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Abstract 

The enteric nervous system (ENS) continues its development after birth, with formation of 

ganglia and functional synapses; plasticity is also demonstrated in significant axon growth that 

occurs after experimental colitis in the adult colon.  However, little is known about factors in the 

postnatal intestine that influence and regulate these processes.  Therefore we tested the effects of 

known neurotrophins, NGF, NT-3, BDNF and GDNF on neonatal rat myenteric neurons.  

Cocultures were developed by isolating the myenteric plexus and surrounding muscular wall from 

neonatal rats, and effects of exogenous treatment of neurotrophins were analyzed using 

immunocytochemistry and image analysis.  Western blotting and immunocytochemistry were 

performed to detect implicated neurotrophins and their receptors in the postnatal intestine.  

Functional aspects of effects of implicated neurotrophins were assessed by [3H]choline uptake 

and acetylcholine release in myenteric neurons.  Last, TNBS-colitis was induced in adult rats to 

determine changes in GDNF secretion during the course of the disease.  Application of 100ng/mL 

GDNF to a neonatal intestinal coculture containing neurons, glia and smooth muscle cells 

produced a 91.5% (p≤0.05) increase in axons.  GDNF induced morphological changes in the 

structure and organization of neurons and axons; the incidence of neurons present in ganglia 

increased by 11.2% (p≤0.05), with a 32.9% (p≤0.05) increase in aggregated axons.  Western 

blotting and immunocytochemistry confirmed intestinal smooth muscle as the major source of 

GDNF and demonstrated the presence of the GDNF receptor complex, GFRα1 and RET in the 

myenteric plexus.  Choline uptake significantly increased at 50, 100 and 150ng/ml doses of 

GDNF, whereas stimulated ACh release increased only at 100 and 150ng/ml doses.  In TNBS-

colitis, a decrease in 35 kD GDNF at days 1 and 6 post-induction of inflammation was observed, 

with a concomitant increase in 15 kD GDNF.  We conclude that GDNF, produced by intestinal 

smooth muscle, is a key factor influencing development of the postnatal myenteric neuron and 

may play a role in ENS-restructuring post-inflammation. 
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Chapter 1 
General Introduction 

1.1 The enteric nervous system: structure and development 

The enteric nervous system (ENS) is a large component of the autonomic nervous system.  It is 

found along the aspect of the gastrointestinal (GI) tract.  The ENS consists of neurons and glia 

and is divided into two ganglionated plexuses: the submucosal plexus and the myenteric plexus.  

The submucosal plexus is located beneath the mucosa, in the submucosa and principally regulates 

secretion and absorption in the intestine.  It is also believed to modulate intestinal blood flow, and 

may play a role in motor activity of the muscularis mucosa.  The myenteric plexus is found 

between the longitudinal and circular smooth muscle layers and plays a role in regulating gut 

motility (reviewed in Furness, 2008).   

1.1.1 Development of the ENS 

Neurons and glia that comprise the enteric nervous system are derived from an embryological 

structure called the neural crest.  The initial experiments defining the specific areas of the neural 

crest that contributed to the ENS were developed by Le Douarin in the early 1970s.  She defined 

the rostrocaudal migration of vagal neural crest cells (NCCs) throughout the entire GI tract, with 

a small contribution of lumbosacral NCCs that inhabit the hindgut (Le Douarin & Teillet, 1974). 

These findings were further corroborated in later experiments using tracer dyes such as Dil, or 

non-replicating retroviral markers (reviewed in Burns & Le Douarin, 1998). 

Migration of NCCs into the intestine begins at embryonic day 8.5 (E8.5) in the mouse, 

and the entire length of the mouse gut is colonized by E 14.  By E9.5, NCCs are committed to a 

neuronal or glial lineage, as demonstrated by the expression of proteins including sox10, p75NTR 

and RET.  From E10.5 – E16.5, a variety of poorly characterized events take place that ultimately 
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force the differentiation of NCCs into neurons (via a decrease in sox10 expression, and an 

increase in Mash1, Phox2b and Ngn-2) or glia (following the expression of B-Fabp).  Factors 

inducing expression of these markers are largely unknown. Further, during the colonization 

phase, NCCs occupy the area between longitudinal and circular smooth muscle layers, forming 

the myenteric plexus.  Proteins such as netrins are responsible for drawing some of these cells 

centripetally into the submucosa, where they begin to form the submucosal plexus (reviewed in 

Estrada-Mondaca et al., 2007). 

1.1.2 Postnatal plasticity of the ENS 

The postnatal enteric nervous system remains a very dynamic, plastic environment.  Although 

NCCs have colonized the entire length of the gut, the organizing of neurons and glia into 

functional ganglia and the innervation of surrounding cells remain incomplete.  In the postnatal 

mouse intestine, neurons and axons of the myenteric plexus adapt to an elongating intestine and 

thickening smooth muscle wall throughout the first 14 days after birth by beginning to form 

ganglia and generating extensive tracts of axons (Schafer et al., 1999).  Significant restructuring 

occurs in the myenteric plexus of the postnatal human throughout the first 16 years of life, 

affecting axon tract diameter as well as neuron migration throughout the lengthening gut (Wester 

et al., 1999).   

Plasticity of the postnatal ENS is perhaps best demonstrated by events that occur during 

and after intestinal inflammation in the rat TNBS-colitis model of Crohn’s disease.  TNBS 

administration in the rat colon produces a severe, transmural inflammation, affecting all layers of 

the intestine.  Our lab described the early loss (24 hrs) of nearly half of the myenteric neurons 

(Sanovic et al., 1999).  Later, our lab showed that in this model of colitis, neuron death was 

accompanied by decrease in axon number over the first four days post-TNBS administration 
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However, between days 4 and 6 following TNBS, there was a rapid 4-fold increase in myenteric 

axon number in the circular smooth muscle.  This proliferation is not simply a death/regrowth 

phenomenon as the levels of axons present at day 6 became far greater than control levels.  

Further, the ratio of axons to smooth muscle cells was preserved after colitis, despite a nearly 3-

fold increase in smooth muscle cell number, arguing for the careful maintenance of this 

relationship by a yet-unknown means (Lourenssen et al., 2005).     

1.2 Neurotrophins affect growth, differentiation and survival of neurons  

1.2.1 Nerve growth factor and related neurotrophins 

Survival, differentiation and plasticity of neurons throughout the central and peripheral nervous 

systems are influenced by diffusible factors called neurotrophins.  Nerve growth factor (NGF), 

discovered in the 1950s by Levi-Montalcini, was the first neurotrophin to be characterized in 

experiments involving exposing sympathetic ganglia from chick embryos to protein extracts from 

mouse sarcomas.  This caused neuronal hyperplasia, hypertrophy and extensive axon outgrowth 

in cultured sympathetic neurons(Levi-Montalcini & Hamburger, 1951).  The biologically active 

protein was subsequently defined as NGF, a 13 kD protein.   

Following the discovery of NGF, three more structurally related neurotrophins were 

discovered.  These include brain-derived neurotrophic factor, neurotrophin-3 (NT-3) and 

neurotrophin-4 (NT-4).  These four neurotrophins are generally 13-15 kD secreted proteins, 

which form 26-30 kD dimers.  They utilize a family of receptors entitled tropomyosin-related 

kinase receptors (Trk A –C), and a co-receptor, p75 neurotrophin receptor (reviewed in Reichardt, 

2006).  These neurotrophins and their receptors influence growth, survival and differentiation of 

neurons.  For example, NGF-knockout mice are born with a loss of 75-85% neurons in the dorsal 
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root ganglia, suggesting its importance in supporting the survival of sensory neurons (McMahon 

et al., 1994).  Further, cholinergic neurons in the basal forebrain are significantly reduced in size 

and display less cholinergic projections to the hippocampus and cortex, suggesting an error in 

differentiation and growth (Fagan et al., 1997).  Analysis of BDNF, NT-3 and NT-4 knockout 

mice similarly illustrate the necessity of these neurotrophins for the proper development of 

specific populations of neurons throughout the central and peripheral nervous systems (Stephens 

et al., 2005). 

1.2.2 Glial cell-line derived neurotrophic factor 

The most recently discovered family of neurotrophins is the glial cell line-derived neurotrophic 

factor (GDNF) family of ligands, distantly related to the transforming growth factor-β 

superfamily.  The primary member, GDNF, was isolated from the B49 rat glial cell line by Lin et 

al. in 1993, and described as a potent survival factor for midbrain dopaminergic neurons (Lin et 

al., 1993).  Since then, three more members have been characterized, neurturin, persephin and 

artemin.  

GDNF is produced by a variety of cells throughout the body including glial cells in the 

central nervous system (Lin et al., 1993) and mesenchymal cells of the developing kidney (Vega 

et al., 1996).  It is synthesized as a 211 amino acid prepro-protein and then proteolytically 

cleaved to form a 134 amino acid 15 kD protein.  Through covalent and non-covalent 

interactions, GDNF monomers form mature dimers (reviewed in Saarma & Sariola, 1999).  

GDNF dimers binds to their cognate receptor, GDNF family receptor alpha 1 (GFRα1), a 60 kD 

glycosyl-phosphatidylinositol linked protein which is localized to lipid rafts on cellular 

membranes.  This in turn causes dimerization of the receptor and subsequent association with a 

co-receptor, RET (“rearranged during transfection”).  RET is a tyrosine kinase receptor, and 
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association with the GDNF-GFRα1 complex causes RET dimerization and transphosphorylation 

of intracellular tyrosine residues.  This results in activation of downstream signaling cascades 

involving ERK and Akt (reviewed in Sariola & Saarma, 2003). 

Although this can be considered the prototypical GDNF signaling pathway, current 

research is discovering a variety of alternative signaling pathways.  For example, GDNF 

treatment of RET-deficient dorsal root ganglia cells in vitro was able to activate Src tyrosine 

kinases and downstream MAP kinase activity (Poteryaev et al., 1999).  It was later shown that 

RET-independent signaling in rat primary hippocampal neurons can occur via internalization of 

the GFRα1 receptor in a ligand-dependent manner (Vieira et al., 2003).  Thus, RET may not be 

an absolute requirement for GDNF signaling in some systems.   

1.3 Neurotrophins and the developing ENS 

1.3.1 GDNF influences enteric neuroblasts 

Proper migration and survival of enteric neuroblasts is dependent on GDNF, RET and GFRα1.  

When GDNF-knockout mice were generated by Sanchez et al., deletion caused complete renal 

agenesis, pyloric stenosis, and death within the first day of birth.  The severe stenosis suggested a 

deficit in enteric nervous function.  Thus, the GI tract was examined for the presence of neurons 

throughout development in the GDNF-knockout mouse.  At E12.5, p75-immunoreactive NCCs 

were identified in the esophagus and stomach wall, but absent throughout the rest of the gut.  

Analysis of the newborn GI tract showed a complete absence of PGP 9.5-immunoreactive 

neurons, even in the upper tract, where neurons were present during E12.5 (Sanchez et al., 1996).  

Thus, it was posited that GDNF was necessary for the survival of NCCs through development and 

their migration and colonization throughout the entire gut.  Certainly, analysis of patients with 
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Hirshprung’s disease (defined as a lack of neurons in the terminal colon) has revealed RET and 

GDNF mutations in multiple cases (Runeberg-Roos & Saarma, 2007), indicating their importance 

in the development of the ENS.   

Research has since explored the role of GDNF in migration and colonization of the gut 

by NCCs.  Migrating NCCs express both RET and GFRα1, and the walls of the embryonic gut 

express GDNF throughout migration, suggesting a ‘guided path’ for neuroblasts to follow (Young 

et al., 2001).  To examine if GDNF could in fact influence migration in NCCs, Young et al. 

devised an experiment using explants of embryonic mouse intestine where NCCs had only 

colonized the rostral end of the tissue.  Explants were placed on filter paper in a suspended 

culture setting, with or without 100ng/mL GDNF in the surrounding media.  In control 

conditions, NCCs colonized the rest of the explant within 3 days.  In GDNF-treated conditions, 

however, NCCs migrated out towards the filter paper, suggesting a migratory cue provided by 

exogenous GDNF.  In an additional experiment, an explant from NCC-colonized embryonic gut 

was cultured in close proximity with a GDNF-coated agarose bead.  NCCs from the tissue 

migrated towards, and in fact, engulfed the bead.  GDNF was thus considered a chemoattractive 

migratory factor for enteric neuroblasts (Young et al., 2001).  Further immunohistological 

analysis of the developing gut shows an increased expression of GDNF in areas preceding the 

rostro-caudal movement of NCCs (Natarajan et al., 2002), suggesting a directed expression of 

this chemoattractive factor and an organized wave of NCC colonization throughout the gut.   

The pro-survival effect of GDNF on NCCs that was suggested by Sanchez et al 1996, 

was not proven as a distinct mechanism from death caused by improper NCC migration, until the 

generation of conditional GDNF-receptor knockout mice by Uesaka et al.  Mice were developed 

whose GFRα1 function could be conditionally inactivated using the Cre-loxP system.  GFRα1 

was inactivated during late gestation of the mouse embryo (E15.5), at a time when enteric 
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components are considered post-migratory.  After inactivation, there was a nearly complete 

absence of enteric ganglia in the colon but not the small intestine.  During E15.5, the embryonic 

colon mesenchyme expresses far greater levels of GDNF than the small intestine, which explains 

why colonic neurons and glia were affected by GFRα1 inactivation (Natarajan et al.,2002).  A 

lack of TUNEL, and activated caspase-3 or -7 staining in these dying cells suggested that the 

method of enteric cell death was non-apoptotic (Uesaka et al., 2007).  Similar findings involving 

RET-knockdown in a dose-dependent manner confirmed the importance of GDNF and its 

receptors on late-gestational colonic neuron viability (Uesaka et al., 2008).  These papers 

revealed a distinct pro-survival effect of GDNF on post-migratory embryonic colon neurons.  

More interestingly, the results suggest a gradual phenotypic switch from reliance on GDNF 

throughout development, as small intestine enteric precursors were unaffected by the conditional 

knockout at E15.5.  Thus, neurons may become unresponsive to GDNF as a pro-survival factor 

past embryonic development. 

GDNF may also play a role in differentiation of enteric NCCs into neurons.  This was 

demonstrated by Chalazonitis et al, who purified enteric NCCs through immunoselection for p75-

positive cells at days E12, E14 and E16 of mouse embryonic development.  Cells were cultured 

with or without addition of 10 ng/mL GDNF.  After 3.5 days in culture, there was a 13x increase 

in neurons present from E12 enteric precursors, and a 3x increase for cells from E14-16 animals.  

In GDNF-treated NCCs isolated from E14-16, GDNF suppressed expression of glial cells by 50% 

as compared to control (Chalazonitis et al., 1998).  These results support the notion that GDNF 

causes differentiation of NCCs into neurons and not glia in vitro.  There was unfortunately no 

mention of the mechanism by which GDNF exerts this pro-neuron development, nor analysis of 

the phenotype of neurons that were produced (i.e. cholinergic versus nitrergic). 
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1.3.2 NT-3 affects survival and differentiation of NCCs 

Neurotrophin-3 is believed to play a role in supporting the survival of certain neural progenitors 

in the developing ENS.  NT-3 is expressed in the developing gut mesenchyme, and subsets of 

developing NCCs express its receptor, TrkC.  To determine a role for NT-3 in NCC survival, 

Chalazonitis et al. isolated and cultured E14 mouse NCCs obtained by immunoselection for 

p75NTR.  If these precursor cells were grown in the presence of 10ng/mL NT-3, they expressed 

trkC within 5 days of culture.  At this point, if NT-3 was withdrawn, apoptosis was induced and 

there was a loss of neurons.  To see if there was in vivo relevance to this finding, NT-3 (and trkC) 

heterozygous and homozygous recessive mice were generated.  Only the homozygous recessive 

mice showed a loss of roughly half of total myenteric and submucosal neurons, proving the 

necessity of NT-3 and its receptor in NCC survival (Chalazonitis et al., 2001).  However, they 

report that NT-3 -/- mice are lacking in functional deficits of the intestine, suggesting a 

questionable importance in the neurons that are lost.   

NT-3 is also believed to facilitate the differentiation of NCCs into both neurons and glia.  

The first experiment that demonstrated this was designed by Chalazonitis et al, and involved 

culturing developing ENS precursor cells from mouse embryos at E14-16.  Exogenous NT-3, 

NGF, BDNF and NT-4 were supplied, and cultures were assessed for the presence of neurons and 

glia through immunoreactivity for neuron-specific enolase (neurons) and S100 (glia).  NT-3 

caused a doubling in total neurons and glia compared to control values, whereas other 

neurotrophins had no effect (Chalazonitis et al., 1994).  Further work done by this lab has gone 

on to show that expression of TrkC in NCCs, and thus dependence on NT-3 is regulated by bone 

morphogenetic protein 4, as a loss of this protein causes decreased TrkC expression in late-

developing neurons (Chalazonitis et al., 2004).  The mechanism through which NT-3 causes 
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differentiation is still unknown, and once again, there is no mention of the phenotype of neurons 

that are produced.      

1.4 Neurotrophins in the postnatal intestine 

1.4.1 Presence of neurotrophins and their receptors in postnatal ENS 

The roles of neurotrophins, particularly NT-3 and GDNF, have been clearly outlined in the 

development of the ENS; however, much less is known about how neurotrophins regulate the 

postnatal adult ENS.  We do know that specific subsets of neurons in the adult human ENS do 

express TrkA-C and p75NTR (Kondyli et al., 2005).  Our lab has defined the presence of TrkA 

and p75NTR in adult rat enteric neurons (Lin et al., 2005a), and personal unpublished findings 

suggest that 30% adult rat myenteric neurons express TrkB.  The cellular source of NT-3 is 

unknown, although research suggests NGF is produced by intestinal epithelium (Stanzel et al., 

2008), and BDNF is produced by intestinal smooth muscle, epithelium and perhaps even 

myenteric neurons (Lommatzsch et al., 1999). 

GFRα1 and RET have been shown to be present in postnatal mouse enteric neurons 

(Gianino et al., 2003), but there is conflicting evidence for the cellular source of GDNF.  

Steinkamp et al. and others have reported the presence of GDNF in mucosal-associated enteric 

glial cells of the rat intestine (Steinkamp et al., 2003;von Boyen et al., 2006a)  although 

unpublished observations from our lab have been unable to identify such a population of glial 

cells.  Peters et al. found that GDNF was present in high amounts in the adult rat intestinal 

smooth muscle wall, but the exact cellular source was undefined (Peters et al., 1998).  

Nevertheless, the presence of these neurotrophin receptors and the possible expression of their 

ligands suggest a possible role for maintenance of the ENS.   
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1.4.2 Neurotrophins modulate intestinal motility 

Current research suggests that neurotrophins can alter intestinal motility in humans and 

experimental animals.  Patients receiving BDNF treatment for ALS (amyotrophic lateral 

sclerosis) were reported to show significantly altered intestinal motility (BDNF Study Group, 

1999;1999).  Chai et al tested the effects of exogenous treatment of NGF, NT-3 and BDNF on 

ENS-mediated intestinal motility in rats.  Neurotrophins were injected (20ug/kg) via tail vein 

injection and electrodes were placed along the intestine to measure evoked changes in intestinal 

myoelectric spike bursts (a measure of motor activity) and migrating myoelectric complexes 

(MMCs).  NGF and BDNF had substantial effects on increasing the duration, amplitude and 

frequency of myoelectric spike bursts in the colon, with no effect on the duration between 

MMCs.  NT-3, however, was effective at increasing the duration, amplitude and frequency of 

myoelectric spike bursts in the colon, small intestine and pyloric antrum.  It was also able to 

prolong the duration between MMCs as seen in the colon (Chai et al., 2003).  There was no 

analysis of contractility in this study, which would be necessary to conclude a direct effect of 

these neurotrophins on intestinal motility.  Further, since neurotrophins were administered 

nonspecifically, these effects could have been mediated through extrinsic vagal and sympathetic 

innervation.  However, these results suggest that neurotrophins can affect the activity of postnatal 

enteric neurons.  

To further assess the function of BDNF as a mediator of colonic motility, Grider et al. 

examined isolated colon tissue from adult rats.  Mucosal stroking was shown to increase secretion 

of BDNF in colon tissue.  This correlated with 5-HT release, a mediator of intestinal smooth 

muscle contractility (which was blocked by BDNF interfering antibody).  Exogenous BDNF 

treatment was able to enhance the peristaltic reflex by increasing ascending contraction and 

descending relaxation of circular smooth muscle, as assessed using force transducers.  Although 
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this paper has no mention of the cellular source of BDNF, nor does it attempt to block the 

response with a nerve-specific blocker, it provides insight into a normal physiological role of 

BDNF in muscular activity (Grider et al., 2006). 

To study the neuronal mechanisms that were implicated but not addressed in the above 

paper, Bosemans et al. directly measured the effects of BDNF on calcium currents in primary 

cultures of guinea pig myenteric neurons.  BDNF alone was unable to elicit any effects on Ca2+ 

transients in these neurons.  However it was able to enhance Ca2+ transients evoked by exogenous 

5-HT treatment and K+ stimulation.  Further, BDNF treatment alone was able to increase synaptic 

vesicles in myenteric neurons by analysis of synaptophysin immunoreactivity.  Vesicle turnover 

was also increased, suggesting higher neurotransmitter release following nerve stimulation 

(Boesmans et al., 2008).  These results suggest a direct modulatory role of BDNF on myenteric 

neurons.   

1.5 Neurotrophins in the intestine during disease 

1.5.1 NGF in intestinal inflammation 

During the inflammatory state, changes to the intestine occur, including compromised mucosal 

integrity (Llopis et al., 2005).  As NGF is implicated in maintaining intestinal epithelia 

(Reinshagen et al., 2000), von Boyen et al examined how inflammation might increase the 

expression of NGF in the intestine.  Since enteric glia may be important for epithelial function 

(Bush et al., 1998), they sought to determine if NGF was secreted from mucosal-associated 

enteric glia.  In cultures of neonatal enteric glia (claimed to be 95% pure), NGF was secreted at a 

basal rate of 100pg/mL, that increased to 400pg/mL with the addition of IL-1, TNFα and LPS 

(von Boyen et al., 2006b).  However, they cultured myenteric instead of submucosal glia, which 
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would detract from the importance of this finding, as myenteric glia are not associated with the 

mucosa.  Further, the culturing technique listed in the study would produce a mixed culture of 

smooth muscle cells and glia.  As such, they are not able to ascertain with certainty that NGF is 

produced by enteric glial cells.   

Our lab recently attempted to conclusively define a cellular source of NGF, given the 

lack of evidence for this in the intestine.  Semi-quantitative PCR was performed on cells removed 

from sections of the rat colon by laser-capture microdissection.  While minimal levels of NGF 

mRNA were present in control epithelial cells, there was marked upregulation of NGF mRNA 

level in the mucosa within 6 hrs of TNBS-induced inflammation.  This correlated with the 

appearance of 13 kD NGF by western blot, shown to be biologically active by PC12 neurite-

outgrowth bioassay.  Thus, intestinal epithelial cells can produce NGF and further, inflammation 

can upregulate the synthesis of this biologically active neurotrophin (Stanzel et al., 2008).      

Given that NGF is neuroprotective in a variety of peripheral and central neurons 

(McMahon et al., 1994), that NGF-expression increases greatly in the intestine during 

inflammation, and that NGF-neutralization has been associated with a worsening of experimental 

colitis (Reinshagen et al., 2000), our lab sought to identify a neuroprotective role for NGF in 

myenteric neurons during TNBS-colitis.  The proportion of TrkA-expressing neurons in the 

myenteric plexus was examined before and after inflammation to identify a selective-sparing of 

NGF-sensitive neurons.  Surprisingly, we identified a selective loss of TrkA+ neurons; this 

decrease only occurred in excitatory neurons (ChAT-immunoreactive), not nNOS-expressing 

inhibitory neurons (Lin et al., 2005b).  These findings infer a possible dichotomous role of 

neurotrophins in inducing enteric neuron death in the context of disease, as supported by 

literature suggesting that proneurotrophins (proNGF and proBDNF) can enhance neuronal 

apoptosis (Teng et al., 2005).   
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1.5.2 GDNF as a neuroprotective agent against hyperglycemia and reactive 

oxygen species 

Gastrointestinal issues including dysphagia, constipation, abdominal pain and diarrhea are 

common comorbidities of diabetes.  Since the myenteric plexus regulates intestinal motility, and 

diabetic hyperglyccemia is known to induce neuron death in a variety of peripheral neurons 

(Schmeichel et al., 2003), there is an interest in examining the effects of hyperglycemia on 

myenteric neurons.  Anitha et al. (2006) examined a possible neuroprotective effect of GDNF in 

primary cultures of enteric neurons under hyperglycemic conditions.  Briefly, by selecting p75-

expressing cells from the E14 rat intestine, they were able to establish pure cultures of neurons.  

Cultures placed in hyperglycemic conditions showed increased cell death and a decreased amount 

of phosphorylated Akt, suggesting impaired PI3 kinase signaling.  Addition of exogenous GDNF 

to hyperglycemic culture conditions blocked the decrease in phosphorylated Akt and led to an 

overall increase in the amount of surviving neurons (Anitha et al., 2006b).  This suggests that 

GDNF can support the survival of enteric neurons against hyperglycemic challenge, through a 

PI3-kinase pathway.  Further studies by this group implicate GDNF-evoked neuropeptide-Y 

expression in enteric neurons in the pro-survival mechanism (Anitha et al., 2006a).  However, it 

is important to note that p75-immunoreactive cell sorting in the embryonic gut would also isolate 

glial cells and non-differentiated enteric neuroblasts.  Given that GDNF induces neuronal 

differentiation in neuroblasts, the phenomenon that they describe may in fact be caused by 

increased differentiation, not through a pro-survival mechanism.   

GDNF has also been implicated as an enteric neuroprotective agent against oxidative 

stress (Thrasivoulou et al., 2006).  In Crohn’s disease and ulcerative colitis, activated 

macrophages and neutrophils are abundant in the intestine and can generate excess amounts of 

reactive oxygen species (ROS) with deleterious effects throughout the gut (Grisham & Granger, 
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1988).  In addition, treatment with exogenous GDNF to ex vivo strips of adult rat myenteric 

plexus decreases the levels of ROS present in the ganglia (Thrasivoulou et al., 2006).  Although 

direct evidence is lacking to prove a role in GDNF-mediated enteric neuron survival against ROS, 

this implicates a possible antioxidant role for GDNF in the myenteric plexus, albeit through an 

undefined mechanism.   

1.6 Thesis introduction 

Neurotrophins are important factors in supporting the growth, survival and differentiation of 

neurons throughout the central and peripheral nervous systems.  Accumulating evidence now 

implicates neurotrophins in development, function and survival of enteric neurons.  First, there is 

good evidence that the neurotrophins GDNF and NT-3 are involved in the embryonic 

development of the ENS (Chalazonitis et al., 2001;Sanchez et al., 1996).  Second, neurotrophins 

such as NGF and BDNF influence myenteric neuron function and affect intestinal smooth muscle 

contraction (Chai et al., 2003).  Lastly, the enteric neuroprotective effects of neurotrophins such 

as GDNF are now being explored, e.g. in models of hyperglycemia-induced neuron death 

(Thrasivoulou et al., 2006).  

Despite a fairly well developed understanding of the actions of neurotrophins in ENS 

development, very little is known of their roles in the postnatal ENS environment.  For instance, 

the factors underlying axon growth and gangliogenesis in the neonatal ENS are largely unknown.  

Further, the presence of neurotrophin receptors in the adult ENS suggests the possibility of a 

maintenance and survival function for neurotrophins.  Finally, the extensive ENS restructuring 

that occurs after induction of TNBS-colitis argues for an important role of neurotrophic factors, 

similar to that seen elsewhere (Logan et al., 2006).   
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Therefore, we investigated the potential for neurotrophins to elicit morphological and 

functional plasticity in postnatal enteric neurons. For this, we developed a culture model of the 

neonatal myenteric nervous system and its surrounding musculature.  The smooth muscle layers 

along with the intervening myenteric plexus were carefully removed from neonatal rats and cells 

were dissociated and plated to yield a mixed population of neurons, glia and smooth muscle cells.  

This coculture model allowed us to test the effects of exogenous neurotrophin treatment on 

neuron survival and axon growth in the developing neonate ENS.   

Our goals were as follows: 

• To define which of NGF, BDNF, NT-3 and GDNF are capable of  promoting neuron 

survival and/or axon growth in coculture 

• To determine the cellular source of said neurotrophin(s) in the intestine 

• To characterize the presence of implicated neurotrophin receptors in myenteric neurons 

• To study a possible modulatory effect on neurotransmitter release, by studying choline 

uptake and ACh release by neurons in coculture 

• To correlate the plasticity of enteric neurons following TNBS administration with an 

upregulation of speculated neurotrophin(s)  
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Chapter 2 

Materials and Methods 

Tissue culture 

Co-cultures of neonatal rat myenteric neurons, smooth muscle cells and glia were generated by 

dissociation of smooth muscle and myenteric plexus layers (SM/MP) from neonatal Sprague-

Dawley rats (Charles River, QC). The small intestine was removed from animals at 2-5 days of 

age, placed in Hanks’/HEPES and the SM/MP was removed intact as a single layer by separating 

the smooth muscle layer from the mucosa and peeling it off along the entire length of the 

intestine.  The tissue was minced with fine scissors and placed in a 15 mL conical tube containing 

4 mL Hanks’/HEPES with 0.125% trypsin II (Sigma) and 0.5 mg/mL collagenase F (Sigma). 

After incubation for 1hr at 37 C, with agitation every 15 minutes, the tissue pieces were allowed 

to settle and were washed twice with fresh Dulbecco’s modified Eagle’s medium (DMEM) before 

trituration with a glass Pasteur pipette (approx. 15 repetitions in 4 mL). 

 Cell number and viability were determined by using a hemocytometer before plating in 

24-well plates on collagen-coated glass coverslips at a density of 2.5x105 cells/mL in either 

DMEM alone, DMEM with 5% fetal calf serum (FCS) or in DMEM with 100 ng/mL 

neurotrophin.  To ensure neutralization of enzyme activity, soybean trypsin inhibitor (5 mg/mL in 

DMEM) and bovine serum albumin (5% in DMEM) were added in volumes of 10% of the final 

plating volume in each case.  Ciprofloxacin (2mg/mL; BAYER) was added at 12.5 µL per well.  

These co-cultures were then incubated for 72 hrs (37°C in 5% CO2 in air) before processing for 

immunocytochemistry.  For this, the medium was removed and replaced with neutral buffered 

formalin (NBF) for 15 min, before washing three times in PBS.     
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 Highly enriched cultures of either neonatal intestinal smooth muscle cells or glia were 

obtained by the limiting dilution technique.  The source cell suspension for this was the negative 

fraction of cells following magnetic sorting for neurons using PSA-NCAM, as provided by Dr. 

Gougeon.  Culture wells containing single colonies of cells were grown to confluence and the cell 

type verified by inspection under phase contrast and immunocytochemistry for the glial cell 

marker GFAP.  These cultures were typically used within 2-3 passages.   

 

Western blotting 

Tissues and cell culture scrapings were dissociated in cold lysis buffer (Tris-buffered saline 

containing 10% glycerol, 1% Triton X-100, 1 μg/mL leupeptin, 10 μg/mL aprotinin, and 1 mM 

phenylmethylsulfonyl fluoride) and suspended in reducing sample buffer containing 1% beta-

mercaptoethanol.  12%, 10% and 6% SDS-PAGE gels were used for detection of GDNF, GFRα1 

and RET respectively.  12% and 10% gels were transferred to PVDF membrane using a semi-dry 

transfer system (BioRad), whereas 6% gels were transferred to PVDF using a wet transfer system 

(BioRad).  Blots were blocked for 1 h at room temperature with 5% non-fat milk in Tris-buffered 

saline containing 0.2% Tween-20 (TBS-T).  

For detection of GDNF and its receptors, the membranes were incubated in 5% 

milk/TBS-T containing mouse-anti GDNF (1:200; sc-13147, Santa Cruz), rabbit anti-GFRα1 

(1:200; sc-10716, Santa Cruz) or rabbit anti-RET (1:200; sc-13104, Santa Cruz) overnight at 4°C.  

Rabbit-anti GDNF (1:200; sc-328, Santa Cruz) was used to in addition to mouse anti-GDNF.  

This was followed by 1hr incubation in goat anti-mouse or goat anti-rabbit antibody linked to 

horseradish peroxidase (1:20,000; Pierce), depending on the species of the primary. To visualize 

immunoreactivity, membranes were incubated for 1 hr in horseradish peroxidase-labelled 

secondary antibody (1:20,000; Pierce), followed by incubation in chemiluminescent substrate 
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(Super Signal, Pierce) and exposure to BioMax film.  Membranes were subsequently reprobed 

with mouse anti-α-tubulin (1:4000; Sigma) to ensure that equal protein was loaded in each lane.   

For experiments involving the secretion of GDNF from SM/MP tissue, western blots 

were scanned at 300 dpi, and the integrated optical density (IOD) of GDNF-immunoreactive 

bands was determined using Image Pro 6.0 software.  The IOD takes into consideration both the 

mean pixel intensity as well as the total area of each immunoreactive band (Stanzel et al., 2008).  

The IOD of each band was then normalized to the dry weight of tissue used initially, as an 

internal control for protein loading.  Tissue was dried for 24 hrs, to remove any residual media.  

 

Histology and immunocytochemistry 

Immunocytochemistry was used to determine the effect of GDNF on myenteric neurons in co-

cultures of the SM/MP, by detecting changes in neuron survival, axon growth and overall 

morphology.  For this, coverslips were fixed for 15 minutes in neutral buffered formalin, and 

washed in PBS (3 x 5 min).  Coverslips were then blocked for 1 hr in PBS containing 1% goat 

serum (Sigma) and 1% BSA (Sigma), and then exposed to mouse anti-HuD (1:500; Invitrogen) 

and rabbit anti-SNAP25 (1:2000; Sigma) at 4°C overnight.  After washing in PBS (3 x 5 min), 

coverslips were incubated for 1 hr at room temperature in secondary antibodies (goat anti-mouse 

IgG conjugated with Alexa Fluor 488 (1:500; Invitrogen) or goat anti-rabbit Alexa Fluor 555 

(1:1000; Invitrogen)).   The coverslips were further incubated with Hoechst (1:5000; Sigma) for 

one minute to label nuclei, followed by 3 washes with PBS, before mounting onto glass slides 

with 50% glycerol in PBS.   

To obtain frozen sections of intestine for immunocytochemistry, segments of small 

intestine were removed from day 2-5 neonatal rats, quickly washed in PBS, covered in OCT 

(Sakura Finetek) and frozen on dry ice.  Tissues were stored at -80°C before sectioning (10 µm) 
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onto APTEX-coated slides (Sigma).  The sections were then dried at room temperature for 1 hr, 

washed with PBS to remove the OCT (3 x 5 min each) and fixed in NBF (15 min) before further 

processing for immunocytochemistry.  A similar technique was employed for frozen sections of 

adult rat colon.  For sections of fixed and wax-embedded tissue, routine methods were employed 

as described earlier (Lourenssen et al., 2005). 

For detection of GDNF and its receptors, frozen and wax sections were blocked overnight 

at 4°C in PBS containing 1% goat serum and 1% BSA.  Frozen sections were employed for the 

detection of GDNF, and were incubated in mouse anti-HuD (1:500) and rabbit anti-GDNF 

(1:200; sc-328, Santa Cruz) in PBS, at 4°C overnight.  Wax sections were utilized for the 

detection of GFRα1 and RET, and thus were incubated with mouse anti-HuD (1:500) and either 

rabbit anti-GFRα1 or rabbit anti-RET (1:50; Santa Cruz) at 4°C overnight.  After washing in PBS 

(3 x 5min) coverslips were incubated in secondary antibody for 1 hr at room temperature in a 

humidity chamber.  Secondary antibodies for frozen sections included goat anti-mouse IgG 

conjugated with Alexa Fluor 488 (1:500; Molecular Probes) and goat anti-rabbit Alexa Fluor 555 

(1:1000; Molecular Probes).   Secondary antibodies for wax sections included goat anti-mouse 

IgG conjugated with Alexa Fluor 488 (1:500; Molecular Probes) and goat anti-rabbit Alexa Fluor 

555 (1:5000; Molecular Probes)  Images were obtained under fluorescent illumination with an 

Olympus BX-51 fluorescent microscope using a Coolsnap FX camera (Roper Scientific) and 

Image Pro Plus 6.0 software. 

 

Neuron and axon counting 

Neuron and axon numbers were quantified manually using a 60x water immersion objective lens, 

using fluorescent illumination.  Coverslips containing cultured SM/MP were obtained from 

culture wells, and were examined under magnification across a full vertical and horizontal strip 
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through the center of each coverslip, representing an area of 39 microscopic fields at 600x final 

magnification.  Neuron numbers were systematically assessed by counting HuD-

immunofluorescent neurons in every third field in a horizontal and vertical strip, representing 

1.7% of the total surface area of the coverslip (Figure 1d).  Isolated neurons were counted 

separately from aggregated neurons, to determine the proportion of single vs. aggregated neurons.  

Accumulations greater than 10 neurons large, found in an average of 3/39 fields examined, were 

omitted from quantification of neuron aggregation, due to the inability to count individual neuron 

cell bodies with certainty.   

To quantify the axon numbers, every field was examined in a horizontal and vertical strip 

across each coverslip, and the number of SNAP25-immunoreactive axons was estimated.  For 

this, each axon was counted that passed through the vertical midline of the microscopic field in a 

vertical strip, and the horizontal midline in a horizontal strip (Figure 1c).  Single axons and axons 

in aggregate were all counted, and grouped separately to allow for the comparison of single vs. 

aggregated axons.   

 

[3H]choline uptake and release 

To assess cholinergic metabolism and acetylcholine (ACh) release in vitro, co-cultures 

were grown in wells containing serum free DMEM, or DMEM + 50, 100 or 150ng/mL GDNF for 

3 days,, with 4 wells designated for each condition.  The culture supernatant was then removed 

and the cells incubated with [3H]choline/Krebs solution (2μCi/ml; Sigma) for 1 hr.  Following 

this initial loading phase, [3H]choline/Krebs solution was removed and replaced with Krebs 

solution  containing 40 mM K+ for 5 minutes.  The resulting depolarization (and thus ACh 

release) served to deplete the intracellular stores of pre-existing unlabelled ACh.  The co-cultures 

were then incubated with [3H]choline/Krebs solution for 1 hr to allow ACh synthesis from radio-
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labelled precursors.  To remove unincorporated [3H]choline, and the supernatant was removed 

and the  wells were washed three times (5 min each) with Krebs.   

Krebs solution containing 80 mM K+ was used to stimulate ACh in co-cultures previously 

incubated in [3H]choline, and the resulting appearance of radioactivity in the culture supernatant 

was compared to that seen in control cultures exposed to normal Krebs solution for an equal 

period.  For this, 4 culture wells were used for each experimental condition, with duplicate wells 

incubated in 300uL of 80mM Krebs (K+), while the additional replicate wells received 300 µL of 

normal Krebs solution, forming stimulated and non-stimulated cohorts.  After 15 minutes of 

incubation, 300 uL of supernatant from each well was removed, placed into a 24-well scintillation 

plate containing 1.7mL of BCS biodegradable counting scintillant (Amersham) to measure 

[3H]choline.  Cells in each well were lysed into 300μL 10% SDS in distilled water, placed in 

separate scintillation wells and combined with 1.7mL scintillation fluid to measure the  [3H] 

content using a Hidex Chameleon Plate reader, using CommFiler software, as counts/minute 

(cpm).  Total uptake of radiolabel was determined by adding [3H]cholinelysate + [3H]cholinesupernatant 

for both stimulated and non-stimulated wells for each condition, and averaging the results.  All 

GDNF-treated conditions were normalized to control.  The stimulated release of [3H] was 

considered proportional to [3H]-ACh release and was determined from the average value in 

duplicate wells of: 

 
                                       [3H]cholinesupernatant (stim)  werawerawerawerawerawerawerawerwae                                    
                              ____________________________        X 100%   -  unstimulated [3H]choline release 
                        [3H]cholinelysate (stim) + [3H]cholinesupernatant (stim)                                               
 

TNBS-colitis and GDNF secrection in ex vivo colonic SM/MP 

The model of TNBS-induced experimental colitis in adult male rats was used as described 

previously (Wells & Blennerhassett, 2004). Briefly, this involved the instillation of 500μL of 
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200mM TNBS (Fluka) dissolved in 50% ethanol into the colon, 8cm proximal to the anus.  

Control rats received 500μL of 50% ethanol.  Either control animals, or animals at Day 1 or Day 

6 of colitis were euthanized by overdose of isoflurane anaesthetic and the mid-descending colon 

was dissected into Hank’s/HEPES.  The colon was opened along the mesenteric border, the 

mesentery and any adhering tissue along the exterior wall of the intestine was carefully removed.  

The opened colon was then pinned to a sylgard-coated dish with the mucosal side facing down in 

Hank’s/HEPES, and the SM/MP was removed.  In colitis, the main locus of inflammation was 

roughly 1 cm2, located in the center of the mid-descending colon.  Tissue from this area was often 

extremely damaged and difficult to remove from adhering tissue, possibly contributing to variable 

outcomes.  Thus, the immediately inflamed area (ca. 1 cm proximal and/or distal to the focus of 

inflammation) was used for western blotting and ex vivo experiments.   

To obtain conditioned medium from intact specimens of the SM/MP, segments of either 

inflamed (day 1 and day 6) or control colonic SM/MP were cut to roughly 0.5 cm2 and placed in 

24-well culture dishes in 1 ml of serum free DMEM for 24 hrs.  These supernatants were assessed 

for neurotrophin content by western blotting, or for biological activity by incubation with co-

cultures and quantification as above.  For western blotting, 900 μL of supernatant was combined 

with 100 μL trichloroacetic acid (Sigma) in 1.5 mL Eppendorf tubes, and placed on ice for an hr.  

Samples were then spun at 4°C at 15000G for 10 minutes to isolate a protein pellet, which was 

resuspended in 60 uL of 1x running buffer by overnight incubation.  Samples were stored -20°C 

until analysis for GDNF by western blot using 12% SDS polyacrylamide gels.  Tissue segments 

used to obtain supernatant were placed in plastic dishes to dry overnight, and subsequently 

weighed.   
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Animal use 

All procedures involving animals received prior approval from the University Animal Care 

Committee of Queen's University, and conformed to the guidelines of the CCAC. 

 

Statistical Analysis 

All values represent mean ± S.E.M of at least 3 different animals or independent experiments. 

Statistical significance was determined by ANOVA, with significance assumed for p < 0.05.  
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Chapter 3 

Results 

3.1 Generation of the intestinal SM/MP coculture model 

To assess the roles of NGF, BDNF, NT-3 and GDNF on myenteric neurons, a neonatal 

intestinal coculture model was employed.  Both smooth muscle layers and the intervening 

myenteric plexus were dissected from the neonatal rat small intestine, dissociated and cultured.   

Analysis of the coculture under phase contrast showed a mixed population of cell types (Figure 

1a).  To confirm the identity of these cells, immunocytochemistry was employed.  It was 

determined that the coculture was comprised mainly of smooth muscle (α-smooth muscle actin-

immunoreactive), with smaller populations of glia (GFAP-immunoreactive; Figure 1b).  Neurons 

were visualized using immunoreactivity to HuD, an RNA-binding protein found only in neurons 

(Figure 1c).  Axons were easily identifiable through immunocytochemistry for SNAP25, a 

synaptic protein located in enteric neuron bodies and axons (Figure 1d). 

After 72 hrs, a 70-80% confluent layer of cells had formed with areas of the dish 

containing 3-dimensional accumulations of cells.  Rhythmic contractile activity was observed 

throughout the coculture, focused primarily around these accumulations, indicating the possible 

presence of interstitial cells of Cajal and regulation by the myenteric plexus.  This served as an 

excellent environment to test the effect of exogenous treatment of neurotrophins on myenteric 

neurons in vitro.     
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Figure 1: Analysis of the coculture model, using phase contrast and immunocytochemistry.  A) 
Phase contrast image at 10X objective of a coculture, grown in 5% FCS-supplemented media for 
3 days. Arrow indicates an aggregation of cells, around which contractility is often observed. B) 
Immunofluorescent images at 40x objective, to depict the presence of smooth muscle (α-smooth 
muscle actin; green) and glia (GFAP; red). C-D) Fluorescent images at 60x objective, of neurons 
(HuD; green) and axons (SNAP25; red). Dotted line indicates the vertical center of the optical 
field, through which intersecting axons were counted on a vertical strip.  E) Merged image of 
panels C and D, showing neurons and their axonal processes.  
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3.2 GDNF, but not NGF, BDNF or NT-3, promotes axon growth in myenteric 

neurons 

Neurotrophins were assessed in coculture with regards to their effect on neuron survival.  

Since postnatal enteric neurons cannot undergo mitosis, survival was quantified as the percentage 

of neurons present after 72 hrs of culturing compared to the input amount of neurons.  Previously, 

our lab determined the input number of neurons by counting total cells present in the SM/MP 

cellular suspension, via hemocytometer, prior to plating.  Analysis of HuD-expressing cells from 

the cellular suspension before plating indicated that neurons represented 12.1% of the entire 

cellular population.  Directly after plating, neurons were quantified via conventional counting 

methods (see Materials and Methods), giving an absolute number of input neurons present in 

1.7% of the coverslip (roughly 600 neurons in a plating volume of 2.5x105 cells).  Extrapolating 

this number to the entire surface area of the coverslip showed that all neurons survived the plating 

procedure.  When cells were cultured in serum-free media, there was a gradual loss of neurons 

over time; by 72 hrs, there was a 40% reduction in neuron number (Figure 2d).  However, 

supplementation with 5% FCS was able to completely prevent this neuron loss, maintaining the 

same neuron number as the input number throughout 72 hrs of incubation.  By establishing a 

control for maximum and minimum survival of cultured myenteric neurons, neurotrophins were 

assessed to determine if they could affect neuron survival.  

To identify a possible role for NGF, BDNF, NT-3 and/or GDNF in neuron survival, 

separate cocultures were treated with 100ng/mL neurotrophin, as cited in previous literature as a 

maximally efficient treatment (Boesmans et al., 2008;Anitha et al., 2006b;Lewis et al., 2006).  

Myenteric neurons were assessed for survival after treatment in serum-free media, and compared 

to 5% FCS.  A minimum of 3 animals were used, duplicate wells per treatment were analyzed, 

and systematic analysis of high-magnification immunofluoresence was employed to quantify 
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neuron numbers.  Treatment of cocultures with NGF, BDNF, NT-3 or GDNF all displayed a 

roughly 40% loss in neurons as compared to optimal survival (Figure 2d).  This did not differ 

significantly from serum-free controls, suggesting that these neurotrophins, in isolation, are 

unable to support neuron survival.  Since treatments used were at maximally effective dosages as 

used elsewhere (Boesmans et al., 2008;Anitha et al., 2006b;Lewis et al., 2006), it is assumed that 

using these neurotrophins at higher concentrations will yield similar results; however, treatment 

of multiple neurotrophins in cohort may be efficacious at promoting neuron survival.    

FCS was not only optimally effective at preserving myenteric neurons in vitro, but also 

strongly promoted axon outgrowth by 2.5 fold over serum-free control (Figure 2a-b, e).  

Therefore, the possibility of neurotrophin-induced axon growth was assessed in the coculture.  

However, treatment with 100ng/mL NGF, BDNF or NT-3 was unable to elicit axon growth 

greater than serum-free conditions (n=3; Figure 2e).  No observable morphological changes were 

observed in regards to neuron and axon aggregation, and it was concluded that these 

neurotrophins had no discernible activity on the structural aspects of myenteric neurons.     

In contrast, GDNF at 100ng/mL consistently elicited significant axon growth in 

myenteric neurons, easily visible in images of fluorescently labeled cocultures after 72 hrs of 

treatment (Figure 2c).  Quantification of axon growth showed that GDNF caused significant 2-

fold increase over serum free control at 100ng/mL (p<0.05), although to a value still significantly 

less than the 5% FCS treated positive control (p<0.05).  Although GDNF fell short of providing 

complete survival of myenteric neurons in vitro, it stood out from all other neurotrophins tested 

for the consistent, significant effect on axon growth.  This strongly suggests a role for GDNF as 

an important neurotrophin for postnatal myenteric neurons, and justifies further study of its 

source and mechanism of action.   
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Figure 2: Effect of neurotrophins on myenteric axon growth and neuron survival. A-C) Duel-
labeled images showing neurons (green) and axons (red).  Images represent 0%, 5% and GDNF-
treated cocultures respectively, taken in the center of the coverslip.  Arrows indicate axons.  Note 
the increase in axons post-GDNF treatment, and an apparent increase in axon and neuron 
aggregation. D) Assessment of neuron survival in control conditions versus treatment with 
BDNF, NT-3, NGF and GDNF.  Supplementation of cultures with 5% FCS produces 100% 
neuron survival. No neurotrophin was able to significantly increase neuron survival over 0%.  E) 
Quantification of axon numbers after treatment with neurotrophins.  GDNF produced a 
significant increase in axons (n=3, *p < 0.05) compared to 0%.  
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In addition to increasing axon numbers, GDNF strongly influenced the morphology of 

the coculture with regards to axon and neuron aggregation.  Firstly, GDNF promoted a highly 

reproducible directional fiber growth towards other accumulations of neurons; serum-free and 

FCS-supplemented media caused non-directed, random outgrowth of mostly single axons (Figure 

2a-c).  GDNF treatment also produced an observable ‘thickening’ of axons, determined at high 

magnification to be caused by axonal aggregation (Figure 3a-b).  The amount of axonal 

aggregation was analyzed at high magnification to assess the amount of axons that were in 

contact with one or more axons.  A significant 30% increase (p<0.05) in overall axons present in 

aggregated form was observed (Figure 3e).   

Analysis of neuron number through immunocytochemistry for HuD also revealed that 

GDNF strongly promoted the aggregation of neurons into ganglion-like structures (Figure 3c-d).  

Thus, the amount of neuronal aggregation was quantified at high magnification to determine the 

amount of neurons present in ganglia.  Analysis revealed a significant increase (p<0.05) in overall 

neurons present in direct contact with other neurons, as compared to serum-free control and 5% 

FCS conditions at 100ng/mL (Figure 3f).  This may be an underestimate of this effect since 

neurons present in aggregates of >10 neurons were omitted from analysis, due to an inability to 

count individual neurons with confidence.  There was, however, a consistent increased proportion 

of large neuron aggregates with GDNF treatment, roughly double that of serum-free and FCS 

controls. 

 Yet unknown factors present in FCS are able to exert neurotrophic effects on postnatal 

myenteric neurons in vitro, with regards to both neuron survival and axon growth.  Treatment of 

neurons with known neurotrophins was unable to completely replicate the survival effect of FCS.  

Interestingly, GDNF alone was able to promote axon growth in myenteric neurons, although in 

significantly less quantities than yielded by 5% FCS.  However, morphological changes elicited 
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by GDNF differed significantly from FCS control, suggesting that GDNF produces a novel effect 

from FCS, and is indeed a factor affecting the postnatal myenteric neuron. 
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Figure 3: GDNF promotes neuronal and axonal aggregation in culture. A-B) Triple-labeled 
images showing neurons (green), axons (red) and nuclei (blue).  Note the observable thickening 
in axons post-GDNF treatment (B) versus 0% and 5% controls (A). C-D) HuD-labeled images 
showing differences in the aggregation pattern of cocultures in serum-free or GDNF-
supplemented media.  Arrows indicate aggregates of axons.  E) An increase in overall axons 
present in aggregate with other axons (**p<0.01). F) Graph showing an increase in the overall 
percent of neurons present in contact with other neurons with GDNF treatment, over both 0% and 
5% FCS  (n=3, *p<0.05).  
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3.3 GDNF in the neonatal intestine is produced by smooth muscle cells, not 

myenteric glia 

Identification of a neurotrophic role for GDNF in postnatal myenteric neurons in vitro suggested 

the relevance of this neurotrophin in vivo.  To verify that GDNF is present in the rat intestine, 

immunocytochemistry was performed on cross-sections of rat neonatal intestine.  GDNF 

immunoreactivity was identified within the intestinal wall, particularly in the circular and 

longitudinal smooth muscle layers (Figure 4a).  Staining was absent from the mucosa and 

submucosa.  GDNF-immunoreactivity appeared absent within the myenteric plexus, where 

neurons and glia are present.  Further, upon use of a species-mismatched secondary antibody or 

with omission of primary antibody, no immunoreactivity was observed, suggesting that GDNF-

immunoreactivity was not as a result of spurious secondary antibody staining.   

To confirm the presence of GDNF in the muscular wall of the neonatal intestine, western 

blot analysis was performed on homogenized SM/MP tissue.  This showed the presence of a 35 

kD-immunoreactive band, consistently in samples from 3 animals used (Figure 4b) and similar to 

the published weight of dimerized and glycosylated GDNF (Garbayo et al., 2007).  A slightly 

higher molecular weight protein was also resolved (39 kD), which has been noted by other 

researchers, and is suggested to be an alternatively glycosylated form of the protein (Sanchez et 

al., 2002).  These bands are believed to be a form of GDNF for the following reasons: these 

bands disappeared with omission of primary antibody or the use of a species-mismatched 

secondary antibody, suggesting that they are not due to non-specific secondary antibody staining.  

Further, the use of two different antibodies to two different epitopes on the GDNF protein yielded 

similar results.  As well, the GDNF-antibody was able to bind to the pure 15 kD GDNF peptide.  

The persistent detection of a high molecular weight form of GDNF despite the reducing 
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conditions used indicates that these bands represent either highly stable dimers of GDNF or a 

higher molecular weight precursor form of GDNF.   
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Figure 4: GDNF is present in neonatal smooth muscle wall.  A) Frozen-section 
immunocytochemistry of the neonatal intestine showing the presence of HuD-immunoreactive 
neurons (green) in the top left inset, and GDNF-immunoreactivity (red) in the top right inset.  The 
main panel represents the superimposed inset images, showing GDNF-immunoreactivity in the 
muscular wall of the neonatal intestine, and the lack thereof in the myenteric plexus. Muc: 
mucosa, SM: submucosa, LM= longitudinal smooth muscle, CM: circular smooth muscle, MP: 
myenteric plexus. B) Western blot depicting the presence of 35 kD and 39 kD GDNF-
immunoreactivity in neonatal SM/MP, with the pure 15 kD GDNF peptide.  Each lane represents 
a separate animal used (n=3).  
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To determine if GDNF was selectively produced in neonatal ISMC and not myenteric 

glia, highly enriched smooth muscle and glial cell cultures were developed from neonatal SM/MP 

tissue.  Cultures were determined to be 80-90% pure as assessed by cellular morphology under 

phase contract microscopy (Figure 5a-b).  Glia appeared to have small cell bodies with 2-3 

narrow processes emanating outwards, whereas smooth muscle cells were typically larger and 

flatter in appearance (confirmed by immunocytochemistry), thus allowing for easy assessment of 

culture purity.  To assess these for production of GDNF, homogenates of the enriched smooth 

muscle or glial cultures were examined by western blot for the presence of GDNF.  35 kD GDNF 

was observed in intestinal smooth muscle cells, and was completely absent from myenteric glia 

(Figure 5c).  Interestingly, a 39 kD band was not observed in this preparation.  Since previous 

experiments to determine the source of GDNF utilized an ELISA (von Boyen et al., 2006a), a 

highly sensitive method of detecting secreted protein down to the 10 pg/mL, the sensitivity of the 

western blot procedure to detect GDNF was tested, using serial dilutions of pure recombinant 

GDNF.  The detection limit of GDNF was determined to be 2.5pg/μL at a maximum exposure of 

5 minutes, suggesting that this procedure is far less sensitive than ELISA.  Thus, PCR analysis is 

necessary to confirm these findings.  Nonetheless these data do indicate that GDNF is produced 

by intestinal smooth muscle, in far greater amounts than possible by myenteric glia as previously 

reported (von Boyen et al., 2006a).   
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Figure 5: GDNF is present in neonatal smooth muscle, not enteric glia.  Phase-contrast image 
depicting cultures enriched for a) neonatal glia and B) smooth muscle cells. C) Western blot of 
enriched neonatal glia and smooth muscle cell cultures, confirming presence of 35 kD GDNF in 
smooth muscle.  Each well represents a separate animal used. (n=3). α-tubulin used as a loading 
control to ensure equal protein in wells.  
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3.4 GFRα1 and RET are present in the postnatal small intestinal myenteric 

plexus 

After determining a neurotrophic role for GDNF in myenteric neurons in vitro, and the presence 

of GDNF in the postnatal intestine, immunocytochemistry and western blot analysis were 

employed to confirm the localization of the well-established receptor complex, GFRα1, and a co-

receptor, RET, in the postnatal myenteric plexus.  Immunocytochemistry of the neonatal intestine 

revealed GFRα1-immunoreactivity, found diffusely in areas of the myenteric plexus (Figure 6a).  

All HuD+ (neurons) components of the myenteric plexus colocalized with GFRα1-

immunoreactive cells, suggesting that GFRα1 is indeed present on myenteric neurons (n=3; 

Figure 6b-c).  Immunoreactivity was absent in the surrounding smooth muscle layers.  GFRα1 

was also observed in intestinal epithelium, which is supported by previous literature (Steinkamp 

et al., 2003). Incubation with a species-mismatched secondary revealed no GFRα1-staining, 

suggesting that the results were not due to non-specific secondary antibody binding.   

To further validate the immunocytochemistry, neonatal SM/MP homogenate from the 

small intestine was examined by western blot; a 60 kD band was resolved (Figure 6d), similar to 

the molecular weight of GFRα1 as published in CNS literature (Dong et al., 2006), and as 

obtained by our positive control of mouse midbrain.  Incubation with a species-mismatched 

secondary antibody and omission of primary antibody revealed no specific staining, suggesting 

that the immunoreactive band was not as a result of non-specific secondary antibody binding.  

Thus, both lines of evidence strongly suggest that GFRα1 is present in postnatal rat myenteric 

neurons. 
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Figure 6: GFRα1 is located in the myenteric plexus.  A-B) Fluorescent images at 60x 
magnification of the neonatal intestinal wall in cross-section, where panel A depicts 
immunoreactivity for GFRα1 (red) and panel B depicts neurons (green).   Arrow in panel A 
indicates immunoreactivity for GFRα1 in the myenteric plexus.  C) Merged image of panels A 
and B, showing colocalization of GFRα1 to myenteric neurons. D) Western blot of neonatal 
SM/MP, showing a 60 kD GFRα1 immunoreactive band in all three lanes, representing individual 
animals used (n=3). 
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Immunocytochemistry of neonatal intestine revealed RET-immunoreactivity localized to 

the cellular membrane of all HuD+ myenteric cells visualized, thus suggesting the presence of 

RET on myenteric neurons (n=3; Figure 7a-c).  Areas throughout the mucosa and submucosa 

showed small, non-cellular RET-immunoreactivity and were deemed as non-specific staining.   

Further, upon use of a species-mismatched secondary antibody, no immunoreactivity was 

observed, suggesting that RET-immunoreactivity was not as a result of spurious secondary 

antibody staining.  To ensure the validity of the immunocytochemistry, SM/MP tissue isolated 

from neonatal rat intestine was analyzed by western blot.  A 170 kD band was detected (Figure 

7d), corresponding to the glycosylated weight of the RET receptor as published in previous 

literature (Richardson et al., 2006), and as obtained by our positive control of mouse midbrain.  

Incubation with a species-mismatched secondary antibody and omission of primary antibody 

revealed no specific staining, suggesting that the immunoreactive band was not as a result of non-

specific secondary antibody binding.  Thus, both lines of evidence suggest that RET is indeed 

present in postnatal rat myenteric neurons. 
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Figure 7: RET is located in the myenteric plexus.  A-B) Fluorescent images of the neonatal 
intestinal wall in cross-section, where panel A depicts RET-immunoreactivity (red) and panel B 
depicts neurons (green).   Arrow in panel A indicates immunoreactivity for RET in the myenteric 
plexus.  C) Merged image of panels A and B, showing colocalization of RET to myenteric 
neurons. D) Western blot of neonatal SM/MP, showing a 170 kD RET immunoreactive band in 
each lane, representing individual animals used (n=3). 
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3.5 GDNF enhances stimulated choline uptake and acetylcholine release in 

cultured myenteric neurons 

Through the use of our coculture model, GDNF was demonstrated to promote axon growth in 

postnatal myenteric neurons.  However, the functionality of these newly generated axons was 

unknown.  Thus, neurotransmitter synthesis and release were studied using the coculture model, 

to determine a parallel between axon growth and neuronal activity.  Acetylcholine (ACh) was 

chosen for study, since it is the major excitatory neurotransmitter in the intestine, with 

approximately 60-70% of myenteric neurons being of cholinergic nature (Lin et al., 2005a). 

Previously, to develop a method for analyzing ACh release, cocultures were established 

in 5% FCS.  Cells were loaded with a solution containing [3H]choline, and allowed to incubate to 

permit its uptake into neurons.  After a washout period, cells were stimulated with a high 

potassium solution (80mM K+), and [3H] release was analyzed, with the assumption that 

[3H]choline had become incorporated into ACh intracellularly.  After stimulation, ACh release 

was compared to that of non-stimulated cultures, to rule out the possibility of passive release by 

neurons.  Stimulation provided a significant 4.5% increase in the percentage of released [3H] over 

the baseline, established by measuring non-stimulated release (p<0.05).  To validate this finding, 

cultures were treated with 2μM botulinum toxin, a drug which inhibits ACh release (Israel & 

Dunant, 1996); treatment was able to reduce the increase in [3H] release, thus confirming that 

stimulated [3H]-secretion is an accurate reflection of neural activity (by Kurtis Miller and Sandra 

Lourenssen, Appendix A - Figure 1). 

To analyze the effect of GDNF on cultured myenteric neurons, cocultures were grown for 

three days, with or without the presence of 50, 100 or 150 ng/mL in serum free media and then 

loaded with [3H]choline.  To determine if GDNF modified the uptake of [3H]choline in neurons, 

the total amount of [3H]choline was measured, in the lysed cells and media of stimulated and non-
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stimulated cultures.  This assesses the amount of  [3H]choline that was taken up by neurons 

during the loading phase.  Scintillation counting results from GDNF-treated culture were 

normalized to that of serum-free control cultures.  At all concentrations used, GDNF significantly 

increased [3H]choline uptake over serum-free controls, by approximately 30% (p<0.05).  This 

indicates that GDNF is important in modulating the uptake kinetics of the acetylcholine precursor 

(Figure 8a).   

To measure the ability of cholinergic neurons to release ACh in vitro, the culture 

supernatant was replaced 80 mM (K+) Krebs solution and the [3H] release obtained was compared 

to non-stimulated cohorts.  High potassium- stimulation of cocultures grown in serum-free media 

caused only a slight increase in stimulated [3H] release (0.2%), far less than previously 

determined values for FCS-supplemented cocultures.  This may indicate the poor overall health of 

neurons cultured in serum-free media alone, or perhaps implicate the necessity of factors that 

assist in proper ACh release.  Nonetheless, GDNF treatment elicited a concentration-dependent 

increase in the amount of secreted ACh that was statistically significant at the 100 and 150 ng/mL 

doses.  These concentrations caused the stimulated acetylcholine release to increase to 3% and 

4% respectively (p<0.05; Figure 8b), representing a greater than 10-fold increase over serum-free 

control values.  These data show that GDNF strongly promotes the release of acetylcholine in 

cocultures, and overall, demonstrate that GDNF alters the functionality of myenteric neurons as 

assessed by choline uptake and ACh release.   
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Figure 8: GDNF modulates functional activity of myenteric neurons.  SM/MP cocultures were 
grown for 3 days in DMEM, or DMEM with 50, 100 or 150ng/ml of GDNF, then loaded with 
[H3]-choline. A) An increase in overall [3H]choline uptake in cultures treated with GDNF at all 
concentrations (n=4, p<0.05). B) [3H]-labelled ACh release post-stimulation with 80mM K+ 
solution.  Cultures treated with 100ng/mL and 150ng/mL display significantly increased 
acetylcholine release over serum-free control (n=4, * p<0.05) 

 



 

  44

 

3.6 GDNF secretion from adult SM/MP colon during TNBS-colitis 

Previously, our lab discovered early neuron death and axon loss following experimental colitis in 

the rat colon, followed by significant axon growth by day 6 post inflammation (Lourenssen et al., 

2005).  Since GDNF stimulates axon growth in postnatal myenteric neurons, GDNF levels were 

examined in the rat colon following TNBS to identify increased secretion during the period of 

axon growth.   

Since previous experiments identified GDNF in the postnatal small intestine, 

immunocytochemistry was employed to examine if GDNF was in fact present in the adult rat 

colon.  GDNF-immunoreactivity was found in both layers of colonic smooth muscle, as well as 

fainter immunoreactivity in the muscularis mucosa (Figure 9a-c).  The staining pattern was 

similar to that observed in the neonatal small intestine, with regards to an absence of 

immunoreactivity in the mucosa and submucosa.  To further confirm the presence of GDNF in 

the adult rat colon, western blot analysis was performed on colonic SM/MP; 35 kD and 39 kD 

GDNF immunoreactive bands were resolved, confirming its presence in the adult colon (Figure 

9d).     

In previous experiments, homogenates of SM/MP tissue from the mid-descending rat 

colon were examined by western blot following the induction of TNBS-colitis, to determine the 

effect of inflammation on GDNF production.  Rather than a suspected increase, a decrease in 

GDNF was observed (appendix Figure 2).  However, considering that inflamed tissue is not only 

edematous, but also rich in inflammatory cellular infiltrate (as depicted by the increase per mg 

protein loaded), it was postulated that GDNF was diluted or degraded by extraneous material, 

thus appearing as a decreased size and intensity band through western blot analysis.   
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Figure 9: GDNF is present in the adult rat colon.  A) Fluorescent image showing the localization 
of GDNF-immunoreactivity with the smooth muscle layers of the adult rat colon. Red represents 
GDNF-immunoreactivity. B) Nuclei (blue) were labeled with Hoechst to provide a general 
structure of the adult colon.  C) The superimposed image of panels A and B, showing the 
localization of GDNF to the smooth muscle and muscularis mucosa  D) Western blot showing the 
presence of 35 kD and 39 kD GDNF in SM/MP isolated from adult rat colon.  The higher 
molecular weight immunoreactive band was also observed in the adult colon. 
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To assess GDNF levels during inflammation without the use of inflamed tissue 

homogenates, secreted GDNF protein was examined in ex vivo segments of SM/MP.  SM/MP 

was isolated from non-inflamed and day 1 and 6 post-TNBS rats.  Tissue was incubated in serum-

free media for 24 hrs, at which point protein in supernatant was precipitated and analyzed via 

western blot for the presence of GDNF.  Under control conditions, 35 kD GDNF was identified in 

the supernatant of tissue taken from all 3 animals (Figure 10a).   At day 1 post-inflammation, 

there was a significant decrease in the 35 kD band, with a further 3-fold decrease by day 6 

(Figure 10b).  However, 1 day following TNBS-administration, the strong appearance of a 

GDNF-immunoreactive 15 kD band was noted.  Expression of 15 kD GDNF persisted to day 6 

(Figure 10b) and did not differ significantly from day 1 (p=0.2).  The presence of a very faint 15 

kD band was noted in only one of the controls.  This lower molecular weight band corresponds to 

the non-glycosylated and bioactive monomer of GDNF (Lin et al., 1993).  Thus, the presence of 

15 kD GDNF in the inflamed intestine, and its virtual absence from the control animal suggests 

that inflammation strongly promotes the processing and secretion of GDNF.  Since this only 

occurs in the inflamed intestine, it is speculated that elements of the inflammatory milieu are 

responsible for this.  More importantly, 15 kD GDNF is upregulated throughout the first 6 days of 

inflammation, thus suggesting a role in inflammation-induced axonal plasticity as previously 

described (Lourenssen et al., 2005). 
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Figure 10: Secreted 35 and 15 kD GDNF in media by colonic SM/MP, post-TNBS 
administration.  A) Western blot depicting an apparent decrease in the secreted 35 kD GDNF 
protein, with a concomitant increase in 15 kD GDNF at days 1 and 6 post-TNBS.  The IOD of 
bands from above western blot were analyzed and normalized to the weight of tissue used per 
corresponding sample.  B) Graph represents the IOD of 35 kD bands taken from control, and day 
1 and 6 post-TNBS, normalized to the dry weight of tissue that was used.  C) The integrated 
optical density of 15 kD bands taken from control, and day 1 and 6 post-TNBS, normalized to the 
dry weight of tissue that was used.  (n=3, * p<0.05) 
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Chapter 4 

Discussion 

 

Neurotrophins are important for the survival, differentiation and plasticity of neurons throughout 

the central and peripheral nervous system.  With regards to the ENS, neurotrophins are involved 

in a variety of processes.  For instance, proper development of the ENS is contingent on GDNF 

and NT-3, and impairment of their function results in a malformed ENS.  Specific to the postnatal 

gut, it is believed that BDNF, NGF and NT-3 are involved in the neuronal mechanisms 

underlying gut peristalsis (Boesmans et al., 2008;Chai et al., 2003).  Further, literature suggests 

that NGF is an important factor in helping maintain mucosal integrity during intestinal 

inflammation (von Boyen et al., 2006b), and emerging evidence implicates GDNF as a 

neuroprotective agent against hyperglycemia and ROS (Anitha et al., 2006b;Thrasivoulou et al., 

2006).  Despite what is known about neurotrophins in the postnatal intestine, little is known about 

their roles in neuronal plasticity seen in the neonatal, adult and post-inflammatory myenteric 

plexus.  We present novel findings implicating GDNF as a key factor in mediating development 

of the postnatal myenteric neuron and influencing enteric plasticity. 

4.1 Effect of neurotrophins on axon growth and neuron survival 

To assess the likely roles of NGF, BDNF, NT-3 and GDNF on postnatal myenteric neurons, our 

lab developed an intestinal coculture model that consisted of neurons, glia and smooth muscle 

cells from the neonatal rat.  With the use of immunocytochemical methods, we were able to 

effectively gauge the effects of exogenous neurotrophin treatment on axon growth and neuron 

survival.  Through use of this model, we discovered that exogenous addition of NGF, BDNF or 

NT-3 was unable to influence axon growth and neuron survival in postnatal myenteric neurons.  
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This was an unexpected finding, since the TrkA-C receptors have all been characterized in 

subpopulations of enteric neurons (Kondyli et al., 2005).  Further, evidence suggests that at least 

NGF and BDNF are present in the postnatal intestine, and produced by the epithelium and smooth 

muscle respectively (Stanzel et al., 2008;Lommatzsch et al., 1999).  Given our current findings, 

we conclude that although NGF, BDNF and NT-3 may modulate other functions in the postnatal 

ENS, they are unable to affect the structure of postnatal myenteric neurons. 

GDNF, a structurally distinct neurotrophin compared with the former, was able to modify 

the structure of postnatal myenteric neurons.  GDNF was able to increase axon numbers by 

roughly 90% over control conditions.  Although the mechanism through which this axon growth 

took place is unknown, Garcia-Martinez et al. suggests that the p42/44 mitogen activated protein 

kinase (MAPK) pathway is involved in GDNF-induced neurite growth in the CNS.  Through use 

of cultured striatal neurons, treatment with PD98059 (MAPK inhibitor) was able to inhibit 

GDNF-mediated dendritic arborization.  In addition, a PI3 kinase inhibitor (LY294002) was able 

to ablate these GDNF-mediated effects, suggesting its upstream involvement in the signaling 

cascade (Garcia-Martinez et al., 2006).  These data implicate a plausible downstream mechanism 

through which GDNF causes axon growth.  

GDNF was also able to cause both neuronal and axonal aggregation in myenteric 

neurons.  Once again, the mechanism through which this took place is as yet undefined, although 

Ledda et al. recently showed that GDNF treatment increased axon growth and synapse formation 

via GFRα1-mediated cell-cell interaction in hippocampal neurons (Ledda et al., 2007).  

Following an observation that GFRα1 is present on pre- and post-synaptic membranes of 

hippocampal neurons, they sought to investigate a possible role in synapse formation.  Firstly, 

GDNF was found to increase the presence of synaptic markers and GFRα1 in synapses of 

cultured hippocampal cells.  To determine if synapse formation was GFRα1- mediated, 
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microspheres were coated with GFRα1 and placed in culture with hippocampal neurons.  With 

addition of GDNF, neurites began to grow in the direction of the immobilized beads.  Although 

the structure of myenteric motorneuron axons are completely different to their CNS counterparts 

with respect to synapse-structure, it is possible that the growth cone of developing enteric axons 

expresses GFRα1, and is driven towards other GFRα1 molecules.  This mechanism would 

certainly support our observation that GDNF not only causes axon growth, but also the formation 

of neuron-to-neuron collinear tracts of axons.  Further, Ledda et al. showed that with treatment of 

GDNF, GFRα1-expressing Jurkat cells began to adhere to one another (Ledda et al., 2007).  This 

GFRα1-mediated cell-adhesion may explain our observation that GDNF causes myenteric neuron 

aggregation.  

Despite the role that GDNF plays in myenteric axon growth, it was unable to promote 

neuron survival.  This is contradictory to work published by Schäfer and Mestres in 1999, who 

employed the use of a similar coculture model to study postnatal myenteric neurons.  Through 

similar dissociation procedures to those employed herein, cocultures of rat neurons and glia were 

generated, at postnatal ages 1, 7, and 14.  Exogenous GDNF treatment increased neuron survival 

and neurite outgrowth in neonatal day 1 and 7 cocultures (Schafer & Mestres, 1999).  However, 

their ability to both discern neurons from glia and count these cells and axons with any certainty 

is suspect due to the quality of their representative images.  Further, phase contrast images of the 

culture model show extremely low density plating of seemingly unhealthy cells.  The morphology 

of these cells also indicates the presence of smooth muscle contamination, preventing clear 

determination of a GDNF effect on postnatal myenteric neuron survival.   

The lack of a neuroprotective role for GDNF in our experiments is possibly due to the 

nature of the coculture model itself.  The SM/MP coculture model does in fact contain 

endogenous 35 kD GDNF, as produced by resident smooth muscle cells (Figure 5c).  The 
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endogenously produced neurotrophin may mask the neuroprotective effect that exogenous GDNF 

would exert, as suggested by Schäfer and Mestres.  To conclusively define a neuroprotective role 

for GDNF, cultures of pure myenteric neurons need to be developed, in order to rule out the 

possible effects of endogenously produced neurotrophins from glial or smooth muscle cells (to be 

discussed in chapter 4.5).   

Research by Uesaka et al. does however support our finding that GDNF does not affect 

postnatal neuron survival.  When GFRα1 and RET were conditionally impaired in the embryonic 

mouse (E15.5) after full colonization of the gut, only neurons in the colon died (Uesaka et al., 

2007;Uesaka et al., 2008).  This suggests that after colonization, neurons from the small intestine 

are no longer reliant on GDNF for survival.  Since SM/MP cocultures are generated from the 

post-migratory small intestine, it is expected that they no longer require GDNF for survival.    

4.2 Intestinal smooth muscle produces GDNF 

A variety of conflicting evidence exists pertaining to the cellular source of GDNF in the intestine.  

Through use of immunocytochemistry and western blot analysis of highly enriched glial and 

smooth muscle cultures, we were able to determine the presence of GDNF in neonatal intestinal 

smooth muscle, but not enteric glia.  This fact is in disagreement with previous literature, 

concerned with the role of GDNF in epithelial restitution in the intestine.  Through use of a 

GDNF ELISA, Von Boyen et al. have shown that cultured rat myenteric glia produce GDNF.  

Further, they showed an increase in GDNF secretion when glia were treated with 

proinflammatory cytokines IL-1 and TNFα (von Boyen et al., 2006a).  However, 

immunocytochemistry used to localize GDNF to cultured enteric glia was insufficient to conclude 

that glia in fact contained cytoplasmic GDNF.  It is strongly possible that GDNF secretion in their 

culture model was in fact due to smooth muscle contamination.  Another explanation is that the 
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ELISA used was able to detect 100pg/mL concentrations of GDNF in the media of control glia, 

which is a concentration far lower than our ability to detect by western blot (2500pg/mL).  

Although cellular lysates are far richer in protein than supernatant, it is possible that our system 

of detecting GDNF was not sensitive enough to detect the minute amounts of GDNF produced by 

enteric glia, and PCR must be performed to confirm our findings.  However, given that 100ng/mL 

quantities of GDNF were required to elicit neurotrophic effects on myenteric neurons, the 

possible contribution that glia might make to the overall GDNF pool is miniscule at best.   

In contrast to findings by von Boyen et al. mentioned earlier (von Boyen et al., 2006a), 

Peters et al. comprehensively analyzed protein levels of GDNF throughout the entire rat and 

human gastrointestinal tract.  The highest levels of GDNF were found in the muscular wall of the 

small and large intestine.  When the muscular wall of the jejunum was pretreated with 

benzyldimethyltetradecylammonium chloride (BAC) before analysis, all neural components of 

the tissue were destroyed, including the myenteric plexus.  Doing so increased the concentration 

of GDNF in resulting tissue homogenates, resulting from a loss of cells which were not 

contributing – or at least insignificantly – to GDNF production (Peters et al., 1998).  These results 

indicate that neurons and glia were likely not responsible for GDNF production, thus confirming 

our findings.  

4.3 GDNF enhances choline uptake and acetylcholine release  

Although NGF, BDNF and NT-3 had no effect on axon growth and survival in myenteric neurons 

in vivo, literature suggests they can affect the activity of myenteric neurons (Chai et al., 2003).  

Since GDNF caused axon growth, and neuron and axon aggregation, a possible role in the 

functional modulation of myenteric neurons was examined.  Our lab has previously characterized 

that 60-70% of enteric neurons are ChAT-immunoreactive, an enzyme responsible for 
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synthesizing acetylcholine, the major excitatory transmitter in the GI tract (Lin et al., 2005a).  As 

such, the functional effect of GDNF on acetylcholine uptake and release by myenteric neurons 

was studied.   

GDNF treatment was able to increase the uptake of [3H]choline in myenteric neurons in 

vivo.  Choline, the precursor of ACh, is taken up by neurons through the high-affinity choline 

transporter (CHT1) (Okuda & Haga, 2000).  Choline uptake is considered the rate-limiting step in 

ACh synthesis, and is thus an important feature in proper ACh signaling.  With GDNF treatment, 

we were able to significantly increase the ability of neurons to take up [3H]choline, by 20-30% 

above serum-free control.  Since CHT1 is the major protein involved in choline uptake, these data 

suggest two possibilities: 1) a direct (or indirect) effect of GDNF in modulating the uptake 

activity of the CHT1 transporter, or 2) an increase in the presence of the CHT1 transporter, 

caused by GDNF treatment.  The latter would be expected, since GDNF increases the amount of 

axons present in coculture, presumably increasing the presence of the CHT1 channel, although 

western blot analysis of the levels of CHT1 is necessary to confirm or deny this.    

Exogenous GDNF treatment was also able to increase the amount of stimulated ACh 

release in myenteric neurons.  Neurons were depolarized by exposing cocultures to high-

potassium solution (80Mm Krebs (K+)).  We observed consistent 3 to 4 % increases in [3H] 

release after stimulation, with doses of 100 and 150ng/mL respectively, as compared to only a 

0.2% increase in serum-free conditions.  These values were upwards of 10x greater than the 

serum-free media, far greater than the 2-fold increase in total axon number after GDNF treatment, 

suggesting that this phenomenon could not be accounted for purely by an increase in axons.  ACh 

is released when vesicles containing the neurotransmitter fuse with the synaptic membrane.  

Packaging of ACh into secretory vesicles is accomplished by the vesicular acetylcholine 

transporter (VAChT), and this step is the rate-limiting step of ACh-secretion (Gasnier, 2000).  
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Our research suggests that GDNF must either directly or indirectly modulate the function of this 

protein, thus contributing to an increase in depolarization-induced release, similar to what was 

earlier described with BDNF in myenteric neurons (Boesmans et al., 2008). 

The possibility that GDNF is a modulator of neurotransmitter uptake and release in 

myenteric neurons is an important finding, since ACh-release ultimately impacts muscle activity 

in the intestine.  In GDNF, RET and GFRα1 haploinsufficient mice, Gianino et al. discovered 

decreases in contractility of smooth muscle strips from the small and large intestine after 

electrical field stimulation.  However, haploinsufficient mice displayed a decrease in inhibitory 

neurotransmitter release (VIP and Substance P) after stimulation (Gianino et al., 2003).  This 

suggests that the decrease in excitability observed in haploinsufficient mice was due to a lack of 

excitatory signaling rather than inhibitory.  We propose that GDNF modulates excitatory 

neurotransmission in myenteric neurons by altering ACh uptake and release.  This is the first 

research directly implicating GDNF in mediating neurotransmitter kinetics in enteric neurons, and 

provides a potential therapeutic target for the treatment of intestinal motility disorders. 

4.4 Inflammation modulates GDNF release 

Inflammation can have catastrophic effects on all layers of the intestine, from mucosa to 

musculature.  In the rat TNBS-colitis model of Crohn’s disease, a severe, transmural 

inflammation is produced in the mid-descending colon, causing an immediate loss of mucosal 

integrity (Llopis et al., 2005), followed by smooth muscle hyperplasia (Lourenssen et al., 2005), 

axon loss and enteric neuron death (Sanovic et al., 1999).  By day 6 post-inflammation, however, 

there is a large increase in axon numbers which reestablished the innervation density of 

axons/smooth muscle (Lourenssen et al., 2005).  Since GDNF, and no other neurotrophin was 
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found to influence postnatal myenteric axon growth, we examined GDNF secretion from the 

smooth muscle wall of the inflamed colon.     

After induction of inflammation, we discovered a decrease in the glycosylated 35 kD 

GDNF dimer, and a concomitant increase in the bioactive 15 kD GDNF.  The bioactivity of 35 

kD GDNF is unknown in enteric neurons, although Garbayo et al. have shown the ability of 

glycosylated GDNF to cause neurite outgrowth in PC12 cells transfected with RET and GFRα1 

(Garbayo et al., 2007). Regardless, there is an apparent switch in the processing of GDNF to 

selectively produce the 15 kD during inflammation.  Recently our lab described similar findings 

with NGF in the rat epithelial cell post-inflammation (Stanzel et al., 2008).  Prior to 

inflammation, a 32 kD potential NGF precursor was detected in epithelial cells.  Following the 

induction of inflammation, there was a decrease in 32 kD NGF and an increase in mature 13 kD 

NGF expression, which was proven bioactive through use of PC12-bioassay (Stanzel et al., 

2008). Thus, a very similar phenomenon occurs with a structurally different neurotrophin, 

suggesting a specific inflammation-mediated response.  It is possible that factors in the 

inflammatory milieu, such as IL-1 and TNFα are responsible for signaling the processing of 

mature NGF and GDNF from potential precursor forms, and further elucidation of the mechanism 

is necessary.  In contrast, reports indicate altered levels of protein glycosylation in the mucosa of 

the inflamed intestine (Campbell et al., 2001).  Although this has yet to be proven in the 

musculature of the inflamed intestine, the appearance of 15 kD GDNF may be a consequence of 

the altered ability of the inflamed intestine to properly glycosylate proteins.    

Upregulation of 15 kD GDNF occurred within 24 hrs post-inflammation.  During this 

time, Lourenssen et al. demonstrated a brief loss in axon/smooth muscle innervation density, 

despite the fact that smooth muscle hyperplasia had not yet significantly occurred (Lourenssen et 

al., 2005).  Thus, the early expression of GDNF is unlikely to involve an increase in smooth 
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muscle cells, since negligible smooth muscle growth has taken place within 24 hrs post-

inflammation.  Further, densitometric analysis of GDNF by western blot was normalized to the 

dry weight of tissue, thus suggesting an increase in GDNF production per smooth muscle cell.  

Since smooth muscle cells are a target of innervation of myenteric axons, the increase in GDNF 

production is likely a mechanism by which smooth muscle cells support their own innervation 

after a brief period of denervation, possibly stimulated by proinflammatory factors.  Evidence 

from skeletal muscle research suggests that GDNF is involved in the development and 

maintenance of the neuromuscular junction (Zwick et al., 2001), and denervation of skeletal 

muscle leads to the upregulation of GDNF (Lie & Weis, 1998).  We speculate a similar 

mechanism of effect for GDNF in intestinal smooth muscle.   

Numerous reports show that inflammation characteristically causes altered motility in the 

intestine.  In the guinea pig, TNBS-colitis causes a decreased rate of propulsive motility and 

hyperexcitability of AH neurons; these changes are present during, and persist far after the 

resolution of inflammation (Krauter et al., 2007).  Although we are unaware of the long-term 

affects of inflammation on GDNF production, there is certainly an early upregulation of 15 kD 

GDNF, which persists for at least 6 days post-inflammation.  Through analyzing ACh handling, 

we have determined that GDNF is an important factor in regulating cholinergic activity of 

myenteric neurons.  Thus, upregulated GDNF production after the induction of inflammation may 

be involved in the pathology of early-onset motility issues.  It is also possible that GDNF is 

upregulated in order to maintain myenteric neuron function throughout the period of 

inflammation when neuron function is compromised, in order to help ameliorate impaired 

intestinal transit.      
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4.5 Future directions 

GDNF has been proven a factor influencing axon growth, as well as promoting choline uptake 

and ACh release in myenteric neurons.  However, it is unknown if GDNF exerts this effect on all 

subpopulations of neurons in the ENS.  For instance, are only cholinergic myenteric neurons 

affected by GDNF-treatment?  Immunocytochemistry for receptors GFRα1 and RET indicate that 

most, if not all myenteric neurons express these receptors, thus suggesting they are all responsive 

to GDNF.  To conclusively define the effects of GDNF on myenteric neurons, dual-labeled 

immunocytochemistry will be performed on low density cocultures of neonatal SM/MP to 

identify axons (SNAP25) and inhibitory nitrergic (nNOS-expressing) or excitatory cholinergic 

neurons (VAChT-expressing).  By doing so, the effects of axon growth on specific subsets of 

myenteric neurons can be carefully studied.  Further, the ability of GDNF to stimulate inhibitory 

neurotransmitter release will be analyzed by use of the Griess reaction, a highly sensitive method 

for studying nitric oxide (NO).  These experiments will allow us to accurately assess the effect of 

GDNF on both excitatory and inhibitory postnatal myenteric neurons.  We expect to see similar 

results in axon growth and neurotransmission in both populations of these cells, since GFRα1 and 

RET appear to be expressed broadly in myenteric neurons.   

The coculture model is an excellent method of studying the function of myenteric 

neurons in an environment similar to the intact intestine.  However, the smooth muscle 

component of the coculture does in fact produce 35 kD GDNF and thus endogenous GDNF may 

interfere with our ability to assess the effect of GDNF on neuron survival.  Therefore, our lab is 

currently developing the first protocol for isolating pure postnatal myenteric neurons.  Through 

use of magnetic-activated cell sorting, high yields of neonatal neurons will be produced through 

immunoreactivity to PSA-NCAM.  Once this technique is perfected, the effect of GDNF will be 

assessed in these cultures with respect to neuron survival and axon growth.  Pure cultures will 
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also allow us to accurately assess by western blot the downstream mechanisms through which 

GDNF functions i.e. MAPK pathway, etc.  We expect to see no difference in the ability to 

support neuron survival, as observed through use of the coculture, since postnatal small intestinal 

neurons in mice are no longer dependent on GDNF for survival (Uesaka et al., 2007;Uesaka et 

al., 2008).   

The appearance of 15 kD GDNF is an interesting consequence of inflammation.  Since 

TNBS-colitis produces a Th1-mediated cytokine response (including TNFα and IL-1), it is 

possible that these factors are responsible for eliciting a switch in the processing of GDNF, 

similar to what has been published regarding NGF (Stanzel et al., 2008).  First, the presence of 

the IL-1 and TNFα receptors will be examined in smooth muscle by immunocytochemistry.  

Second, GDNF production in smooth muscle-enriched cultures will be examined by PCR, to 

define a change in transcription of GDNF mRNA after treatment with IL-1 and TNFα.  Last, 

western blot analysis will be employed to detect an increase in 35 kD or 15 kD GDNF caused by 

treatment with these cytokines.  We expect an increase in both GDNF mRNA, and the secretion 

of 15 kD GDNF with addition of these factors, given that IL-1 and TNFα have previously been 

shown to stimulate neurotrophin release in a variety of cells (Manni et al., 2003;von Boyen et al., 

2006b).     

Early upregulation of 15 kD GDNF following inflammation may subserve a yet unknown 

neuroprotective role during inflammation.  ENS damage during inflammation is believed to be 

caused in part by high ROS levels in the intestine, caused by invading neutrophils, macrophages 

and other inflammatory cells (Grisham & Granger, 1988).  We are currently examining the effect 

of oxidative stress on myenteric neurons by exposing neurons to H2O2, as well as NO-donors 

such as DETA/NONOate, SNP and SNAP; preliminary results suggest that these compounds are 

highly toxic to postnatal myenteric neurons in coculture.  To define a possible neuroprotective 
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role in vitro, exogenous GDNF will be administered in the midst of H2O2 or NO challenge.  Due 

to previous literature suggesting that GDNF is neuroprotective against ROS and hyperglycemia 

we expect to see an increase in surviving neurons with treatment of GDNF, thus implicating a 

neuroprotective role for GDNF following the induction of inflammation.   

We are currently characterizing a model of TNBS-colitis in the mouse colon.  Doing so 

will allow the use of transgenic mice, in order to study the importance of various proteins in vivo.  

Once this model is fully characterized with regards to neuron death, smooth muscle hyperplasia 

and axon growth, we intend on examining the extent of damage and axonal plasticity following 

TNBS-administration in GDNF -/+ or GDNF over-expressing mice.  These would allow us to 

show direct in vivo evidence of the integral role GDNF plays in myenteric axon growth following 

experimental colitis, as well as elucidate a possible neuroprotective role for this neurotrophin in 

inflammation.   

4.6 Summary 

In conclusion, through the development and analysis of an intestinal coculture model, we have 

identified a novel role for GDNF in modulating the structural development of myenteric neurons.  

Through western blot analysis and immunocytochemistry, we have conclusively defined the 

major cellular source of GDNF, and shown the presence of it and its receptors in the postnatal rat 

intestine in vivo.  With use of [3H]choline in the coculture model, a novel role has also been 

substantiated for GDNF in mediating ACh release and choline uptake in myenteric neurons, thus 

impacting the overall contractility of the intestinal musculature.  Lastly, we have correlated 

inflammation-evoked neuroplasticity of the ENS with the expression of bioactive 15 kD GDNF in 

the muscular wall of the inflamed intestine, and a decrease in a potential precursor form.  These 
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results strongly indicate that GDNF is an important factor in modulating development, function 

and plasticity of postnatal myenteric neurons.   
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Appendix A 
Supplementary Figures 

 

 

Appendix - Figure 1: ACh release through analysis of secreted [3H] after high-potassium 
stimulation.  A)  ACh release in coculture, grown for 3 days in 5% FCS supplemented media.  
ACh release increases by 4.5% post-stimulation, over non-stimulated control (n=3, *p<0.05).  B) 
Increased ACh release post-stimulation, normalized to control.  Treatment with 2μM botulinum 
toxin decreases ACh release by approximately 50% of control (n=3, *p<0.05).  Data provided by 
Sandra Lourenssen and Kurtis Miller. 
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Appendix - Figure 2: GDNF expression in homogenized adult colonic SM/MP post-TNBS 
administration.  A) Western blot showing the decrease in 35 kD GDNF at days 2 and 4 following 
the induction of colitis and respective protein loading controls (α-tubulin), to indicate protein per 
well. B) Graph normalizing the IOD of 35 KD GDNF bands to α-tubulin loading control, 
showing a steady decrease in GDNF over 4 days post-TNBS.  n=2, error bars represent standard 
deviation  
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