determined by 

adding the vertical and horizontal counts.    

2.2.2 DiI Staining 

The labeling dye Dioctadecyl-3,3,3’,3’-tetramethylindocarboncynanine perchlorate (DiI) 

was applied to the enteric co-cultures before plating onto ISMC, thus allowing the labeled cells 

to be visualized and distinguished from those of the recipient culture. For this, DiI was mixed in 

DMSO at 5mg/mL and incubated at 37°C until the dye powder was dissolved. Freshly isolated 

SM/MP co-culture was diluted in serum free DMEM at 1x106 /mL. The DiI/DMSO solution was 

added to SM/MP co-cultures at 1µL per mL of cells. This was followed by 30 minutes 

incubation at 37°C before centrifugation at 1500RPM for 3 minutes. The DiI containing 

supernatant was removed, and equal volumes of serum free DMEM was used to resuspend the 

SM/MP co-culture cell pellet. This solution was again centrifuged at 1500RPM for 3 minutes 
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and resuspended into serum free DMEM and plated onto ISMC containing 24-well plates. This 

culture was incubated for 24 hr, then fixed with NBF and immunostained with anti-HuD 

antibodies to allow for the visualization of enteric neurons in the wells.    

2.3.1 Western Blotting 

Prepared protein samples were electrophoresed using 15% SDS-PAGE gels. Gels were 

transferred onto a PVDF membrane using a semi-dry transferring system (Bio-Rad) at constant 

current (100mA) for 180 minutes. Immediately following transfer, the membrane was rinsed 

with Tris-buffered saline containing 0.1% Tween-20 (TBS-T) before incubation in TBS-T 

containing 5% fat free milk for 1 hr at room temperature.  

For detection of GDNF and GAPDH, the PVDF membranes were cut and  incubated 

separately with goat anti- GDNF antibody (1: 1000; AB-212-NA; R&D systems)  and mouse 

anti-GAPDH antibody (1:5000; CB1001-500UG; Millipore) diluted in TBS-T containing 5% 

milk at 4 °C overnight. Following incubation with the respective primary antibodies, PVDF 

membranes were washed with TBS-T for 3 x 7 minutes and incubated with rabbit anti-goat 

horseradish peroxidase (HRP) linked secondary antibody (1:5000; HAF017; R&D Systems) or 

goat anti-mouse HRP linked secondary antibody (1:20000; PI-31430; Thermo Scientific) at room 

temperature for 1 hr.  The PVDF membranes were then washed for 3 x 7 minutes, incubated with 

chemiluminescent substrate (Millipore) and exposed to BioMax film.  

Exposed films were scanned, and converted into a grayscale image. The integrated 

optical density (IOD), density x area of each detectable band was measured with Image Pro 6.0. 

The IOD of each band representing GDNF was normalized to that of GAPDH. The ratio of 

GDNF/GAPDH was used to compare the change in GDNF expression across samples.   

2.3.2 Equal number cell loading Western blotting 
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To prepare protein samples containing an equal number of P2 and P10 ISMC, respective 

cultures were washed twice in DMEM and incubated with 0.125% type-S trypsin for 5 minutes at 

37 °C. Trypsinized ISMC cultures were triturated in 2mL of DMEM with a Pasteur pipette until 

cells were liberated. These cells were collected into a 15mL conical tube. The number of 

collected cells was quantified. 4x105 cells were collected into a 1.5mL eppendorf tube and 

centrifuged for 5 minutes at 5000 RPM. The supernatant was discarded and the remaining pellet 

was re-suspended in reducing sample buffer (20mM Tris/HCl, 10% glycerol, 0.5% SDS, 2% 2-β 

mercaptoethanol, 0.001% Bromophenol blue).  

2.3.3  Tri-chloric Acid (TCA) Protein Precipitation 

To detect GDNF in the P2 ISMC CM, TCA precipitation was used to concentrate 

proteins in culture media. 500µL of ISMC conditioned media was collected into a 1.5mL 

eppendorf tube and was chilled on ice before the addition of 0.1% NP-40 alternative 

(Calbiochem) and 10% TCA (Sigma). Samples were gently mixed and incubated on ice for 2 hr 

before centrifugation at 13000RPM for 10 minutes. The supernatant was then removed from the 

eppendorf tube with a fire polished pipette, and 400µL of methanol was used to re-suspend the 

pellet and centrifuged at 13000 RPM for another 5 minutes. Following centrifugation, 

supernatants were then removed and 40µL of sample buffer was added into each tube. To 

balance the low pH of the remaining TCA, sample buffer was given 2µL of 1M Tris-HCl (pH 8) 

and was incubated on a rotating platform until pellets dissolved. 

2.3.4 GDNF small interfering RNA (siRNA) Transfection 

To decrease the expression of GDNF in P2 ISMC, cells were plated into 24 well plates at 

a density of 1x105 cells per well. P2 ISMC were allowed to reach 90% confluence before 

addition of 1mL of antibiotic free DMEM 24 hr prior to the siRNA transfection. Immediately 
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before transfection, Lipofectamine 2000 (Invitrogen) was diluted 1:50 with antibiotic free 

DMEM, and incubated at room temperature for 5 minutes mixed with 50µL DMEM containing 

66pM of GDNF siRNA (Santa Cruz) or scrambled siRNA (Santa Cruz). This was followed by 

further 20 minutes of incubation at room temperature before addition onto P2 ISMC. The P2 

ISMC was incubated at 37 °C for 6 hr, then given 1mL of antibiotic containing DMEM with 5% 

FCS.  

To assess the efficiency of the siRNA transfection, GDNF siRNA treated P2 ISMC were 

lysed in 150µL of sample buffer. CM from cohort wells was collected. Protein contents from 

500µL of conditioned media was concentrated with TCA precipitation, and prepared into 40µL 

of sample buffer. Prepared protein samples were electrophoresed in 15% SDS-PAGE gel and 

subjected to western blot analysis to detect GDNF.  

2.4.1  Quantitative PCR (qPCR) Analysis 

qPCR analysis was used to determine the change in GDNF mRNA at the onset of ISMC 

proliferation. For this, 15µL of iTaq™ Fast SYBR® Green Supermix with ROX (Bio-Rad), 

0.5µL of of each the GDNF forward (5′-GACTCCAATATGCCCGAAGA-3′)and reverse (5′-

GTGGCTTGAATAAAATCCATG -3′) primer or GAPDH forward (5’-

TGCACCACCAACTGCTTAG-3’) and reverse (5’ - GATGCAGGGATGATGTTC-3′) primer 

was added to a MicroAMP optical 96 well reaction plate (Applied Biosystems) containing 0.5µg 

of the target cDNA. The qPCR reaction was performed with a 7500 Real-Time PCR instrument 

(Applied Biosystems), this was followed by RNA dissociation.  Since the composition of the 

RNA and strand length alters the dissociation temperature, this process would assess the purity 

of the PCR product. RNA expression was then measured based on the ratio of ddCt (The number 
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of cycles for the polymerization to reach a threshold) of GDNF over GAPDH with 7500 system 

sequence detection software.  

2.4.2 RNA Isolation and cDNA synthesis 

The DNA isolation protocol is based on and modified from the instructions from 

“RNeasy Mini Kit handbook” (Qiagen). Culture media from primary ISMC was aspirated and 

washed once with PBS. Immediately after washing, 350µL of Buffer RLT (Qiagen) was added to 

each well, and a cut P-100 pipette tip was used to liberate attached cells from the wells. Cell 

lysates were collected into a 1.5mL eppendorf tube and gently mixed with a Pasteur pipette.  The 

lysates were then transferred into a 2mL collection tube that was complexed with a QIAshredder 

spin column (Qiagen). 350µL of 70% ethanol was added and carefully mixed with a P-1000 

pipette. The collection tube –Qiashredder spin column complex was then centrifuged at 10000 

RPM for 30 seconds at 4 °C. The flow through in the spin column was then discarded. 

To eliminate any remaining DNA, 350µL of buffer RW1 was added to the collection 

tube, and was spun at 10000 RPM for 30 seconds at 4 °C. The flow through in the spin column 

was discarded. 10µL of DNase I (Sigma) was mixed with 70µL of buffer RDD, added to the spin 

column, and incubated at room temperature for 15 minutes. 350µL of buffer RW1 was added to 

the spin column and was centrifuged at 10000 RPM for 30 seconds at 4 °C. The flow through in 

the collection tube was then discarded.  

To collect purified RNA, 500µL of buffer RPE was added to the spin column and was 

centrifuged at 10000RPM for 15 seconds, and the flow through in the collection tube was 

discarded. To collect RNA, 50 µL of RNase-free water was added to the spin column and 

centrifuged for 1 minute at 10000RPM at 4 °C. The flow through was collected in a new 1.5mL 

collection tube. cDNA was constructed with the iScript kit (Bio-Rad).  4µL of 5x iScript reaction 
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mix was mixed with 1µL of iScript reverse transcriptase, 15µL of Nuclease free water and 5µL 

of previously isolated mRNA template. This mixture was added into each microtube. These 

microtubes were then incubated for 5 minutes at room temperature, 30 minutes at 42 °C and 5 

minutes at 85 °C.  

2.4.3 Statistical Analysis 

Data calculations for all values include mean ± S.E.M for more than 3 different animals 

or 3 independent cell lines. Statistical significance was determined by ANOVA and unpaired, 

two-tailed student’s t-tests. P<0.05 was determined to be the threshold of statistical significance.     
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Chapter 3 

  Results 

3.1 GDNF expression in proliferating adult ISMC 

 To investigate GDNF expression in ISMC, we utilized a culture model of circular smooth 

muscle cells. The enzymatic dissociation of circular smooth muscle layer typically yielded 2x106 

cells. The purity of ISMC cultures generated with this technique was examined in previous 

studies and shown to be 99.9% pure (Stanzel et al., 2009). Immediately upon isolation, these 

ISMC exhibited a uniformly elongated and spindle like shape (Figure 2A).  

Typical time-dependent changes ensued as the cells attached and adapted to culture. 

Freshly isolated ISMC began to round into a spherical shape minutes after seeding into culture. 

Since viable ISMC appeared phase bright under the phase-contrast microscope, we observed an 

extremely high viability within these cultures immediately upon isolation (Figure 2A). By 24 hr 

post-isolation over half of these ISMC have taken on a circular shape and attached to the bottom 

of the culture dish (Figure 2B). A few of these attached ISMC have adapted to culture 48 hr post-

isolation. These culture-adapted ISMC appeared flattened and contained extended processes 

(Figure 2C). By 96 hr post-isolation, an even greater number of ISMC have adapted to culture 

(Figure 2D).  

 The presence of mRNA for GDNF was then examined in culture-adapted proliferating 

ISMC. GDNF mRNA expression in ISMC was evaluated over the course of culture adaptation. 

First, quantitative PCR (qPCR) was used to measure mRNA for both GDNF and GAPDH at 24 

hr, 48 hr and 96 hr post-isolation. qPCR results showed a 2 fold increase in GDNF mRNA by 24 

hr in culture. GDNF mRNA was further increased to 5 fold of freshly isolated control by 48 hr 
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and remained significantly increased by 96 hr (Figure 2E). Since, previous studies showed that 

freshly isolated ISMC have become proliferative 96 hr after isolation (Nair et al., 2011), this, 

indicates that GDNF mRNA was up-regulated at the onset of ISMC proliferation. 

 Since GDNF mRNA expression was upregulated at the onset of ISMC proliferation, we 

examined GDNF protein expression in these proliferating ISMC. For this, western blot was 

conducted to examine GDNF expression in early proliferating (P1-2) ISMC. P1-2 ISMC were 

used because they can be collected in a large enough number to allow for optimal detection with 

western blot. Anti-GDNF antibodies detected a single immunoreactive band at 15kDa in P2 

ISMC (Figure 3C). This is also similar in size compared to the monomeric GDNF molecule that 

was first identified in the midbrain dopaminergic neurons (Lin et al., 1993).  

Prolonged ISMC proliferation decreases GDNF expression 

Previous studies showed initial adult ISMC proliferation was associated with a significant 

decrease in contractile protein expression (Nair et al., 2011). In addition, prolonged proliferation 

resulted in a further decrease in the expression of these markers (Nair et al, 2011). Therefore, we 

investigated if prolonged adult ISMC proliferation also changes the expression of GDNF. To test 

this, primary ISMC were cultured until passage 2(P2). At P2, ISMC appeared flattened and 

stretched (Figure 2A). These ISMC were further sub-cultured until passage 10 (P10). Phase 

contrast images showed that P10 ISMC appeared to be smaller in size compared to P2 ISMC and 

were pleomorphic (Figure 3B).  

 Western blot analysis was used to evaluate GDNF expression in P2 ISMC and P10 

ISMC. Since ISMC proliferation resulted in changes in cell size (Figure 3A and B), normalizing 

the outcome to a housekeeping protein would not accurately reflect change in GDNF expression 

(Nair et al., 2011). For this reason, similar numbers of each P2 ISMC and P10 ISMC were 
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subjected to western blot analysis. Initial experiments indicated that a cell number of 5x104 per 

lane allowed for the optimal detection of GDNF. Anti-GDNF antibody detected a 15kDa 

immunoreactive band in all 3 cell lines of P2 ISMC and P10 ISMC (Figure 3C).  

The IOD of these GDNF bands were measured for each cell line of P1 and P10 ISMC. 

The average IOD of the P2 ISMC GDNF bands was 8 fold greater than P10 ISMC GDNF bands 

(Figure 2C). This decrease in IOD indicated that each P10 ISMC expressed significantly less 

GDNF than each P1 ISMC. This supports the conclusion that prolonged ISMC proliferation 

causes a decrease in GDNF expression.  
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Figure 2. The onset of proliferation in vitro of adult intestinal smooth muscle cells (ISMC) is 
associated with an up-regulation of GDNF expression. A-D: Phase contrast images of ISMC 
immediately after isolation (A) or at 24 hr (B), 48 hr (C) or 96 hr (D) after isolation. A) Freshly 
isolated ISMC appeared elongated and spindle like (eg, triangle), however begin to round into a 
circular shape minutes after isolation (eg., arrow) B) Some ISMC have rounded into a spherical 
shape and attached to the culture dish (e.g., arrow). C). Attached ISMC have begun to flatten and 
stretch (e.g., arrow).  D). Culturally adapted single ISMC were flattened and exhibited extended 
processes (eg., arrow). E) Quantitative PCR analysis for GDNF mRNA in ISMC 24 hr, 48 hr and 
96 hr after isolation. GDNF mRNA was significantly increased (n=3 +/- sem, *, p<0.05) by 48 hr 
after isolation, and stayed increased by 96 hr.  



 

29 

 

 
 

Figure 3. GDNF continues to be expressed in proliferating adult ISMC, but prolonged 
proliferation (P10) decreases its expression. A) and B) Phase contrast images showing the 
appearance of ISMC at P2 and at P10 (scale bar 50µm). A) P1 ISMC continued to take on the 
flattened ribbon shape (eg., arrow). B) P10 ISMC have lost the flattened ribbon-like phenotype 
and were much smaller in size. C) Western blot analysis comparing GDNF protein expression per 
5000 P1 or P10 ISMC. GDNF expression was substantially greater in P2 ISMC than P10 (n=3 +/- 
sem, *, p<0.05)  
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3.2 Early proliferating ISMC support enteric neuron survival, prolonged 

proliferating ISMC lose this ability  

 In previous studies, GDNF has been shown to promote postnatal enteric neuron survival, 

in vitro (Rodrigues et al., 2010). Since we showed that GDNF was expressed in proliferating 

ISMC, we then asked if ISMC could directly increase enteric neuron survival. To study this, we 

utilized both the adult ISMC cultures and the neonatal SM/MP co-cultures. The SM/MP co-

culture consists of a high density of neonatal enteric neurons, which makes it an ideal model for 

studying enteric neuron survival. For this reason, our lab has used the SM/MP co-culture model 

extensively.  

To investigate if ISMC can increase enteric neuron survival, we attempted to culture 

ISMC directly with enteric neurons. To visualize adult ISMC existing in proximity with neonatal 

cells, freshly isolated neonatal cells were first stained with the lipophilic tracer dye DiI, allowing 

for subsequent visualization with a fluorescence microscope. DiI stained neonatal cells were 

seeded onto P1 or P10 ISMC for 24 hr, then fixed and examined. The bright red fluorescent DiI 

stain allowed co-cultures to be distinguished from the adult ISMC. Further, these cultures were 

also stained with H333258, which labelled the nucleus of both co-culture cells and adult ISMC. 

In combination with DiI, H333258 allows for the visual identification of ISMC from neonatal 

cells. In Figure 4A and B, all neonatal cells were DiI and H333258 positive, whereas the recipient 

adult ISMC were DiI negative but H333258 positive.  

Since we have shown the presence of neonatal cells incubated together with adult ISMC, 

we investigated if enteric neurons within this culture can also be visualized. To evaluate this, 

cultures containing neonatal cells and ISMC were stained with antibodies to the neuronal protein 

– HuD. HuD positive enteric neurons were identified in both P1 and P10 incubated co-cultures 
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(Figure 4C and D). Furthermore, these HuD positive cells were also DiI positive (Figure 4E and 

F), indicating all enteric neurons were derived from neonatal cells.  

Since enteric neurons within ISMC incubated culture can be visualized with anti-HuD 

antibody, we asked if P1 ISMC were capable of supporting more enteric neurons compare to P10 

ISMC. To study this, DiI stained neonatal cells were seeded onto either P1 ISMC or P10 ISMC. 

This culture was incubated for 24 hr before staining with anti-HuD antibody. This showed that P1 

ISMC incubated cultures appeared to contain more enteric neurons than their P10 ISMC 

incubated counterpart (Figure 4C and D). 

 The bright green HuD stain allows visualization of enteric neurons under fluorescence 

microscopy, and also accurate assessment of enteric neuron survival. To quantify enteric neurons, 

HuD labelled cells in every third viewing field along the horizontal and vertical diameter of each 

coverslip were counted. Since our lab has shown that 5% FCS alone is enough to maintain the 

survival of all input neurons, all subsequent neuron counts were normalized to the 5% FCS 

cohort. Enteric neuron survival in serum free DMEM was significantly lower than control. Only 

37%±5% of the initially seeded neurons were still alive following 48 hr incubation. Addition of 

50 ng GDNF in serum free DMEM resulted in a significant increase in enteric neuron survival 

above the serum free DMEM incubated cohort (Figure 5A).  

 Since we showed that 5% FCS and 50ng GDNF can both increase enteric neuron survival 

relative to serum free control, we asked if direct culturing with P1 ISMC can also increase enteric 

neuron survival. To test this, neonatal enteric neurons were seeded directly onto P1 ISMC for 48 

hr before labeling with anti-HuD antibody. The number of HuD positive neurons for each 

condition was expressed as a percent of 5% FCS. Enteric neurons incubated with P1 ISMC 
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supported 75%±12% of the neurons compared to 5% FCS control (n=3, p<0.05) (Figure 5B). 

This indicates that P1 ISMC has the ability to support enteric neuron survival.  

 Since P1 ISMC directly cultured with enteric neurons was capable of supporting neuron 

survival, we investigated the mechanism by which ISMC was able to increase neuron survival. 

For this, we tested if CM from ISMC was also capable of increasing enteric neuron survival. CM 

from P1 ISMC was collected and used to incubate neonatal cells for 48 hr. Following incubation, 

these cultures were stained with anti-HuD antibody. The number of HuD positive neurons was 

assessed with a fluorescence microscope and expressed as a percent of 5% FCS control. CM from 

P1 ISMC increased enteric neuron survival to 53%±14% of the 5% FCS control. This was 

significantly higher than enteric neurons incubated in serum free DMEM (n=3). These results 

indicate that CM from P1 ISMC was also capable of increasing enteric neuron survival.   

We have shown that P10 ISMC exhibited a decreased GDNF expression (Figure 3C). 

Furthermore, P1 ISMC was capable of supporting enteric neuron survival (Figure 5B). Therefore, 

we asked if P10 ISMC could also support enteric neuron survival, since understanding this would 

clarify the relationship between GDNF expression from ISMC and enteric neuron survival. To do 

this, enteric neurons were seeded directly onto confluent cultures of P10 ISMC and were 

incubated for 48 hr before labeling myenteric neurons with anti-HuD antibody. Neuron number 

was again quantified and expressed as a percent of 5% FCS control. P10 ISMC only supported 

43%±4% of neurons compared to 5% FCS control. Enteric neuron survival was not significantly 

increased from cohorts that were incubated in serum free DMEM control alone (n=3) (Figure 

5B). This indicates that prolonged ISMC proliferation results in a decreased ability to support 

enteric neuron survival.  
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 We have shown that P1 ISMC and its CM were capable of increasing enteric neuron 

survival (Figure 5B and C), while, P10 ISMC were not. Furthermore, we asked if CM from P10 

ISMC was capable of supporting enteric neuron survival. To test this, CM collected from P10 

ISMC was used to incubate neonatal cells for 48 hrs before staining with anti-HuD antibody to 

visualize enteric neurons. Enteric neuron survival was assessed and expressed as a percent of 5% 

FCS control. CM from P10 ISMC only supported 28%±7% of the neurons compared to 5% FCS. 

This was not significantly increased from cohort neonatal cells that were incubated in serum free 

DMEM control (n=3) (Figure 5C). This confirmed the previous observation that prolonged ISMC 

proliferation results in decreased ability to support enteric neuron survival. Collectively, these 

results strongly indicate P1 ISMC increases enteric neuron survival via a secreted factor.  
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Figure 4.Interaction of neonatal enteric neurons with smooth muscle cells in vitro.  Dissociated 
myenteric neurons were labelled with the red fluorescent tracer DiI before addition to confluent 
cultures of adult circular smooth muscle. By 24 hr, fluorescent imaging for (A-B) DiI (red) and 
(C-D) anti-HuD (green) showed survival and adhesion of labelled neurons on either early passage 
(P1) or high passage (P10) ISMC. Nuclei of all cells are stained with H333258 (blue). (E-F) 
Composite fluorescent images showing DiI/HuD positive enteric neurons projected axons (red, 
eg., arrow) from neuron cell bodies (Scale bar, 50µm).  
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Figure 5. Direct contact or conditioned media from early passage, but not high passage smooth 
muscle cultures promote survival of myenteric neurons in vitro.  Neonatal neurons were cultured 
alone or on confluent cultures of adult ISMC for 24 hr and survival compared among early or late 
passage ISMC (B), or with conditioned media from high or low passage cells (C). (A) Impaired 
survival of neurons in serum-free media was restored by exogenous GDNF (50 ng/mL; n=3 +/- 
sem, *, p<0.05). (B) Selective survival of neurons cultured on early passage ISMC vs. high 
passage ISMC under serum-free conditions (n=3 +/- sem, *,p<0.05). (C) Conditioned media from 
low (P1) but not high (P10) passage ISMC increased neuronal survival (n=3 +/- sem, *,p<0.05).   
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3.3 Cultured adult ISMC promote neuronal survival via GDNF   

 Since we showed that proliferating ISMC can produce GDNF (Figure 3C) as well as 

promote enteric neuron survival (Figure 4A), we further investigated whether GDNF was directly 

responsible for this increased enteric neuron survival. This was examined with the use 

ofvandetanib (Carlomagno et al., 2002) – which has been shown to be effective at controlling 

various RET mutation induced cancers. In particular, its role in controlling medullary thyroid 

cancer has been well studied. Furthermore, vandetanib induced RET blockade can also prevent 

the downstream effects of GDNF (reviewed in Houvras et al., 2012).  

To demonstrate GDNF dependency, cultured neonatal myenteric neurons were initially 

cultured in 5% FCS or serum free DMEM, and incubated for 48 hr in the absence or presence of 

vandetanib.  Neuron survival was then evaluated by immunocytochemistry with anti-HuD 

staining as before, with neuron number for each condition expressed as a percentage of the 

positive control of 5% FCS. This showed that addition of 1µM vandetanib to 5% FCS reduced 

neuron survival to 49%±11% of control (n=3, p<0.05). In addition, myenteric neurons similarly 

incubated with vandetanib but under serum-free condition also exhibited a significantly lower 

neuron survival than serum-free DMEM alone (Figure 6A). Total cell number within each culture 

was assessed after vandetanib treatment and compared to cohort controls, to detect non-specific 

cytotoxic effects of vandetanib. The addition of 1µM of vandetanib did not significantly change 

total cell number, indicating that vandetanib did not exhibit significant non-specific cytotoxic 

effects at 1µM concentration (87%±15%, p>0.05).  These results not only show that RET 

activation is essential to maintain and increase enteric neuron survival, but it is also a key 

receptor in serum-induced enteric neuron survival. 
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 Multiple GFLs exist and are known to activate RET in other systems, such as 

dopaminergic neurons in the hippocampus. Therefore, we investigated if GDNF was the 

responsible GFL for the observed increase in enteric neuronal survival. To assess this, we utilized 

a neutralizing anti-GDNF antibody, which would sequester available GDNF in the culture. This 

decrease in GDNF concentration would result in decreased RET activation, and lead to decreased 

neuronal survival if GDNF was the major pro-survival factor in the co-culture.  To test this, 

neonatal SM/MP co-cultures were established in 5% FCS switched into serum-free DMEM in 

either 1µM vandetanib or anti-GDNF neutralizing antibody (0.2µg/mL and 1µg/mL) was added. 

These cultures were further incubated for 48 hr before enteric neuron survival was assessed 

relative to a 5% FCS control. This showed that 1µM vandetanib or anti-GDNF antibody (0.2 

µg/mL)each similarly decreased enteric neuron survival to approximately 70% of control (Fig 

6B).  An increased amount of anti-GDNF antibody (1µg/mL) decreased neuron survival to 

58%±7% of the 5% FCS control (p<0.05 vs. 5% FCS; Figure 5B). The similar effects of 

vandetanib and a neutralizing antibody to GDNF strongly indicate that GDNF was the primary 

GFL responsible for activating RET on the surface of enteric neurons.  

 Vandetanib was then used to assess the role of ISMC-derived GDNF in increased neuron 

survival.  For this, neonatal SM/MP cells were seeded directly onto P1 ISMC with or without 

vandetanib, and enteric neuron survival was assessed following 48 hr incubation. In the presence 

of vandetanib, the survival of enteric neuron was greatly decreased, from 76%±12% to 25%±10% 

of control (p<0.05; Figure 6C), indicating a major role for GDNF in this model.  

To further test for the role of GDNF as the critical neurotrophin responsible for survival, 

vandetanib was used to counteract the potential presence of GDNF conditioned medium derived 

from P1 ISMC.  Evaluation of neuronal survival showed a marked decrease from 53%±9% to 
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only 8%±0.8% of control (p<0.05; Figure 6C). Collectively, these results indicate adult ISMC can 

support the survival of myenteric neurons by secretion of the pro-survival factor GDNF.  
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Figure 6. GDNF mediates the neurotrophic effect of adult ISMC on myenteric neurons. Neonatal 
neurons were cultured in serum-free media or with smooth muscle cells.  Survival was expressed 
relative to that in medium with 5%FCS (positive control). A) Effect of the RET tyrosine kinase 
inhibitor, vandetanib, on neuronal survival in either serum-containing or serum-free media (n=3 
+/- sem; *, p<0.05). B) Similar reduction of neuronal survival in established neuronal cultures by 
treatment with either vandetanib or a neutralizing antibody to GDNF (n=3 +/- sem; *, p<0.05 vs 
5% FCS control). C) Increased survival of neurons either cultured directly with adult circular 
smooth muscle (ISMC) or with ISMC-conditioned medium (CM) is blocked by vandetanib. (*, 
p<0.05 vs 5% FCS control).  
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3.4  Reduced GDNF expression from adult ISMC decreases enteric neuron survival 

Since adult proliferating ISMC expressed GDNF (Figure 3C) that was capable of 

supporting enteric neuron survival (Figure 5A), we investigated if reduced GDNF expression 

from ISMC would result in decreased enteric neuron survival.  For this, siRNA was used to 

decrease GDNF expression in early passage (P1) ISMC. Following transfection with either 

scrambled or GDNF siRNA, ISMC were incubated for 2 more days before GDNF expression was 

analyzed by western blotting. As before, the anti-GDNF antibodies detected a single 15 kDa band 

in all 3 treatment conditions, which was similar in size to the recombinant peptide.  While GDNF 

band intensity in both controls was similar, band intensity was diminished with GDNF siRNA 

transfection (Figure 7A).  

 The IOD of GDNF and GAPDH bands for each of the above 3 conditions were measured. 

The ratio of GDNF to GAPDH was normalized to and expressed as percent of the untreated 

control ISMC. This ratio for the scrambled siRNA treated ISMC was similar to untreated control. 

Furthermore, GDNF expression in siRNA transfected ISMC was 35%±15% that of the untreated 

control (p<0.05) (Figure 6B). This indicates GDNF expression was successfully decreased by 

GDNF siRNA.  

 Since GDNF exerts its pro-survival effects as a diffusible factor (Lin et al., 1993), CM 

from siRNA transfected ISMC was also assessed for GDNF expression. For this, CM from 

control or transfected ISMC was concentrated by TCA protein precipitation and immunoblotted 

for GDNF. This detected a single band of 48 kDa, similar to the oligomeric form of GDNF 

reported elsewhere (Airavaara et al., 2011). The GDNF bands from untreated control and 

scrambled siRNA transfected cells were similar and there was a marked reduction in the band 
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from GDNF siRNA-treated ISMC, indicating a reduction in GDNF expression by siRNA (Figure 

7A).  

The average IOD of these 3 bands was measured and normalized against total protein 

concentration in the respective CM. The ratio of the GDNF IOD to total protein concentration for 

each condition was expressed as a percentage of untreated control. CM from scrambled siRNA 

controls exhibited no significant change in GDNF expression. CM from siRNA transfected ISMC 

contained significantly less GDNF (Figure 7C). This indicates GDNF secretion was also 

decreased with siRNA transfection (Figure 7C).  

 To investigate the effects of reduced GDNF expression in ISMC on enteric neuron 

survival, CM from GDNF siRNA treated P1 ISMC was incubated with enteric neurons. Anti-

HuD antibody was used to visualize and quantify enteric neurons. The number of HuD positive 

cells was quantified and normalized to 5% FCS control. Enteric neurons incubated in serum free 

DMEM supported the survival of 60%±2% of the neurons compared to control (p<0.05). Similar 

with the result from previous experiments, the addition of P2 ISMC CM brought enteric neuron 

survival to 89%±7% of the FCS control. ISMC transfected with scrambled siRNA supported 

80%±8% of the enteric neuron compare to 5% FCS control. This was an expected outcome since 

there were no change in GDNF production and secretion between these two groups. However, 

CM from GDNF siRNA transfected ISMC was only capable of supporting 58%±8% of the 

enteric neurons compared to 5% FCS control (p<0.05). This was significantly lower than both the 

untreated control and scramble siRNA transfected ISMC CM (Figure 7D). Results from the above 

experiments indicate GDNF expression from ISMC is essential for enteric neuron survival in the 

SM/MP co-culture.  



 

42 

 

 To model the initial stages of intestinal inflammation, we adopted a culture model of 

adult ISMC, we examined the expression of GDNF in these proliferating cells. Freshly isolated 

ISMC were shown to begin culture adaptation immediately after isolation. By 4 days post-

isolation, most ISMC have adapted to culture. qPCR analysis was used to measure mRNA 

expression in these ISMC over the course of culture adaptation. Results indicated that GDNF 

mRNA was significantly upregulated 2 days after isolation, and remained increased at 4 days. 

Further, GDNF protein was measured and was detected in proliferating ISMC at P1. GDNF 

expression was then examined in prolonged proliferating ISMC, and shown to be significantly 

decreased.  

 Utilizing the neonatal co-culture model, we demonstrated that proliferating ISMC at P1 

were able to increase myenteric neuron survival, while prolonged proliferating (P10) ISMC was 

not. Using vandetanib and neutralizing anti-GDNF antibody, we showed that GDNF expression 

was instrumental in maintaining myenteric neuron survival. Furthermore, reduced GDNF 

expression from ISMC also reduced their ability to support myenteric neuron survival. These 

results indicated that ISMC produced GDNF was crucial in supporting myenteric neuron survival, 

in vitro.   
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Figure 7. Inhibition of GDNF expression from adult ISMC results in decreased enteric neuron 
survival, in vitro. A) Representative western blot showing GDNF siRNA transfection decreased 
GDNF expression in P1 ISMC. GDNF siRNA transfected P1 ISMC exhibited a decrease in both 
intracellular and secreted GDNF compare to GAPDH control. B) Quantification of 3 separate 
siRNA transfection experiments showing average outcome of GDNF siRNA transfection on 
cellular contents of GDNF. Intracellular expression of GDNF was significantly reduced compare 
to control (n=3 +/- sem, *, p<0.05). C) Quantification of 3 separate siRNA transfection 
experiments showing average outcome of GDNF siRNA transfection on secreted GDNF. GDNF 
expression in CM was decreased compared to controls (n=3 +/- sem, *,p<0.05). D) Consequence 
of GDNF siRNA transfection on enteric neuron survival. Conditioned medium from GDNF 
siRNA transfected ISMC showed a decreased ability to support enteric neuron survival (n=3 +/- 
sem, *, p<0.05).   
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Chapter 4 

Discussion 

The functional and structural integrity of the ENS is crucial in coordinating various 

activities, such as motility, absorption and digestion (reviewed in Barrett et al., 2006). However, 

intestinal inflammation results in significant myenteric neuronal loss, which disrupts these 

functions (Poli et al., 2001).  Subsequent axonal regeneration (Lourenssen et al., 2005) will then 

attempt to restore homeostasis, but the mechanisms that drive this are poorly understood. For this 

reason, studies were conducted to investigate possible mechanisms of neuron loss as well as 

strategies to prevent this loss. Since neurotrophic factors, such as GDNF, have been shown to 

support the development of the embryonic ENS, their role in supporting the survival of myenteric 

neurons in the postnatal intestine was studied. Current literature suggests that GDNF possesses 

the capability to support enteric neuron survival in the embryonic and neonatal intestine, and that 

GDNF is expressed by proliferating embryonic mesenchymal and neonatal ISMC that are with 

close structural proximity to the myenteric plexus (Natarajan et al., 2002 ,Rodrigues et al., 2010). 

However, it is uncertain whether adult ISMC can acquire the ability to produce GDNF, and 

support myenteric neuron survival. This thesis presents novel data indicating that proliferating 

adult ISMC become capable of expressing GDNF and support myenteric neuron survival.    

4.1 Adult ISMC proliferation increases GDNF expression  

Proliferation of adult ISMC has been associated with a variety of functional and 

structural changes. In particular, there is a drastic decrease in contractile protein expression 

during proliferation that is characteristic of smooth muscle cells in general (reviewed in Rzucidlo 

2009) and also of intestinal smooth muscle cells (Nair et al., 2011).  For these reasons, the effect 
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of the onset of proliferation on GDNF expression was investigated. Using an in vitro model of 

adult ISMC, GDNF mRNA was shown to be upregulated as early as 48 hr post-isolation, and 

mRNA level stayed increased at 96 hr. Upregulation of mRNA generally correlates with the 

increase in protein expression. In this case, a 5 fold increase by 48 hr indicates that GDNF 

expression was significantly upregulated.  

Previous studies using the same ISMC culture model have demonstrated that freshly 

isolated ISMC expressed an elevated level of cyclin-D 96 hr post-isolation (Baldin et al., 1993, 

Nair et al., 2011). Furthermore, immunocytochemistry also shows the presence of proliferating 

cell nuclear antigen (Nair et al., 2011) positive cells within the culture, so that it is reasonable to 

conclude that these ISMC have become proliferative at this point. In combination with results 

from this study, it is reasonable to conclude that GDNF expression is upregulated at the onset of 

ISMC proliferation. 

Our qPCR data shows that GDNF mRNA expression in these ISMC has decreased from 5 

fold at 48 hr post-isolation to control to just over 2 fold at 96 hr. It is possible that GDNF mRNA 

expression is dependent on the specific phase of the cell cycle which may be synchronized at the 

onset of proliferation. In this population, a large proportion of cells passing through the mitotic 

cycle may result in an initial increase and subsequent fall in GDNF mRNA transcription. 

Nonetheless, further studies evaluating the protein expression would solidify our conclusions.  

 In subsequent experiments, we examined the effects of prolonged ISMC proliferation on 

the expression of GDNF. We found GDNF expression per cell was significantly decreased in 

these late passage cells compare to their early proliferating counterpart. This means that in 

cultures that contain similar number of cells, the late passage ISMC culture would contain an 

overall decreased level of GDNF. A decrease in GDNF expression after prolonged period of 
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proliferation is an unexpected result, since GDNF expression was increased during proliferation, 

we expected prolonged proliferation to further increase expression. This decrease may be caused 

by the following reason. In the neonatal intestine, differentiated ISMC can be identified by the 

presence of α-smooth muscle actin (αSMA) and desmin. Furthermore, GDNF expression in the 

neonatal intestine was co-localized with α-SMA, indicating GDNF was expressed in 

differentiated ISMC (Rodrigues et al., 2010). The prolonged smooth muscle proliferation not 

only resulted in a decreased GDNF expression but also a loss of contractile phenotype (Nair et 

al., 2011). It is possible, therefore, that the ability to produce GDNF parallels the contractile 

phenotype of ISMC. Furthermore, it was demonstrated in both vascular and intestinal smooth 

muscle cells that halting proliferation results in a re-differentiation of smooth muscle contractile 

characteristics (Zhang et al., 2012), therefore investigating if an inhibition of proliferation would 

increase GDNF expression would further strengthen findings in this study.  

4.2 Proliferating adult ISMC increases enteric neuron survival  

 Utilizing a combination of neonatal co-culture model and the adult smooth muscle culture 

model, we showed that proliferating adult ISMC were capable of increasing enteric neuron 

survival. This, in combination with increased GDNF expression in proliferating adult ISMC, 

establishes a positive correlation between GDNF expression in adult ISMC and enteric neuron 

survival.  

The idea that ISMC can increase enteric neuron survival was previous explored by 

(Schafer et al., 1998). They showed that ISMC were capable of increasing enteric neuron survival 

and axon outgrowth. In their study, protein homogenate generated from the smooth muscle layer 

from 7 day old rats was shown to possess similar neurotrophic effects as GDNF in postnatal 

enteric neurons. However, they were unable to identify the pro-survival factor or find traces of 
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GDNF present in the protein homogenate. Although, results were inconclusive and merely 

suggests that GDNF may be present in intestinal smooth muscle, but nevertheless confirms the 

neurotrophic effects of ISMC.  

ISMC can support enteric neuron survival through several possible mechanisms. First, 

contacts between ISMC and enteric neurons may have been able to enhance neuron survival. For 

example, trans-membrane proteins such as N-cadherin have been shown to encourage 

neighbouring ovarian surface epithelial cell survival (Peluso, 2000). Furthermore, N-cadherin 

interaction in the GT1-7 neuronal cell line has not only been demonstrated to decrease the 

expression of pro-apoptotic intracellular signaling molecule – Bim-EL, but also activate MAPK-

dependent pro-survival pathways (Lelievre et al., 2012). Secondly, ISMC may increase enteric 

neuron survival by secreting a diffusible factor into the culture media, which in turn increases 

enteric neuron survival. The role of secreted factors in enhancing neuron survival has been well 

documented in many systems (reviewed in Gordon, 2009). For example, neurotrophins such as 

NGF, NT3 and GDNF must be secreted in order to exert their survival effects (Maymach et al., 

1996, Farhadi et al., 2000). More specifically, it has been shown that exogenous NGF can 

increase cultured hippocampal neuron survival (Culmsee et al., 2002), indicating it exerts its 

biological activity as a diffusible factor. Further, an inhibition of secretion from glial cells in the 

central nervous system decreases its extracellular concentration (Xiong et al., 1999). Together, 

this indicates that neurotrophic factors are often secreted to exert their biological effects. Since 

we have shown that GDNF expression was upregulated in these ISMC, this finding then led us to 

investigate if a diffusible factor was mediating this survival effect. In the subsequent experiment, 

we showed that CM collected from proliferating ISMC also increased enteric neuron survival, 
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thus ruling out an effect of cell contact and proving that a secreted factor was responsible for the 

increased neuron survival.  

Several diffusible factors have been suggested to possess the ability to enhance enteric 

neuron survival. Von Boyen et al. (2006) showed that NGF is upregulated in cultured enteric glial 

cells that were stimulated by pro-inflammatory cytokines and lipopolysaccharides. Furthermore, 

in vivo studies also indicate that NGF is expressed in the colon and further upregulated in TNBS-

colitis (Stanzel et al., 2008, Barada et al., 2007). Despite evidence for the expression of NGF in 

the inflamed intestine, there is no conclusive evidence showing that this neurotrophic factor was 

capable of supporting enteric neuron survival. Beside NGF, NT-3 was also suggested to possess 

neurotrophic effects in the ENS (Lucini et al., 2001, Chalazonitis et al., 2001). A recent study 

also showed that NT-3 may be responsible in supporting adult enteric neuron survival under 

oxidative stress (Korsak et al., 2012). Despite studies suggesting NT-3 has an effect in supporting 

enteric neuron survival, results from our lab indicate that NT-3 is not effective at increasing 

survival in the co-culture (Rodrigues et al., 2010). Furthermore, there is no conclusive evidence 

indicating that adult ISMC expresses GDNF. For this reason, we tested if the diffusible factor in 

the ISMC CM was GDNF.  

4.3 GDNF is essential in increasing enteric neuron survival 

It has previously been established that GDNF is capable of activating GFRα1-RET receptor. 

This receptor-ligand interaction results in the auto-phosphorylation of RET (Trupp et al., 1996), 

which eventually results in increased neuron survival and axonal outgrowth in the target neuron. 

By blocking the phosphorylation of RET with vandetanib, we effectively diminished the pro-

survival effects previously observed with P1 ISMC or its CM. This strongly suggests that enteric 

neuron survival is dependent on the activation of RET. However, multiple ligands have been 
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shown to exhibit the capability to phosphorylate RET (Trupp et al., 1998). In particular, neurturin 

is capable of binding to GFRα2 which consequently activates RET. Neurturin dependent RET 

activation has been demonstrated to enhance neuron survival, axonal outgrowth and ganglion 

formation in the parasympathetic nervous system (Rossi et al., 1999, Wan et al., 2011). 

Furthermore, neurturin has also been shown to play a role in the maturation and survival of the 

embryonic enteric neurons. Conditional knockout of this receptor resulted in the abnormal 

structural formation of the myenteric plexus, as well as hypoganglionosis and aganglionosis 

(Rossi et al., 1999). Since activation of GFRα1 and GFRα2 by GDNF and neurturin both lead to 

RET phosphorylation, decreased enteric neuron survival observed by inhibiting RET tyrosine 

kinase does not exclude the possibility that neurturin can increase neuron survival. Although 

ISMC have been shown to produce GDNF, whether or not they express neurturin is largely 

unknown. To identify the responsible GFL, we added anti-GDNF neutralizing antibody to the 

enteric neuron-containing culture. If GDNF was the responsible ligand, then these neutralizing 

antibodies would sequester soluble GDNF and ultimately result in a decreased enteric neuron 

survival. Since our results confirm the above hypothesis, we conclude that GDNF is the 

responsible GFL supporting enteric neuron survival.   

Results from this study demonstrated that 50% of the input enteric neurons survived in the 

absence of serum or exogenous GDNF. This baseline neuron survival was an expected survival 

outcome since ISMC from the neonatal intestine were proliferative and have been shown to be 

able to produce GDNF (Rodrigues et al., 2010). Therefore, this suggests that neonatal ISMC 

produced some GDNF that supported the baseline neuron survival. With ISMC or its CM, more 

GDNF became available to these enteric neurons, which ultimately further increased neuron 

survival beyond the baseline.  
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Recent studies have raised the possibility that the increase in neuron survival observed in this 

study could be a result of enteric glial neurogenesis. It has been shown that both enteric neurons 

and enteric glial cells are derived from a lineage of sox-10 positive enteric progenitor cells 

(Anderson et al., 2006). Sox-10 continues to be expressed by enteric neurons and glial cells in 

neonatal rats, but the expression begins to diminish by 1-3 months after birth (Laranjeira et al., 

2011). This evidence has led Laranjeira and colleagues to investigate if glial cells can be 

differentiated into enteric neurons. Although they demonstrated that glial cells can express 

neuronal specific markers such as HuD or nNOS (Laranjeira et al., 2011), it is still unclear as to if 

these cells possess similar functions like enteric neurons, in vivo. Furthermore, neurogenesis 

cannot occur on a large enough scale, nor at a fast enough rate to explain the massive increase in 

enteric neuron survival observed in this study. Therefore, glial neurogenesis is an unlikely 

interpretation for our results (Laranjeira et al., 2011; Joseph et al., 2011).   

4.4 Inhibiting GDNF expression in ISMC decreases enteric neuron survival  

 Utilizing siRNA to GDNF, we were successful in not only decreasing the expression of 

GDNF from ISMC, but also diminishing its ability to support neuron survival. This provides 

direct support for the conclusion that GDNF produced from proliferating adult ISMC is 

responsible for the increased enteric neuron survival. Furthermore, these observations also 

eliminate the alternative interpretation that the added ISMC could enhance the survival and 

function of accessory cells intrinsic to the co-culture. 

 Results from this study agree with the general observation that neurotrophic factors can 

be produced by the target of innervation, as has been shown in other systems. For example, the 

role of skeletal muscle cells in supporting their innervation by motor neurons has been well 

documented. Vianney and Spitsbergen (2011) showed that skeletal muscle cells are capable of 
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producing GDNF during periods of decreased innervation. They demonstrated that GDNF was 

expressed from skeletal muscle cells that had nicotinic receptors inhibited with α-bungarotoxin, 

which deprives these cells of motor neuron innervation. Although smooth muscle cells are 

phenotypically and structurally different from skeletal muscle, the principle that neurotrophins 

can be produced from the target of innervation may be still applicable. Furthermore, our lab has 

shown that an absence of enteric neurons may result in uncontrolled proliferation (Pelletier et al., 

2010). This also appears to be the case in the TNBS-colitis colon since a drastic loss in myenteric 

neurons leads to a severe decrease in the degree of innervation to the ISMC (Lourenssen et al., 

2005). A loss of innervation, consequently, resulted in ISMC proliferation as well as expressed 

GDNF. However, prolonged proliferation seen in P10 ISMC resulted in a loss of GDNF 

expression as well as the ability to promote enteric neuron survival. This could explain the lack of 

innervation observed in TNBS-induced colitis strictures (Marlow and Blennerhassett, 2005),  

since ISMC in strictured regions may have undergone significant proliferation resulting in a 

decreased expression of GDNF from these cells. Diminished GDNF expression results in a 

decreased enteric neuron survival and ultimately forms a region of proliferating cells that is 

devoid of innervation.  

4.5 Future directions 

 Investigating if GDNF could increase enteric neuron survival in the presence of reactive 

oxygen species would provide insights for the possible mechanisms of enteric neuron death. In 

particular, a high concentration of reactive oxygen species has been shown to be present at the 

onset of inflamed intestine, the temporal expression correlated to drastic neuronal loss in TNBS-

induced colitis (Moreels et al., 2004, Lourenssen et al., 2005). Therefore, a study investigating if 

GDNF in the co-culture could counteract the effects of oxidative damage would be useful in 



 

52 

 

understanding the mechanisms of neuron death in the inflamed intestine. This would be especially 

useful in determining and developing therapeutic strategies to counter neuron death during 

intestinal inflammation.  

 Similar to the observations made in this study, Hagl et al. (2012) has demonstrated that 

proteins from the smooth muscle layer of Hirschprung’s Disease patient are capable of supporting 

myenteric neuron survival. Furthermore, they also demonstrated that GDNF was present. 

However, whether GDNF from the smooth muscle layer was directly responsible in supporting 

enteric neuron survival was unclear. The tools used in this study, such as vandetanib and 

neutralizing antibody, could be used to understand this relationship. Furthermore, correlating 

results from this study with a human condition not only solidifies the use of our animal and 

culture model, but also providing further understanding in the neurotrophic effects of GDNF in 

the human intestine.  

Previous studies done in our lab have shown that approximately 50% of enteric neurons 

within the myenteric plexus were lost as early as 2 days after the initial episode of inflammation 

(Lourenssen et al., 2005). However, adult ISMC within the muscularis have just begun 

proliferating. Since we showed that proliferation is associated with GDNF production, the onset 

of GDNF expression may have been past the critical period of neuron death. Therefore, future 

studies could attempt to increase the expression of GDNF at the onset of inflammation. This 

could be achieved by infecting the inflamed intestine with a plasmid overexpression system 

utilizing an adenovirus based vector (Kozlowski et al., 2000). The overexpression system would 

transiently increase GDNF production and concentration in the intestine. Therefore, allowing us 

to study if GDNF is an important factor in supporting enteric neuron survival in the inflamed 
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intestine, and if GDNF can be used to prevent neuron loss during the critical phase of TNBS-

colitis.  

4.6  Summary 

Utilizing an adult circular smooth muscle cell culture model, this thesis showed that the 

onset of proliferation in ISMC resulted in an up-regulation of GDNF mRNA. Western blot 

analysis demonstrated that GDNF continues to be expressed during further proliferation. 

However, prolonged proliferation in these ISMC resulted in a decrease in GDNF expression. 

Through the use of both the adult ISMC cultures and the neonatal intestinal SM/MP co-cultures, 

ISMC was shown to be capable of supporting enteric neuron survival. This was more so in early 

passage ISMC than late passage ISMC. In the subsequent experiments, vandetanib and anti-

GDNF neutralizing antibody were used to investigate if this change in neuron survival was 

directly associated with GDNF. Results showed that vandetanib abolished the increased neuron 

survival caused by ISMC, suggesting that GDNF from these proliferating adult ISMC supports 

enteric neuron survival. Furthermore, ISMC that were transfected with siRNA exhibited a 

decreased expression of GDNF as well as the ability to support enteric neuron survival. These 

results strongly suggest proliferating adult intestinal smooth muscle cell derived GDNF is capable 

of supporting enteric neuron survival, in vitro.  
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