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Abstract 

The control and regulation of all major intestinal functions are coordinated by neurons within the enteric 

nervous system (ENS).  While intestinal inflammation initially causes a profound loss of enteric neurons, 

the ENS demonstrates remarkable changes in neuronal structure and function to retain control of 

gastrointestinal functions.  Expression of the neurotrophin glial cell line-derived neurotrophic factor 

(GDNF) has been implicated in promoting postnatal regenerative processes in the ENS. It has been 

proposed that intestinal smooth muscle cells (ISMC) express GDNF as a precursor molecule that requires 

proteolytic processing to achieve the mature form (15 kDa). The expression of mature GDNF is increased 

during intestinal inflammation, however, little is known about how inflammatory conditions affect the 

synthesis, processing, and biological activity of GDNF. 

 Analysis of a neonatal rat co-culture model confirmed that the pro-inflammatory cytokine TNF-α 

caused a 2-fold increase in both the expression of 15 kDa GDNF and in the axonal outgrowth of 

myenteric neurons, compared to control.  Evaluation of broad-spectrum protease inhibitors or inhibitors 

of metalloproteinases (MMP) showed that only inhibition of MMP-9 specifically blocked TNFα-induced 

axonal proliferation.  The inhibition of MMP-9 in co-cultures also blocked the increase in 15 kDa GDNF 

expression, while the overall expression of GDNF was not affected. Assessment of MMP-9 expression in 

ISMC showed that TNF-α caused a greater than 2-fold increase in intracellular expression, compared to 

control.  Significantly, the addition of exogenous 15 kDa GDNF rescued axonal proliferation during 

MMP-9 inhibition, while transfection with full-length GDNF did not. Finally, a neuron survival bioassay 

showed that 15 kDa GDNF in conditioned media from a GDNF-expression system doubled enteric 

neuron survival over serum-free control, while addition of the MMP-9 inhibitor blocked the increase in 

survival.  These findings suggest that both the expression and subsequent intracellular processing of 

GDNF in the intestine are influenced by inflammatory factors, through the induction of MMP-9 activity.  

Furthermore, this evidence indicates that GDNF processing to the mature form is required for GDNF-

mediated neurotrophic outcomes in the co-culture model. 
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Chapter 1 

Introduction 

1.1 The enteric nervous system: structure and development 

The enteric nervous system (ENS) is a distinct branch of the autonomic nervous system that is 

responsible for the control and regulation of all major gastrointestinal (GI) functions, including 

digestion, motility, secretion and absorption. While some aspects of ENS function are influenced 

by input received from the central nervous system (CNS), it largely operates by intrinsic 

mechanisms.  

The importance of the ENS is emphasized by the devastating health outcomes of diseases 

that compromise normal functioning of the GI tract. Intestinal function requires complex 

coordination of smooth muscle contraction and relaxation and a carefully regulated balance of 

mucosal secretion and absorptive activities.  As these processes are significantly influenced by 

the actions of the ENS, any damage to the integrity of these neurons can result in significant 

pathology.  The ENS, however, is a dynamic environment and continues to undergo postnatal 

developmental and restructuring processes (Schafer et al., 1999).  An understanding of the factors 

that contribute to the survival and recovery of enteric neurons following insult to the intestine is 

important to better understand and treat human GI disorders.  

1.1.1 Structure of the GI tract and ENS 

The length of the GI tract is organized into distinct segments that have a similar, multi-layered 

histological organization.  The innermost layer exposed to the lumen of the tube is called the 

mucosa.  The mucosa consists of a layer of epithelial cells attached to an immune-cell rich loose 

connective tissue layer, called the lamina propria.  The outermost constituent of this layer is the 

muscularis mucosa, a thin layer of smooth muscle that allows gentle movement of the mucosal 

epithelium.  Beneath the mucosa is a thick, vascularized connective tissue layer comprised mainly 
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of collagen, called the submucosa.  The submucosa attaches the mucosa to the circular and 

longitudinal smooth muscle layers, which are responsible for digestive motility.    

The ENS consists of neurons and glial cells that are organized into two ganglionated 

plexuses found within the smooth muscle layers: the myenteric plexus and the submucosal plexus 

(Fig. 1A).  The myenteric plexus is located between the two smooth muscle layers and extends 

the entire length of the GI tract.  It is involved largely in the control and regulation of GI motility.  

The submucosal plexus is located beneath the circular smooth muscle layer, within the 

submucosa of the small and large intestines, and functions mainly to regulate intestinal secretory 

and absorptive activities.   

1.1.2 ENS development 

Enteric neurons and glial cells are derived from neural crest cells (NCC) that migrate from the 

neuraxis to the developing gut tube.  The gut tube is the primitive precursor of the GI tract and its 

development is initiated by the ventral invagination of embryonic endoderm tissue (Young et al., 

2005). At embryonic day 9 (E9) in mice, mesoderm tissue is recruited to form the outer layer of 

the gut tube and tube formation is complete by E9.5 (Young et al., 2005). In mouse and human 

embryonic development, the majority of enteric cells are derived from NCCs from the vagal level 

of the neural crest.  The migration of NCCs to the embryonic mouse gut begins at E8.5, and the 

cells continue to colonize the entire gut in a rostrocaudal wave of migration until E14.  This 

process is influenced by a variety of signals, including NCC-autonomous factors, cell-cell contact 

interactions, local cell density and the expression of signaling factors from the gut mesenchyme 

(reviewed in Anderson et al., 2006).  During migration, the NCCs are morphologically 

indistinguishable from the surrounding mesenchymal embryonic tissue.  However, in mice, the 

differentiation of NCCs into neurons or glia begins at E10.5 and E11.5, respectively, and is 

mediated primarily by changes in gene expression (Young et al., 2005).  For instance, NCC 

differentiation into enteric neurons is characterized by a downregulation of Sox10 and p75, while 
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an increase in the expression of pan neuronal markers PGP9.5, neurofilament protein, and HuD, 

occurs (Young et al., 2005).  NCCs destined for glial cell lineage maintain expression of Sox10 

and p75 and increase the expression of S100 and GFAP (Paratore et al., 2001; Young et al., 

2005).  

1.1.3 Glial cell-line derived neurotrophic factor influences ENS development 

Although ENS development is a complex process, expression of the neurotrophin glial cell-line 

derived neurotrophic factor (GDNF) is indispensable for the development and subsequent 

survival of the ENS.  GDNF is the primary member of the GDNF family of neurotrophic factors, 

which also includes neurturin, persephin and artemin.  The GDNF family is distantly related to 

the transforming growth factor superfamily-β (TGF-β), due to the nature of a seven-cysteine 

residue homology shared by all members (Lin et al., 1993).  The means through which GDNF 

initiates an intracellular signaling cascade is by first binding to a plasma membrane-bound 

protein, GDNF family receptor α (GFRα1).  The ligand-GFRα1 complex then activates the 

transmembrane receptor tyrosine kinase RET by stimulating autophosphorylation of intracellular 

tyrosine residues, initiating intracellular signaling cascades (reviewed by Saarma, 2000).  

In mice, vagal NCCs begin to express RET prior to E9, before NCCs have invaded the 

foregut.  Also at this time, mesenchymal cells of the foregut begin expressing GDNF mRNA 

(reviewed in Anderson et al., 2006).  In situ hydridisation analysis of cultures of mouse gut 

obtained at different stages of embryonic development (E8.5-E13.5) revealed that GDNF mRNA 

expression by gut mesenchyme is spatially and temporally regulated (Natarajan et al., 2002). For 

instance, in E8.5-9.5 embryos, GDNF mRNA is expressed at high levels in the stomach and 

GDNF is not detected in the small intestine.  By E10.5, however, GDNF expression appears in 

the caecum.  As embryogenesis proceeds, the GDNF expression boundary extends caudally, until 

it is detected through the entire length of the small intestine and hindgut (by E13.5) (Natarajan et 

al., 2002).  
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The expression of GDNF and its signaling via RET is essential for the survival and 

differentiation of ENS-destined NCCs.  Early research found that when the murine GDNF gene 

was knocked out by homologous recombination during embryogenesis, the resulting population 

of mice would lack enteric neurons and not survive past the first day of birth (Moore et al., 1996). 

Whole mounts of intestinal sections from postnatal day 0 GDNF (-/-) mice were stained with an 

antibody for peripherin, a protein filament expressed by neurons.  It was found that NCC-derived 

neurons in the myenteric and submucosal plexuses of the small and large intestine were 

completely absent in GDNF (-/-) mice, while they were readily visible in wild type littermates 

(Moore et al., 1996).   Thus, it was concluded that GDNF expression is necessary for the survival 

of vagal-crest derived neurons in the developing murine gut. 

Since enteric NCC express both components of the GDNF receptor complex, RET and 

GFR-α1, it was hypothesized that gut mesenchyme expression of GDNF could serve as a 

chemoattactive signal that drives NCC migration and colonization throughout the GI tract.  

Young et al. (2001) showed this to be true, providing evidence that GDNF can directly influence 

the directional migration of enteric-NCC in mouse embryonic cells.  Similar findings were 

reported in later studies (Nishiyama et al., 2012), suggesting that in addition to being necessary 

for enteric neuron survival, GDNF expression by gut mesenchyme might promote the 

rostrocaudal migration of NCCs during ENS development.  

1.2 GDNF Expression 

1.2.1 GDNF expression in postnatal ENS 

It is well established that GDNF is essential for the embryonic development of the ENS 

(Anderson et al., 2006).  Interestingly, GDNF is also expressed at high levels in the postnatal 

intestine (Bar et al., 1997).  For instance, GDNF protein expression was measured in various 

tissues of the adult rat and the intestine contained a significantly higher concentration than the 

stomach, kidneys, brain, liver, skeletal muscles and bladder (Peters et al., 1998). Furthermore, the 
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GDNF detected in the isolated muscular wall of the adult rat intestine was 4x greater than the 

GDNF detected in homogenates of the entire small intestine, however, it was not clear whether 

the intestinal smooth muscle cells (ISMC), neurons, or the glial cells were the source of GDNF 

production (Peters et al., 1998). This was further investigated using GDNF 

immunohistochemistry of cross-sections of neonatal rat intestine (Rodrigues et al., 2010).  GDNF 

expression was detected in the circular and longitudinal smooth muscle layers, while GDNF-

immunoreactivity was absent within the myenteric plexus, where neurons and glial cells are 

located (Rodrigues et al., 2010).  Furthermore, pure cultures of smooth muscle and glial cells 

were established from neonatal rat tissue and GDNF expression was examined in homogenized 

samples by western blot analysis.  GDNF expression was detected in ISMC but not in myenteric 

glia (Rodrigues et al., 2010).  These findings showed that the ISMC are the cellular source of 

GDNF production in the rat intestine.   

1.2.2 GDNF structure 

While the postnatal expression of GDNF in the CNS and in other peripheral tissues has been 

widely studied, much less is known of its expression and processing in the intestine.  In other 

systems, GDNF is synthesized as a precursor protein, which undergoes a series of proteolytic 

cleavage processes into the form(s) that possess neurotrophic activity (Sun et al., 2014). In 

humans and rodents, the GDNF gene is a 633-base pair sequence that encodes two GDNF mRNA 

variants produced by alternative splicing; pre-(α)pro-GDNF and a smaller transcript, pre-(β)pro-

GDNF, which has a 78-nucleotide (26 amino acid) deletion from within the ‘pro’ region (Trupp et 

al., 1995). The ‘pre’ region of each is subsequently cleaved off and the two precursor GDNF 

molecules, (α)pro-GDNF and (β)pro-GDNF, have ‘pro’ regions consisting of 58 and 32 amino 

acids, respectively (Trupp et al., 1995).  Figure 1B provides a schematic depiction of the structure 

of full-length, (α)pro-, and mature GDNF (modified from Lonka-Nevalaita et al., 2010).  

Immonen et al. (2008) identified 5 distinct consensus regions within pro-GDNF that require 
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proteolytic cleavage to produce the mature GDNF protein.  This suggests that at least 4 peptides 

may be produced from full-length GDNF.  The amino acid sequence of GDNF is highly 

conserved across species, with GDNF isolated from regions of the adult rat CNS sharing over 

95% sequence homology with GDNF expressed in the human brain (Springer et al., 1994).
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Figure 1. A. Schematic depiction of the general structure of the gastrointestinal tract. 
Diagram represents a transverse section through the small intestine, showing the ENS 
organized into the myenteric and submucosal plexii (modified from Smout and Akkermans, 
1992). B. Schematic representation of the structure of full length GDNF protein. In pre-
(α)pro-GDNF, the number of base pairs and amino acids that make up the mature protein are 
shown in white, pro-region shown in gray, and pre-region shown in black. The molecular 
weight of the mature GDNF peptide is 15 kDa (modified from Lonka-Nevalaita et al., 2010). 

A	  

pre-‐(α)pro-‐GDNF	  protein	  	  

 

B 

19	  aa	   58	  aa	   134	  aa	  

15	  kDa	  

Pre	   Pro	   Mature	  

57	  bp	   174	  bp	   402	  bp	  
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  The fully processed (mature) isoform of GDNF is 15 kDa, 134 amino acids in length, 

and contains two putative sites for N-linked glycosylation (Lin et al., 1993).  The mature protein 

is produced by identical post-translational processing of both (α) and (β)pro-protein variants.  

Because the final protein products are structurally and functionally identical, the significance of 

the expression of two GDNF mRNA isoforms is not well understood.  It has been suggested that 

the isoforms may have differential stability in different systems, as there are differences in the 

regional localization of proteins encoded by each variant (Lonka-Nevalaita et al., 2010).  Proteins 

synthesized from the (α)pro-GDNF variant localize mainly in the Golgi complex, while GDNF 

encoded by (β)pro-GDNF localize mostly in secretory vesicles (Lonka-Nevalaita et al., 2010).  

An additional hypothesis suggests that the isoforms may require different mechanisms of post-

translational processing, and these mechanisms may be activated differently during different 

environmental conditions (Wang et al., 2008).   

1.2.3 GDNF expression in artificial expression systems  

Researchers have studied GDNF expression in vitro, using artificial expression systems. Cell 

lines manipulated to over-express GDNF are used to monitor the expression of processed forms 

of GDNF by molecular weight.  Accordingly, GDNF cDNA isolated from human brain tissue has 

been used to create transfection vectors that express the full GDNF gene sequence.  The 

expression of the entire 633-nucleotide sequence in PC12 cells resulted in the appearance of a 34 

kDa GDNF isoform, which the researchers identified as (α)pro-GDNF (Geng et al., 2011).  

Western blot analysis also detected GDNF cleavage products at 26 and 17 kDa in the cell lysates, 

while no GDNF expression was detected in control PC12 cells (Geng et al., 2011). Alternatively, 

the full sequence of pre-(α)pro-GDNF was expressed in CHO cells and the resulting 25 and 20 

kDa GDNF proteins were thought to represent (α)pro-GDNF and an intermediate cleavage 

product, respectively (Lonka-Nevalaita et al., 2010).  However, the researchers subsequently 
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generated a plasmid that directly expressed a non-cleavable form of (α)pro-GDNF by mutating 

critical amino acids that are targets for proteolytic cleavage. CHO cells transfected with the 

plasmid encoding a modified sequence of (α)pro-GDNF expressed a 34 kDa GDNF protein 

(Lonka-Nevalaita et al., 2010).  Further research is needed to definitively determine the molecular 

weights of the various GDNF isoforms. 

The discrepancy among these findings reveals a limitation of studying GDNF expression 

in different cell types. Among the various cell lines used as hosts for transgenic protein 

expression, there are significant differences in the mechanisms of post-translation protein 

modifications, which include glycosylation, phosphorylation, methylation, and disulfide bridge 

formation (Swiech et al., 2015).  Furthermore, the secretion pathways and mechanisms of 

proteolytic adjustment differ by host cell type, which significantly effect protein expression. For 

instance, cells from the rat C6 glioma cell line were transfected with a plasmid coding for full-

length GDNF, and protein expression in cell lysates and culture medium was analyzed (Oh-hashi 

et al., 2008). The main GDNF isoform detected in the cell lysates was a 25 kDa precursor protein, 

while bands ranging from 16-20 kDa were also detected.  Western blot analysis of the GDNF 

precipitated from the culture medium detected 3 isoforms of 15, 17 and 20 kDa, representing the 

mature protein and intermediate cleavage products, respectively. In this in vitro system, GDNF 

was not secreted as the largest detected isoform and processing involved both intracellular and 

extracellular cleavage processes.   

However, similar experiments by other groups yielded contradictory results.  For 

instance, when CHO cells were transfected with a plasmid expressing full-length GDNF, the 25 

kDa precursor form was detected in both the cell lysate and the growth media (Lonka-Nevalaita 

et al., 2010). Only a 20 kDa intermediate cleavage product was detected in the cells, while 

numerous isoforms were identified in the growth media, including the mature protein (Lonka-

Nevalaita et al., 2010).  The findings from this investigation suggest that GDNF processing is 
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primarily dependent on the activity of extracellular factors. Interestingly, Lonka-Nevalaita et al. 

(2010) repeated the experiment with undifferentiated PC6.3 cells and found that several GDNF 

cleavage products were detected in the cell lysate, ranging from 23-17 kDa.  Ultimately, these 

results show that there are differences in the intracellular processing and secretion of GDNF in 

various cellular systems.  This outcome may be explained by differences in the profile of 

intracellular and matrix proteases expressed by different cell types, which are responsible for the 

post-translational modifications of GDNF.  

The amino acid sequence of the GDNF gene has been analyzed to identify specific 

endoproteinases involved in GDNF processing.  Through this analysis, a known putative 

consensus sequence, KRLKR, was localized to the region separating the pro-domain and the 

mature domain in the GDNF sequence (Lin et al., 1993). The sequence is an established target for 

furin protease activity and cleavage at this site resulted in a 15 kDa GDNF protein of 134 amino 

acid residues (Lin et al., 1993).  Thus, the activity of a furin protease was considered to be 

essential for the production of mature GDNF, although the specificity and functionality of the 

sequence was never determined. In 2010, Lonka-Nevalaita et al. investigated this by applying a 

furin-protease inhibitor to the culture media of CHO cells transfected with a GDNF-expressing 

plasmid.  The secreted GDNF in the culture media was analyzed by western blot analysis and 

showed that inhibitor treatment prevented the cleavage of 25 kDa GDNF to the 20 kDa 

intermediate product, but it did not block the expression of mature 15 kDa GDNF (Lonka-

Nevalaita et al., 2010).  This finding suggests that there may be multiple processing mechanisms 

for the production of mature GDNF.  

 Additional support for this comes from the recent identification of a novel cleavage site 

in the GDNF sequence, located several amino acids proximal to the conventional KRLKR site.  

Cleavage at the new site (DKQM⇓AV) yields a mature GDNF protein that is 6 amino acids 

shorter than the protein produced by cleavage at the conventional site (Piccinini et al., 2013).  The 
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function of the modified mature protein is unknown, however researchers suggest that the new 

variant may have a different level of stability in the extracellular environment (Piccinini et al., 

2013).  

Furthermore, it is important to consider that there are differences in the expression 

plasmids, transfection protocols, gene sequences and incubation conditions used in this type of 

investigation and these changes may affect protein processing. Piccinini et al. (2013) investigated 

whether changes to the growth media would impact GDNF processing in cultures of CHO cells 

transfected with a plasmid expressing human pre-(α)pro-GDNF.  Following transfection, CHO 

cells were supplemented with either a high concentration growth media (DMEM in the presence 

of 10% fetal bovine serum) or a media with a low concentration of growth factors (Opti-MEM; 

GIBCO). Analysis of protein expression in cultures exposed to each media showed that the 

composition of the growth conditions significantly affected the profile of GDNF expression 

inside the cells and the apparent processing pattern of secreted GDNF (Piccinini et al., 2013).  

These findings provide an additional explanation for the variability of GDNF expression profiles 

identified in different in vitro experimental set-ups.  

1.2.4 In vivo GDNF expression 

Studies have investigated the expression of endogenous GDNF in various in vivo systems.  Sun et 

al. (2014) examined the endogenous expression of GDNF in different regions of the rat brain by 

western blot analysis.  This consistently showed that GDNF was expressed in the rat CNS as a 36 

kDa protein, which was confirmed using several different GDNF antibodies in reduced 

conditions.  Furthermore, western blot analysis of homogenized cells from the smooth 

muscle/myenteric plexus (SM/MP) layer of adult rat colon showed the presence of 35 and 39 kDa 

GDNF proteins, in addition to the 15 kDa mature protein (Rodrigues thesis, 2008).  These 

outcomes did not appear to be the result of non-specific antibody staining, as they were absent 

after incubation with species-mismatched secondary antibody.  
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The in vivo expression of GDNF is variable, as protein expression involves a variety of 

complicated post-translational molecular modifications, which vary in different systems (Sun et 

al., 2014).  Further, the mature GDNF peptide contains a number of rare surface interface amino 

acids, including Pro, Ile, Tyr, Trp, and Arg, which have a statistically high probability of 

participating in protein-protein interactions when exposed on the surface of a protein (Airavaara 

et al., 2011; Sillerud and Larson, 2005).  Strong protein-protein interactions often persist even 

under denaturing conditions, which causes problems for interpreting GDNF immunoblots 

(Grimm et al., 1998).  For instance, researchers must decide whether bands represent the 

detection of monomers of precursor GDNF forms or the detection of homodimers of the mature 

protein.  In fact, the appearance of 50 kDa immunoreactive bands for GDNF on a reducing 

western blot of rat substantia nigra neurons was attributed to dimerization in a Nature study 

(Gonzalez-Barrios et al., 2006). Furthermore, since GDNF is so broadly expressed, the specific 

factors involved in its synthesis and expression may vary in different systems and at different 

stages of development. 

1.2.5 Biological activity of GDNF isoforms 

While various isoforms of GDNF are detected during the expression cascade, there is no 

agreement about which forms confer biological activity.  The precursor form of GDNF was 

traditionally considered biologically inactive, however, increased understanding of the biological 

activities other neurotrophin proforms led some researchers to reconsider this assumption.  For 

instance, pro-NGF, pro-BDNF, and pro-NT3 have been directly implicated in pathological 

outcomes for neurons when secreted into the extracellular environment (Teng et al., 2005, Yano 

et al., 2009).  Radiolabelling studies showed that pro-NGF and mature NGF initiate distinct 

receptor-signaling cascades when secreted from source cells.   While mature NGF preferentially 

bound to the TrkA receptor, pro-NGF had a significantly higher binding affinity for the p75NTR 

receptor (Lee et al., 2001) The p75NTR-pro-NGF complex subsequently bound to sortilin with a 
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high affinity, and the formation of this heterotrimeric complex induced neuronal apoptosis 

(Nykjaer et al., 2004).  While it is unknown whether pro-GDNF participates in a similar apoptotic 

cascade, Sun et al. (2014) found that pro-GDNF was the predominant form of GDNF expressed 

in the brains of Parkinson’s disease (PD) animal models.  

To investigate whether pathological conditions also promoted the expression of pro-

GDNF in vitro, cultures of rat C6 glioma cells were exposed to lipopolysaccharide (LPS) toxin to 

induce neurodegeneration, and GDNF expression in the culture media was analyzed by western 

blot analysis with an antibody specific for pro-GDNF. Under basal conditions, the amount of pro-

GDNF in the culture medium was almost undetectable, however, a substantial expression of 

secreted pro-GDNF was detected after LPS stimulation for 24 hr (Sun et al., 2014). The cell 

viability of LPS-stimulated cultures was assessed and revealed that the pro-GDNF expression in 

the media was not the result of protein release by cell lysis, as tubulin and actin were not detected 

in the media (Sun et al., 2014). This experiment was repeated using primary cultures of astrocytes 

derived from the cerebral cortex of neonatal rats and again, pro-GDNF was detected only in the 

media of LPS-activated cultures (Sun et al., 2014).  Since GDNF is predominately secreted in the 

uncleaved form under pathological conditions, pro-GDNF may have a role in mediating disease 

processes.   

1.3 Postnatal Effects of GDNF 

1.3.1 Neurotrophic outcome of GDNF in in vitro models of ENS 

There is extensive evidence of the neurotrophic effects of GDNF for neurons throughout the 

CNS. The exposure of cultures of midbrain dopamine neurons to GDNF enhances survival (Lin et 

al., 1993) and GDNF application protects CNS neurons from experimentally induced damage 

(Beck et al., 1995; Choi-Lundberg et al., 1997).  We have confirmed that GDNF is also necessary 

for myenteric neuron survival postnatally.  A freshly isolated culture of rat myenteric neurons and 

ISMC from neonatal rats was treated with exogenous recombinant GDNF peptide.  
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Immunohistochemsitry for total neuronal survival after 72 hr showed that GDNF treatment 

resulted in a 40% increase in neuron survival compared to cultures set up in a serum-free 

medium, while other neurotrophins including NGF, BDNF and NT-3 were ineffective (Rodrigues 

et al., 2010).  Axonal outgrowth was also assessed under these conditions, and it was found that 

GDNF uniquely stimulated significant axonal proliferation of myenteric neurons in culture 

(Rodrigues et al. 2010). 

1.3.2 Neurotrophic outcome of pro-inflammatory cytokines in in vitro models of ENS  

Surprisingly, a similar neurotrophic outcome for enteric neurons occurred when pro-

inflammatory cytokines, tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β) (50 ng/ml), 

were applied to the same in vitro model.  After co-cultures were exposed to pro-inflammatory 

cytokines for 48 hr, there was a significant increase in myenteric axon proliferation (Gougeon et 

al., 2013).  To gain a better understanding of the neurotrophic effect of these inflammatory factors 

for enteric neurons, conditioned media (CM) from ISMC treated with pro-inflammatory cytokines 

was applied to co-culture and the axonal outcome was assessed.  After 24 hr, TNF-α and IL-1β 

stimulated CM caused significant axonal outgrowth in recipient co-cultures compared to 

untreated CM (Gougeon et al., 2013).  This finding suggested that cytokine stimulation of ISMC 

induced the expression of a diffusible factor that is neurotrophic for enteric neurons.   

While the expression of pro-inflammatory cytokines can cause cellular damage and 

neurodegeneration (Smith et al., 2012), these cytokines also induce the expression of 

neurotrophic factors in some cell types (Kuno et al., 2006). Since GDNF was shown to be the 

neurotrophic factor essential for neonatal enteric neuron survival, its expression was investigated 

in response to co-culture exposure to inflammatory factors. After 17 hr treatment with TNF-α and 

IL-1β, GDNF mRNA in co-culture increased to more than 2x control levels and 24 hr cytokine 

treatment induced a significant increase in GDNF protein expression relative to control (Gougeon 

et al., 2013).  To investigate whether GDNF was involved in the axonal proliferation of co-
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cultures, cultures treated with pro-inflammatory cytokines were exposed to the RET-receptor 

blocker vandetanib.  Co-cultures pretreated with vandetanib did not show the neurite outgrowth 

typical of exposure to TNF-α and IL-1β (Gougeon et al., 2013). These results suggest that the 

pro-inflammatory cytokine-induced axonal proliferation in in vitro models of the ENS may be 

mediated through upregulation of GDNF.  

1.3.3 ENS response to experimental colitis 

Further evidence for the regenerative functions of GDNF in the postnatal ENS come from animal 

models of colitis, as the ENS is known to undergo recovery processes following damage caused 

by inflammation (Lourenssen et al., 2005).  Animal models of colitis are used to investigate the 

structural and functional changes that occur during an intestinal inflammatory event. The most 

commonly used model of experimental colitis involves the intrarectal instillation of 2,4,6-

trinitrobenzene sulfonic acid (TNBS) to the distal colon of adult rats, as previously described 

(Wells and Blennerhassett, 2004).  Neurath et al. (1995) describe the trinitrophenyl group of 

TNBS as a haptenating agent that complexes with endogenous colonic proteins.  The detection of 

this foreign complex results in the induction of transmural T-helper type I (Th1) predominant 

inflammatory response, which is also characteristic of human Crohn’s disease.  

Although experimental colitis is associated with early damage to the ENS, there is also 

evidence of the induction of repair processes early during the inflammatory event.  Cross-

sectional analysis of the colon from rats with chemically-induced colitis showed a greater than 

50% reduction in PGP 9.5-immunoreactive myenteric neuron number by day 4 post-colitis 

(Sanovic et al., 1999) and axonal innervation of the ISMC was significantly reduced as well 

(Lourenssen et al., 2005).  By day 6 post-inflammation, however, there was a significant 

compensatory increase in axon growth from surviving neurons and axonal number increased to 

3x control level (Lourenssen et al., 2005).  Subsequent assessment at days 25 and 35 revealed that 

the axonal proliferation persisted, achieving a return to control levels of axonal density among the 
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increased number of smooth muscle cells. Since GDNF was the only neurotrophin shown to 

influence postnatal myenteric axon growth, GDNF expression in the inflamed colon was 

assessed. A significant expression of 15 kDa was detected in the supernatant obtained from ex 

vivo segments of day 1 post-TNBS rat colon, while 15 kDa GDNF was barely detectable in 

supernatant from non-inflamed tissue (Rodrigues thesis, 2008).  The near absence of mature 

GDNF expression in the intestine of control animals suggests that events of inflammation 

promote the processing and secretion of active GDNF.  

Intestinal inflammation is associated with distinct changes in the microenvironment, 

including a profound infiltration of immune cells that express an extensive profile of cytokines 

and proteases.  For instance, assessment of TNBS-treated rats revealed that the induction of 

colitis results in a significant increase in the number of immune cells in the intestinal wall, 

including antigen-presenting cells (APCs) such as macrophages (Venkataramana et al., 2015).  

The APCs engulf TNBS-altered self-proteins and display fragments for detection by Th1 cells, 

initiating a Th1-cell mediated immune response that is characterized by a significant release of 

pro-inflammatory cytokines, including TNF-α and IL-1β (Morris et al., 1989).  The induction of 

TNBS-colitis is also associated with enhanced deposition of matrix proteins by activated immune 

cells (Lohr et al., 2011) and significant protease induction (reviewed in O’Shea et al., 2014).   

1.3.4 Proteases of the extracellular matrix 

The extracellular matrix (ECM) is a complex network of proteins, including collagen and 

elastin, that constantly undergoes remodeling and repair processes. Several distinct classes of 

enzymes are involved in the degradation of ECM components, including serine proteases (eg. 

furin), cysteine proteases and matrix metalloproteinases (MMP) (reviewed in Lu et al., 2011).  In 

addition to ensuring the dynamic nature of the ECM, some matrix proteases, including members 

of the MMP family, also possess enzymatic capabilities and are known to be involved in the 

processing of biological molecules.  
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The MMPs are a large group of calcium dependent endopeptidases that are expressed by 

immune cells, such as neutrophils and macrophages (reviewed in Rodriguez et al., 2010). In 

humans, vascular smooth muscle cells (Schonbeck et al., 1997) and smooth muscle cells that line 

the respiratory tract are also sources of MMP expression (Liang et al., 2007).  Liang et al. (2007) 

found that one specific MMP, MMP-9, was important in the respiratory tract response to 

inflammation and its expression was stimulated by the pro-inflammatory cytokine IL-1β.  In other 

cell types as well, MMP-9 is typically expressed in low levels, but its expression is highly 

inducible by pro-inflammatory factors (Nagaoka et al., 2000).   

Although MMP-9 activity is important for the non-selective degradation of extracellular 

collagen, MMP-9 also functions to process biological molecules at site-specific cleavage sites. 

Advancements in quantitative mass spectrometry based techniques allowed for the rapid 

identification of substrates that contain cleavage sites preferred by specific MMPs (Rodriguez et 

al., 2010) For instance, proteomic analysis of CM from a human metastatic prostate cancer cell 

line identified 20 novel MMP-9 substrates and only 4 of these were components of the ECM (Xu 

et al., 2008). Furthermore, human insulin peptide was incubated with activated MMP-9 for 24 hr 

and the resulting fragments were detected by mass-spectrometry (Descamps et al., 2003).  Amino 

acid sequence analysis of the fragments showed that MMP-9 processes the insulin peptide in a 

reliable pattern through cleavage at 10 distinct consensus sites (Descamps et al., 2003).  Since 

biological molecules are often synthesized as inactive precursors, MMP-9 specificity for cleavage 

at defined sites may be important for the activation of these factors.  In support of this, MMP-9 

activity has been implicated in the activation of several neurotrophic factors from the precursor 

form, including NGF and BDNF (Mizoguchi et al., 2011; Boutilier et al., 2008).  This raises the 

possibility that MMP-9 may be involved in the processing of GDNF to the mature form in the 

intestine.  
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1.4 Hypothesis and Goals 

GDNF is an important factor for the development and survival of enteric neurons that continues 

to be expressed in the postnatal ENS.  An understanding of GDNF expression and processing in 

the adult intestine is important, as GDNF may be involved in the regulation of gut homeostasis or 

implicated in ENS survival and repair processes.   

It is unknown whether the processing of GDNF occurs intracellularly, with secretion of a 

single mature form, or whether expression also involves extracellular processing.  Further, the 

significant increase in GDNF expression, coupled with an increase in protease induction in the 

inflamed intestine, suggests the potential involvement of these proteases in GDNF processing. 

Since MMP-9 activity is inducible in the inflamed environment, where mature GDNF expression 

is upregulated, MMP-9 is a good candidate for the processing of GDNF in the inflamed intestine. 

Overall, this project will provide insight into the intestinal expression of GDNF in its active form.   

 The goals of this project are: 

! Determine whether MMP-9 activity is necessary for pro-inflammatory factors (eg. TNF-

α) to stimulate axonal proliferation in vitro  

! Use molecular techniques to correlate the presence and activity of MMP-9 with TNF-α 

induced increases in active 15-17 kDa GDNF expression previously shown in this system 

o Determine whether TNF-α induces the expression of MMP-9 in ISMC 

o Establish the neurotrophic actions of precursor forms of GDNF in this model 

o Contrast the events of intracellular and extracellular processing of GDNF 

following expression in ISMC 

! Evaluate and compare the induction of MMP-9 expression in vitro with its expression in 

vivo using ISMC isolated from control or TNBS-induced colitis rat colon 
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Chapter 2 

Methods 

2.1 Animals 

Sprague-Dawley rats obtained from Charles River Laboratories (Montreal, QC) were housed in 

pairs and bred in the GIDRU animal facility. Animals had access to food (Purina #5008) and 

water ad libitum and were monitored daily by representatives from Animal Care Services at 

Queen’s University.  An introductory course in animal handling ethics (QACS 799 Introduction 

to Animal Care) was completed prior to the commencement of this project, in accordance to 

guidelines in the Canadian Council of Animal Care’s (CCAC) National Institutional Animal User 

Training protocol. All experimental procedures received approval by the Queen’s University 

Animal Care Committee and conformed to the CCAC guidelines.  

2.2 Primary Co-Culture Preparation  

Primary cultures of rat myenteric neurons, intestinal smooth muscle cells (ISMC) and glia were 

derived from the intestine of neonatal rats (aged 2-7 days).  The animals were sacrificed and the 

small intestine was dissected into dishes containing HEPES-buffered Hank’s balanced salt 

solution (HBSS/HEPES; pH 7.35, warmed to 24°C).  The surrounding mesentery was removed 

and the longitudinal and circular smooth muscle layers, which contained the myenteric plexus, 

were carefully separated from the intestinal mucosa.  The mucosa was discarded and the smooth 

muscle/myenteric plexus (SM/MP) layer was minced into small pieces and incubated in 0.25% 

trypsin II (Sigma) at 37°C for 75 min (with gentle agitation every 15 min).   Following enzymatic 

digestion, the trypsin supernatant was removed and the cells were re-suspended in Dulbecco’s 

Modified Eagle Medium (DMEM; GIBCO) containing 10% fetal calf serum (FCS).  The cells 

were gently triturated with a glass pipette to generate a single cell suspension, which was 

continuously diluted with DMEM to achieve the desired cell density (quantified using a 
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hemocytometer).  Cells were plated in 24-well plates on collagen-coated glass cover slips, at a 

density of approximately 3.5-4 x 105 cells/ml.  

To generate established cultures, cells were incubated in DMEM with a final 

concentration of 5% FCS for 48 hr, deprived of serum for 5 hr, and then subjected to various 

experimental conditions.  In preparation of acute cultures, cells were incubated in DMEM with a 

final concentration of 1% FCS for 2 hr, deprived of serum, and immediately exposed to treatment 

conditions.  

2.3 TNBS-Induced Colitis 

The model of TNBS-induced colitis was used as previously described (Stanzel et al., 2008).  It 

involved the direct instillation of 500 µl TNBS (200 mM; Fluka) dissolved in 50% ethanol into 

the colon of adult male Sprague-Dawley rats (8 cm proximal to the anus). Animals were 

anesthetized by exposure to isoflurane and sacrificed 6 days following the onset of colitis.  Tissue 

from the mid-descending colon was removed and used to obtain isolated circular smooth muscle 

(CSM) cells.  

2.4 Isolation of Adult Circular Smooth Muscle Cells 

To obtain isolated CSM cells for western blot analysis, sections of colonic tissue from adult rats 

were dissected into HBSS/HEPES solution. The mucosa, serosa and longitudinal smooth muscle 

layers were gently removed from the circular smooth muscle layer, which was cut into fine strips.  

The strips were incubated in HBSS/HEPES solution (containing 5 mg of Papain, 50 µM of CaCl2, 

10 mg of BSA, 10 µl of 1M DTT, and 2.5 mg of Type F Collagenase) for 2 hr at 4°C, 1 hr at 

room temperature, and finally, 1 hr at 37°C, with gentle agitation every 30 min. Following 

incubation, the solution was replaced with serum-free DMEM and the tissue was gently triturated 

to liberate individual cells.   
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To separate the isolated CSM cells from immune cells, which were both present in the 

inflamed colonic tissue, a differential adhesion plating technique was employed. The dissociated 

cells were plated onto culture dishes in serum-free DMEM and allowed to settle for 5 min.  After 

this time, the immune cells adhered strongly to the dish and the supernatant containing non-

adherent CSM cells was removed and plated onto a new dish. This was repeated until the 

suspension was devoid of immune cells, which was determined by assessing cell morphology 

with microscopy 

The suspension of pure CSM cells was transferred into a 15 ml tube and the cells were 

counted with a hemocytometer. The cells were subsequently centrifuged for 4 min at 3000 RPM.   

The supernatant was removed and the cells were re-suspended in reducing sample buffer for 

western blot analysis. This procedure was performed by Kurtis Miller.   

2.5 Treatment of Tissues 

The following treatments were applied to co-cultures: 

Cytokine: TNF-α (50 ng/ml; Peprotech), IL-1β (100 ng/ml; Peprotech), TGF-β (100 ng/ml; 

Peprotech)  

Inhibitor: Leupeptin (10 µM; Sigma), E-64 (10 µM; Sigma), GM6001 MMP Inhibitor (10 µM; 

Chemicon), MMP-2/MMP-3 Inhibitor III (10 µM; Calbiochem), MMP-2/MMP-9 Inhibitor III (1 

µM; Calbiochem), MMP-9 Inhibitor I (5 µM; Calbiochem)  

Exogenous Peptide: GDNF (100 ng/ml; 450-10; Peprotech)  

2.6 Immunocytochemistry 

Immunocytochemistry was used to evaluate neurons and neurites in co-culture in response to 

various treatment conditions. At the conclusion of each treatment time course, the media was 

removed from co-cultures and the cover slips were fixed with neutral buffered formalin (NBF) for 

10 min. The cover slips were washed in phosphate buffered saline (PBS; 3x 5 min) and incubated 
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in 350 µl of mouse anti-HuD (1:1000; Molecular Probes) and rabbit anti-SNAP-25 (1:5000; 

Sigma) diluted in PBS with 0.2% Tween (PBS-T), to allow for detection of neurons and axons, 

respectively.  The primary antibody was applied overnight at 4°C and its removal was followed 

by 3x 5-min washes in PBS.  Alexa Fluor secondary antibodies, goat anti-rabbit Alexa-555 

(1:4000; Molecular Probes) and goat anti-mouse Alexa-488 (1:2000; Molecular Probes) diluted in 

0.2% PBS-T, were subsequently applied for 1 hr at room temperature.  Antibody removal was 

again followed by 3x 5-min washes in PBS.  Finally, cover slips were incubated for ~1 min with 

Hoechst 333258 (0.1 µl/ml; Sigma) to stain nuclei, washed with PBS (3x 5 min), and mounted on 

glass slides with ~10 µl of 60% glycerol.  The slides were stored at 4°C.  

2.7 Neuron and Axon Quantification 

Neuron and axon numbers were quantified manually using an Olympus BX51 model at 40x 

objective, as previously described (Gougeon et al., 2013). The number of HuD-positive neurons 

in co-culture were determined by counting each neuron in every third field of view in the 

horizontal and vertical axes, which represented ~4% of the cover slip surface area.  Axons were 

quantified by counting the number of neurite intersections with an arbitrary midline across the 

entire horizontal and vertical axes.  The co-cultures were imaged using Image Pro Plus (Media 

Cybernetics).  

Duplicates of each condition were quantified and averaged together to produce a total. 

The extent of axonal proliferation was quantified by calculating axonal density, which is done by 

dividing the square of the total number of axons by the neuron total (Lourenssen et al., 2010).   

2.8 Western Blot Analysis  

Protein samples for western blot analysis were obtained by scraping cells from duplicate wells in 

a 24-well plate with 200 µl of 1x reducing sample buffer (20 mM Tris/HCl, 6% glycerol, 0.5% 

SDS, 2% β-mercaptoethanol, 0.001% bromophenol blue).  25 µl aliquots of each condition were 
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prepared, 2.5 µl of 1M DTT was added to each, and the samples were boiled for 5 min.  Protein 

samples were resolved by electrophoresis (200V for 10 min, 120V for 1 hr) using 10 or 12% 

SDS-PAGE gels (0.75 mm), then transferred to activated PVDF membranes using a semi-dry 

transferring apparatus (Bio-Rad) at 15V for 1 hr. Following transfer, the membranes were dried 

for 1 hr at 25°C, re-activated with methanol, and blocked for 1 hr at room temperature in Tris-

buffered saline containing 0.1% Tween-20 (TBS-T), with 2% fat free milk.  When protein 

detection required a primary antibody that was raised in a goat, membrane blocking was 

accomplished using TBS-T containing 5% horse serum to avoid excessive non-specific binding.  

Two different antibodies were used for GDNF detection: rabbit anti-GDNF antibody (1: 200; D-

20: sc-328, Santa Cruz) and goat anti-GDNF antibody (1: 750; AF-212-NA, R&D Systems).  For 

detection of MMP-9, membranes were incubated with mouse anti-MMP-9 antibody (1: 750; 

NBP2-131373, Novus Biologicals).  GAPDH expression was measured as a loading control and 

detected by mouse anti-GAPDH antibody (1: 5000; CB1001-500UG, Millipore). All primary 

antibodies were diluted in TBS-T containing 2% milk and incubated with the membrane 

overnight at 4°C, with gentle agitation.  Membranes were washed 3x for 10 min in TBS-T and 

then incubated with the appropriate horseradish peroxidase (HRP) linked secondary antibody for 

1 hr at room temperature; rabbit anti-goat HRP (1:3000; R&D Systems), goat anti-mouse HRP (1: 

20000; PI-31430, Thermo Scientific) or goat anti-rabbit HRP (1:4000; 7074S, Millipore). The 

PVDF membranes were then washed with TBS-T for 10-60 min and incubated with ~100 µl 

chemiluminescent substrate (Millipore).   

The membranes were imaged using a ChemiDoc MP System (Bio-Rad) and the 

integrated optical densities (IOD) of the resolved bands were measured with Image Lab software 

(Bio-Rad).  The IOD of each band representing GDNF or MMP-9 was normalized to GAPDH 

and the ratios were used to compare changes in protein expression across conditions.  
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2.9 Trichloroacetic Acid Protein Precipitation 

To detect MMP-9 and GDNF in the CM of HEK-293 cell cultures, trichloroacetic acid (TCA) 

precipitation was used to concentrate the secreted proteins for western blot analysis (Gougeon et 

al., 2013). CM was collected, filtered and snap-frozen in liquid nitrogen.  To prepare samples for 

analysis, 500 µl of CM was thawed on ice and trichloroacetic acid (final concentration of 10%; 

Sigma) and NP-40 alternative (final concentration of 0.1%; Calbiochem) were added. Samples 

were mixed by a LabQuake® Shaker (Labindustries, Inc.) apparatus for 1-2 hr at 4°C and then 

centrifuged at 13000 RPM for 10 min at 20°C.  The supernatants were removed, 400 µl of 

methanol was added, and samples were centrifugation at 13000 RPM for an additional 5 min. 

Again, the supernatants were removed and 40 µl of sample buffer was added to the remaining 

pellets. The tubes were gently agitated to aid dissolution and 5 µl of sample buffer was 

continuously added until the pellets dissolved. To neutralize any remaining TCA, 2 µl drops of 1 

M Tris-HCl (pH 7.4) were added to the sample buffer until the solution turned blue.  

2.10 DNA Plasmid Transfection 

Co-Cultures: Neonatal co-cultures were established in 1 ml of 5% FCS DMEM for 24 hr and the 

media was then replaced with 400 µl of antibiotic-free, serum-free DMEM for 1 hr.  In 

accordance to manufacturer guidelines for 24-well plate transfection (Invitrogen, Carlsbad, 

California), mixtures of plasmid (1 µl/well) and Lipofectamine 2000 Reagent (Invitrogen; 2 

µl/well) were prepared in separate Eppendorf tubes.  Plasmid expressing green fluorescent protein 

(GFP)-GDNF (0.8 µg/ml) was mixed in enough antibiotic-free, serum-free DMEM for 50 

µl/well, for 5 min. Lipofectamine 2000 Reagent was also diluted in enough antibiotic-free, 

serum-free DMEM for 50 µl/well, for 5 min.  The separate tubes containing the plasmid and 

Lipofectamine 2000 were mixed at room temperature for 20 min and 100 µl of the resulting 

mixture was distributed to each well.  The transfected cultures were incubated for 6 hr at 37°C 
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and then the media was replaced with 1 ml of 5% FCS DMEM.  In some experiments, TNF-α (50 

ng/ml) and/or the MMP-9 inhibitor (5 µM) were added to co-cultures with the serum-

supplemented DMEM. GFP expression was assessed at 24 hr with fluorescence microscopy and 

the cells were processed for immunohistochemistry.  To establish a control transfection condition, 

co-cultures were transfected with a plasmid that constitutively expressed GFP alone (pN1EGFP; 

1 µg/ml), as previously described.  

Human Embryonic Kidney (HEK)-293 Cells: HEK-293 cells were sub-cultured into 24-well 

plates and grown to approximately 70% confluence in 1 ml 5% FCS DMEM.  Once confluent, the 

media was replaced with 450 µl of serum-free, antibiotic free DMEM. Following manufacturer 

protocol for 24-well plate transfection (Invitrogen, Carlsbad, California), mixtures of 

Lipofectamine 3000 Reagent (Invitrogen; 1.5 µl/well) and P3000 Reagent (Invitrogen; 2 µl/well) 

+ GFP/GDNF plasmid (1 µl/well) were prepared in separate Eppendorf tubes.  Lipofectamine 

3000 Reagent was diluted in enough serum-free, antibiotic-free DMEM for 25 µl/well and P3000 

Reagent and GFP/GDNF plasmid (0.8 µg/ml) were added together in enough serum-free, 

antibiotic-free DMEM for 25 µl/well.  The tubes were mixed at room temperature for 5 min and 

50 µl of the resulting mixture was distributed to each well.  Cells were incubated at 37°C for 6 hr 

and then the media was replaced with 1 ml of 5% FCS DMEM. The cells were then incubated for 

an additional 24 hr.  In some experiments, the MMP-9 inhibitor (5 µM) was applied with the 5% 

FCS DMEM.  Cells were subsequently visualized with fluorescent microscopy to ensure at least 

50% of cells expressed GFP. To generate CM, the cells were deprived of serum for 6-15 hr and 

fresh doses of the MMP-9 inhibitor were added, when applicable. The CM was collected, filtered, 

and snap-frozen for later transfer to freshly isolated co-cultures or for concentration for western 

blot analysis. The cell lysates were also collected for western blot analysis, as previously 

described for co-cultures. 
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2.11 Quantitative PCR Analysis 

RNA was isolated from lysates of control and TNF-α treated co-cultures using an RNeasy kit 

(Qiagen) following instructions in the RNeasy Mini Kit Handbook” (Qiagen).  Samples of cDNA 

were generated from 1 µg of the isolated RNA using an iScript cDNA synthesis kit (Bio-Rad).  

The quantitative PCR (qPCR) reaction was set up in MicroAMP optical 96 well reaction plates 

containing 1 µl of the target cDNA, 12 µl of iTaq™ Fast SYBR® Green Supermix with ROX 

(Bio-Rad), and 1 µl of each the MMP-9 forward (5’-CCACCGAGCTATCCACTCAT-3’) and 

reverse (5’-GGTCCGGTTTCAGCATGTTT-3’) primer or the GAPDH forward (5’-

GTGGCTTGAATAAATCCATG-3’) and reverse (5’-GATGCAGGGATCATGTTC-3’) primer. 

RNA isolation and cDNA synthesis protocols were based on modifications of the supplied 

instructions (Qiagen), as previously described (Han et al., 2015).  The qPCR reaction was 

performed using a 7500 Real Time PCR device (Applied Biosystems).  Changes in gene 

expression were determined using the ddCt method, which used 7500 sequence detection 

software to measure the number of cycles for amplification to reach a fluorescence intensity 

threshold. The expression of MMP-9 was normalized to the expression of GAPDH housekeeping 

gene by calculating the ddCt ratio of MMP-9: GAPDH for each condition.  

2.12 Statistical Analysis 

All values represent the average ± the standard error of the mean of n animals or independent cell 

lines. Statistical analysis was performed using GraphPad Prism 6 software. Comparisons between 

a control condition and multiple treatment groups were made using one-way analysis of variance 

(ANOVA) with Dunnett’s post-test, with statistical significance assumed for p≤0.05. 

Comparisons between two groups were made using unpaired two-tailed Student’s t-test, assuming 

p≤0.05 as the threshold of statistical significance. 
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Chapter 3 

Results 

3.1 Pro-inflammatory cytokines induce axonal proliferation through increased 

GDNF expression 

Primary cultures of myenteric neurons and ISMC were derived from enzymatic dissociation of 

the SM/MP layer of neonatal rats to create an in vitro model of the ENS.  The co-cultures were 

plated in 24-well culture plates at a cell density of approximately 3.5-4 x 105 cells/well and 

incubated in DMEM containing 5% FCS for 48 hr.  A schematic representation of this time 

course is displayed in Fig. 2A.   

The identities of the cells in co-culture were confirmed using immunohistochemistry.  

Previous work showed that smooth muscle cells, identified by immunoreactivity for α-smooth 

muscle actin, were the predominant cell type present in co-culture (Rodrigues et al., 2010).  

Additionally, the co-cultures contained a smaller population of glial cells, identified by GFAP-

immunoreactivity, which formed approximately 30% of the total cell population (Kearon thesis, 

2014).  Neurons were identified by immunohistochemistry for HuD, an RNA-binding protein 

specific to neurons, and typically comprised 5% of the total cell population (over 7000 neurons 

per cover slip; Kearon thesis, 2014).  

The neurons were usually clustered in groups of 2-3 (Fig. 2B), which allowed individual 

axonal projections to be distinguished when visualized using a 40x objective (resulting in a 400x 

magnification).  Axons were detected with SNAP-25 immunohistochemistry, which showed an 

extensive, branching and interconnected network among the neurons (Fig. 2B).  A representative 

fluorescent composite image shows neuronal cell bodies and neurites dispersed among the other 

cells in co-culture (shown by Hoechst-labeled nuclei; Fig. 2B). To normalize axon growth to 

slight variations in neuron number across experiments, the extent of axonal proliferation was 
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expressed as axonal density, calculated by dividing the square of the total axons by the neuron 

total for each condition (Lourenssen et al., 2010).  A schematic depiction of the counting method 

is provided in Fig. 2C.  

Initial experiments used the co-culture model to assess the response of myenteric neurons 

to cytokine challenge.  Subsequent experiments employed this model to assess the events 

involved in the induction of a supportive factor for enteric neurons. A variety of molecular 

techniques were used to assess co-cultures exposed to different conditions, including 

immunohistochemistry, western blot analysis, and qPCR.  
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Figure 2. Protocol for co-culture set up and analysis using immunohistochemistry. A. 
Schematic representation of co-culture protocol. Cells from the SM/MP layer of neonatal rat 
intestine were enzymatically dissociated and cultured in 5% FCS for 48 hr. Cells were 
deprived of serum for 5 hr before exposure to test conditions. B. Immunofluorescent images of 
control co-cultures, labeled with neuronal-cell body marker HuD (top) and pan-neuronal 
neurite marker SNAP-25 (bottom). Arrow indicates an aggregation of 2 neuronal cell bodies. 
Scale bars, 20 µm. Colour composite (right) of HuD (green), SNAP-25 (red) and Hoeschst-
labeled nuclei (blue), showing neuronal cell bodies (yellow; merged colour) and axons 
dispersed among non-neuronal cells in co-culture. Scale bar, 20 µm. C. Schematic 
representation of counting method for neurons (left) and axons (right) in co-cultures.  
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3.1.1 TNF-α  and IL-1β , but not TGF-β , promote axon growth in myenteric neurons in vitro   

The effect of cytokines on myenteric neurons in co-culture was assessed to confirm the previous 

finding that pro-inflammatory cytokines induce axonal proliferation of myenteric neurons in vitro 

(Gougeon et al., 2013).  Established co-cultures were exposed to TNF-α (50 ng/ml), IL-1β (100 

ng/ml) or TGF-β (100 ng/ml) for 24 hr in serum-free conditions and neuron and axon numbers 

were assessed by immunohistochemistry (Fig. 3A-D). Concentrations were selected as these 

doses were previously determined to be maximally effective in this model (Gougeon et al., 2013). 

The addition of cytokines did not directly affect neuron survival, as there were no significant 

changes in HuD-positive neuron number compared to control (n=5, p>0.05; Fig. 3F).  This also 

showed that at this concentration, cytokines were not neurotoxic to myenteric neurons in vitro. 

Alternatively, the addition of pro-inflammatory cytokines strongly promoted axonal 

outgrowth of myenteric neurons, which was easily visible in images of SNAP-25 labeled co-

cultures after 24 hr of cytokine treatment (Fig. 3B-C).  Quantification of axonal density showed 

that co-cultures had a nearly 2-fold increase in axon density when exposed to either pro-

inflammatory cytokine TNF-α (1011 ± 106; n=4, p<0.05) or IL-1β (1142 ± 93; n=5, p<0.05), 

relative to control (607 ± 48; n=5; Fig. 3E).  In contrast, the addition of TGF-β to co-cultures was 

ineffective, with axon density remaining similar to control (644 ± 78; n=5, p>0.05; Fig. 3E).  This 

result was consistent with previous findings that pro-inflammatory cytokines were unique in their 

ability to cause axonal proliferation in cultures of myenteric neurons after 48 hr (Gougeon et al., 

2013).   These findings showed that there was a similar level of axonal outgrowth by 24 hr and 

this time course was used in subsequent experiments.  
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E	   F	  

Figure 3. Pro-inflammatory cytokines induce axonal proliferation of myenteric neurons 
in co-culture. A-D. Immunofluorescent images showing SNAP-25 labeled axons in control 
co-culture (A) and in co-cultures treated with TNF-α (50 ng/ml; B), IL-1β (100 ng/ml; C), and 
TGF-β (100 ng/ml; D) for 24 hr. The pro-inflammatory cytokines TNF-α and IL-1β caused a 
large increase in neurite outgrowth of myenteric neurons in vitro. Scale bars, 20 µm. E. 
Quantification of axonal density showed a significant increase in axonal proliferation with 
pro-inflammatory cytokine treatment, compared to serum-free control (n=5 ± sem; *p<0.05; 
one-way ANOVA). F. Assessment of neuron number showed that there was no effect on 
neuron survival after 24 hr cytokine exposure (n=5 ± sem; p>0.05; one-way ANOVA 
compared to control). 
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3.1.2 TNF-α  upregulates expression of intracellular GDNF in co-culture 

The expression of GDNF in TNF-α-treated co-cultures was assessed by western blot analysis, 

since previous work showed that the neurotrophic effects of pro-inflammatory cytokines for 

myenteric neurons were mediated through GDNF (Gougeon et al., 2013). Since only the mature 

form of GDNF is known to elicit neurotrophic outcomes for myenteric neurons in vitro, the 

appearance of 15 kDa GDNF protein was evaluated by western blot analysis.  In this experiment, 

a GDNF antibody optimized for detection of low molecular weight proteins was employed to 

resolve the mature peptide (R&D Systems). In other experiments, a different GDNF antibody was 

used for detection of higher molecular weight isoforms, in addition to the mature peptide (Santa 

Cruz).  Recombinant GDNF peptide (1 ng) was used as a positive control, which produced a 15 

kDa band (Fig. 4A).  The anti-GDNF antibody (R&D Systems) detected immunoreactive bands at 

17 kDa for active GDNF in co-culture.  The slightly higher molecular weight of GDNF expressed 

in co-culture was likely due to post-translational glycosylation of the two N-linked sites in mature 

GDNF (Lin et al., 1993).  

The expression of GAPDH as a housekeeping gene was used to ensure an equal amount 

of protein was loaded in each sample.  Determination of the IOD of each GDNF and GAPDH 

band was used to normalize the changes in GDNF expression across conditions. The 

GDNF/GAPDH IOD ratio from 4 independent experiments were averaged and expressed as fold 

change of untreated control.  Although there was a low basal level of GDNF expression, the 

addition of TNF-α to co-culture caused a 2-fold (1.95 ± 0.2; n=4, p<0.05) increase in the 

intracellular expression of GDNF, relative to control (Fig. 4B).  
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Figure 4. TNF-α  induces the expression of mature GDNF in co-culture. A. Western blot 
analysis showing intracellular expression of 17 kDa GDNF in control co-culture lysates and 
upregulated expression 24 hr after treatment with TNF-α (50 ng/ml). The positive control lane 
of recombinant GDNF peptide (1 ng) produced a single band at 15 kDa. The expression of 37 
kDa GAPDH was assessed as a loading control. B. Quantification of the average IOD ratio of 
GDNF: GAPDH for 4 separate experiments. Intracellular expression of GDNF in co-culture 
was significantly increased with TNF-α treatment, compared to control (serum-free media; 
n=4 ± sem; *p<0.05; unpaired two-tailed Student’s t-test). 

* 
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3.2  MMP-9 is required for TNF-α-induced axonal proliferation 

Treating co-cultures with pro-inflammatory cytokines caused a significant increase in axonal 

proliferation, which was due to increased expression of active GDNF.  Since the expression of 

active GDNF from the precursor protein required post-translational processing, it was 

hypothesized that the activity of a protease was involved in mediating this outcome.  Therefore, 

inhibitors for the major classes of enzymes involved in proteolytic cleavage processes were added 

to the culture media, to determine whether protease activity was required for axonal proliferation. 

Established co-cultures were pretreated with inhibitors for the MMP (GM 6001; 10 µM), cysteine 

(E-64; 10 µM) or serine (leupeptin; 10 µM) protease families for 1 hr prior to the addition of 

TNF-α (50 ng/ml).  The cultures were assessed for axonal extension 24 hr later.   

The concentrations of inhibitors were similar to those used previously and shown 

effective in vitro. The selected GM 6001 dosage (10 µM) was shown to effectively inhibit the 

activity of all MMP proteases present in a culture of pulmonary artery derived smooth muscle 

cells, by complexing with the zinc atom specific to the active site of MMP enzymes (Cowan et 

al., 2000).  The E-64 dosage was selected based on manufacturer protocol (Sigma BioFiles, 4;2), 

which reported 10 µM as the maximally effective concentration for inhibition of cysteine protease 

activity in tissue culture.  Furthermore, assessments of cysteine protease activity in a mammalian 

cell culture in response to various dilutions of E-64 confirmed 10 µM as the maximum effective 

dosage (Asokanathan et al., 2002).  Finally, the typical working concentration of leupeptin was 

reported as 10-100 µM, however, the lowest dosage was selected so enzyme inhibition was 

targeted to serine proteases, without inhibition of select cysteine proteases (Sigma BioFiles, 4;2).  

This was consistent with dosages used in previous work by the Blennerhassett lab.  Control 

experiments showed that there were no changes in HuD-positive neuron survival relative to 
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control after addition of each inhibitor, which showed that the selected concentrations were not 

neurotoxic (data not shown).  

After 24 hr of cytokine and inhibitor treatment, the cultures were processed for 

immunohistochemistry (Fig. 5A-H) and the axonal density for each condition was expressed as 

fold change of serum-free control (Fig. 6A-B).  As expected, the addition of TNF-α to co-culture 

caused a 2-fold increase in axon density (2.04 ± 0.15; n=6, p<0.05) relative to control (Fig. 6A).  

The inhibition of cysteine and serine proteases, by addition of E-64 and leupeptin, respectively, 

did not affect the axonal proliferation typical of pro-inflammatory cytokine treatment, as the 

doubling of axons over control persisted (1.88 ± 0.41 and 1.88 ± 0.13; n=3 per condition, p<0.05; 

Fig. 6A).  Conversely, addition of the broad-spectrum MMP inhibitor, GM 6001, blocked the 

increase in axonal proliferation normally induced by TNF-α and axon density remained similar to 

control levels (1.05 ± 0.32; n=3, p>0.05; Fig. 6A). This result suggested that an MMP protease 

was involved in the cytokine-induced axonal proliferation of neurons in this model.   

Therefore, to identify the enzyme involved, inhibitors of specific MMPs were used. An 

inhibitor for both MMP-2 and MMP-9 (MMP-2/MMP-9 Inhibitor III; 1 µM) prevented the 

increase in axonal proliferation (0.93 ± 0.22; n=3, p>0.05; Fig. 6B).  In contrast, in cytokine-

stimulated cultures previously exposed to an inhibitor of MMP-2 and MMP-3 (MMP-2/MMP-3 

Inhibitor III; 10 µM), a doubling of neurite outgrowth over control persisted (1.78 ± 0.20; n=3, 

p<0.05; Fig. 6B).  This suggested that MMP-9 was necessary for pro-inflammatory cytokine-

induced axonal proliferation in an in vitro model of the ENS- an effect mediated by GDNF 

expression.  Subsequently, an inhibitor selective for MMP-9 (MMP-9 Inhibitor I; 5 µM) was used 

and axonal density remained at control levels (0.88 ± 0.13, n=6, p>0.05; Fig. 6B). 
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Figure 5. Immunohistochemistry for axon outgrowth in TNF-α-stimulated co-cultures 
treated with protease inhibitors, showing that MMP-9 inhibition blocks the axonal 
proliferation normally induced by TNF-α . Representative images of SNAP-25 labeled 
neurites in control co-culture (A) and after 24 hr treatment with TNF-α (50 ng/ml; B). Co-
cultures were exposed to inhibitors for the major classes of proteases, serine proteases (Leu; 
10 µM; C), cysteine proteases (E-64; 10 µM; D), and MMPs (GM6001; 10 µM; E), 1 hr prior 
to addition of TNF-α. The broad-spectrum MMP inhibitor (GM6001) blocked the increase in 
neurite outgrowth caused by TNF-α in vitro. Co-cultures were exposed to inhibitors for 
specific MMPs, MMP-2 and MMP-3 (2/3i; 10 µM; F), MMP-2 and MMP-9 (2/9i; 1 µM; G), 
and MMP-9 (9i; 5 µM; H), 1 hr prior to addition of TNF-α. Inhibition of MMP-9 activity 
blocked the TNF-α-induced neurite outgrowth of neurons in co-culture, while inhibition of 
MMP-2 and MMP-3 did not. Scale bars, 20 µm. 
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Figure 6. Quantification of axonal density shows that MMP-9 is required for TNF-α-
induced axonal proliferation of myenteric neurons in co-culture. A. MMP inhibitor 
GM6001 completely blocked the axonal proliferation typical of pro-inflammatory cytokine 
treatment (n=3 ± sem; p>0.05). *p<0.05 one-way ANOVA compared with control. B. 
Significant axonal proliferation persisted in cytokine-stimulated co-cultures with prior 
inhibition of MMP-2 and MMP-3 (n=3 ± sem; *p<0.05). In contrast, an inhibitor for both 
MMP-2 and MMP-9 and an inhibitor specific for MMP-9 blocked the increase in neurite 
outgrowth (n=3, 6 ± sem; p>0.05). None of the selected dosages of protease inhibitors caused 
a change in axonal density, relative to serum-free control (grey bars; n=3 ± sem for all; 
p>0.05). *p<0.05 one-way ANOVA compared with control.  
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The concentrations for the two dually specific MMP inhibitors used were similar to those used 

previously and shown effective in vitro (Liang et al., 2004; Steinle and Granger, 2003).  The 

MMP-9 Inhibitor I was used at the dosage shown maximally effective in the co-culture model by 

previous work in the Blennerhassett lab (Gougeon, PY; unpublished).  Furthermore, the MMP-9-

specific inhibitor used at a similar concentration was previously shown to reduce MMP-9 activity 

in various cancer cell lines (Xu et al., 2008).  This inhibitor was also previously shown to 

effectively reduce MMP-9 activity in a culture of vascular smooth muscle cells isolated from 

human carotid artery plaques (Rao et al., 2014). 

3.3 TNF-α induces expression of MMP-9 in ISMC    

Increased MMP-9 activity typically occurs in the inflamed environment, where activated immune 

cells express MMP-9 (Nagaoka et al., 2000). However, immune cells were absent from the co-

culture model, where MMP-9 still had a critical role in mediating the actions of increased GDNF 

expression.  This raised the possibility that additional sources of MMP-9 expression exist. To 

verify that MMP-9 was present in the co-culture model, the presence of mRNA for MMP-9 was 

measured using qPCR analysis in control co-cultures and in cultures exposed to TNF-α (50 

ng/ml). The qPCR results detected MMP-9 mRNA in the control condition, and also showed that 

cytokine treatment caused a time-dependent increase in MMP-9 expression, as MMP-9 mRNA 

increased almost 2-fold by 8 hr and nearly 3-fold by 17 hr (n=2; Fig. 7A). These results showed 

both baseline expression of MMP-9 and TNF-α-stimulated upregulation in the co-culture model.  

To further validate the expression of MMP-9 in co-culture, western blot analysis was 

performed on homogenized samples of control and TNF-α- treated co-cultures.  The anti-MMP-9 

antibody detected an immunoreactive band at 82 kDa in both conditions, which is the reported 

size of activated MMP-9 protein (Fiore et al., 2002) (Fig. 7B).  The IOD of MMP-9 bands were 

normalized to that of GAPDH in 3 separate experiments, and the average of these ratios were 

expressed as fold change of untreated control.  The average band intensity ratio of MMP-9 in co-
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cultures exposed to TNF-α was over 2-fold greater than control (2.35 ± 0.06, n=3, p<0.05; Fig. 

7C).  This change in IOD indicated that MMP-9 was expressed in low amounts by untreated co-

cultures, while cytokine treatment significantly increased this expression.  Although MMP-9 is 

traditionally considered to be an ECM protein, its expression was investigated in cell lysates 

because in other systems, the post-translational processing of GDNF occurs mainly by 

intracellular convertases (Sun et al., 2014).  This suggests that MMP-9 may have an intracellular 

function in the co-culture model that differs from the traditional degradation activities of matrix 

proteases.  

Since smooth muscle cells are known to express MMP-9 in other systems (Schonbeck et 

al., 1997), it was hypothesized that the ISMC were the source of MMP-9 expression in the co-

culture model. To test this, pure cultures of ISMC were derived from strips of CSM tissue from 

the mid-descending colon of adult rats, as previously described (Stanzel et al., 2010) and exposed 

to TNF-α (50 ng/ml) for 24 hr. While western blot analysis for MMP-9 detected a band at 82 kDa 

in both control and cytokine-stimulated conditions, the MMP-9 band intensity was stronger with 

TNF-α treatment (Fig. 7B).  This experiment was repeated using at least 3 different cell lines of 

ISMC and a similar pattern of MMP-9 expression was detected in each.  Therefore, ISMC in pure 

culture or in co-culture with enteric neurons and glia express MMP-9 at basal levels and this can 

be upregulated by pro-inflammatory factors, in parallel with GDNF. Further, since there is no 

evidence of MMP-9 expression by neurons and previous, unpublished work by our lab confirmed 

that enteric glia are not a source of MMP-9 expression (PY, Gougeon; unpublished), we conclude 

that ISMC are the source of MMP-9 expression in the co-culture model. 
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Figure 7. TNF-α  induces the expression of active MMP-9 in co-cultures and in cultures 
of ISMC. A. Quantitative PCR analysis for MMP-9 message in co-cultures. mRNA for MMP-
9 was increased after 8 hr exposure to TNF-α (50 ng/ml) and increased further 17 hr after 
cytokine treatment. Data shown represents the average of 2 separate experiments. B. Top: 
Western blot analysis showing intracellular expression of 82 kDa MMP-9 in control co-culture 
lysates, and upregulated expression 24 hr after treatment with TNF-α (50 ng/ml). The 
expression of 37 kDa GAPDH was assessed as a loading control. Bottom: Western blot 
analysis showing intracellular expression of 82 kDa MMP-9 in pure cultures of untreated 
ISMC, and increased expression 24 hr after treatment with TNF-α (50 ng/ml). The expression 
of 37 kDa GAPDH was assessed as a loading control. The image shown is representative of at 
least 3 experiments using different cell lines. C. Quantification of the average IOD ratio of 
GDNF: GAPDH for 3 separate experiments in co-culture lysates showed that MMP-9 
expression was significantly increased with TNF-α treatment, compared to control (serum-
free media; n=3 ± sem; *p<0.05; unpaired two-tailed Student’s t-test). 
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3.4 MMP-9 activity required for expression of active (17 kDa) GDNF 

MMP-9 inhibition blocked the axonal proliferation in co-culture that is normally induced by pro-

inflammatory cytokines, suggesting that there was a reduction in the expression of GDNF in its 

active form.  This could result from either a reduction in the synthesis and expression of full-

length GDNF protein by ISMC or from impairment of the post-translational processing of GDNF 

into its active form, or both.  It was previously found that co-cultures treated with TNF-α had an 

increased expression of active GDNF, however, the inhibition of MMP-9 activity may affect this 

outcome. To test this, established co-cultures were pretreated with MMP-9 Inhibitor I (5 µM) for 

1 hr and then exposed to TNF-α (50 ng/ml) for 24 hr.  Cell lysates were subsequently collected 

for western blot analysis.  Initial experiments utilized the anti-GDNF antibody from R&D 

Systems, which was optimized for detection of mature GDNF. This antibody detected 17 kDa 

GDNF bands in co-culture, while a 15 kDa band produced by 1 ng of recombinant GDNF peptide 

was used as a positive control (Fig. 8A).  The intensity of the GDNF and GAPDH bands were 

measured and the average ratio from 3 experiments was expressed as fold change of untreated 

control.   

As expected, western blot analysis showed that active GDNF expression in co-cultures 

treated with TNF-α was increased 2-fold over control (1.95 ± 0.20; n=4, p<0.05; Fig. 8B).  

However, addition of the MMP-9 inhibitor to the culture medium caused a substantial decrease in 

the expression of active GDNF protein, to levels similar to control (1.22 ± 0.40; n=3, p>0.05 

compared to control; Fig. 8B). In contrast, the cytokine-induced doubling in active GDNF 

expression was not affected by inhibition of the cysteine proteases by E-64 (Fig. 8A).  These 

findings were in agreement with the immunohistochemistry correlates described in Fig. 5, as 

cysteine protease inhibition by E-64 did not block axonal proliferation in cytokine-stimulated co-

cultures, while MMP-9 inhibition did.   
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However, it was not clear from this result whether MMP-9 inhibition altered the 

expression of GDNF or if it interfered with the processing of GDNF into the 17 kDa isoform.  To 

address this, the previous western blot experiment was repeated using an anti-GDNF antibody 

optimized for detection of high molecular weight isoforms (Santa Cruz). This antibody detected 

the expression of 17 kDa mature GDNF, as well as GDNF bands at approximately 30 and 32 

kDa, in co-culture lysate (Fig. 8C). The use of this antibody allowed changes in the profile of 

GDNF expression from MMP-9 inhibition to be assessed in the co-culture model.  

As expected, western blot analysis showed that the addition of TNF-α to co-culture 

caused an increase in 17 kDa GDNF expression, while expression of the higher molecular weight 

GDNF isoforms were unchanged relative to control (Fig. 8C). Again, prior addition of the MMP-

9 inhibitor blocked the increase in 17 kDa GDNF expression typical of pro-inflammatory 

cytokine treatment.  Conversely, the 30 and 32 kDa forms of GDNF had a higher level of 

expression in the inhibited condition, relative to control and TNF-α treatment alone (Fig. 8C). 

Assessment of GAPDH expression confirmed equal amounts of protein were present in each 

condition.  A similar pattern of GDNF expression was detected in at least 3 independent 

experiments.  

To confirm that the high molecular weight isoforms detected by western blot analysis 

were not the result of dimerization or other protein-protein interactions, at least 4 techniques to 

facilitate protein denaturation were employed during sample preparation. These techniques were 

used to ensure the protein sample contained only monomeric molecules.  First, the 

polyacrylamide gels were made with sodium dodecyl sulfate (SDS), a strong denaturing agent 

that disrupted the structure of proteins by adding negative charges to the amino acids (Gordon et 

al., 1988). 
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Figure 8. The cytokine-stimulated increase in active GDNF expression in co-culture 
requires MMP-9 activity. A. Representative western blot showing the intracellular 
expression of 15 kDa GDNF in co-cultures exposed to protease inhibitors. An inhibitor for the 
cysteine proteases (E-64; 10 µM) did not effect the increased GDNF expression typical of 
TNF-α treatment, while an inhibitor for MMP-9 (MMP-9 Inhibitor I; 5 µM) reduced GDNF 
expression to control level. The positive control lane of recombinant GDNF peptide (1 ng) 
produced a single band at 15 kDa and the expression of 37 kDa GAPDH was assessed as a 
loading control. B. Quantification of the average IOD ratio of GDNF: GAPDH for 3 separate 
experiments showed that the MMP-9 inhibitor blocked the TNF-α-stimulated increase in 
active GDNF expression (n=3 ± sem; p>0.05). *p<0.05 one-way ANOVA compared with 
control. C. Representative western blot showing the profile of intracellular GDNF expression 
in co-culture. TNF-α (50 ng/ml) caused a distinct increase in 17 kDa GDNF, while the 
expression of higher molecular weight GDNF (30 and 32 kDa) was unchanged relative to 
control. The addition of the MMP-9 inhibitor (5 µM) reduced the expression of 17 kDa GDNF 
to control levels, while high molecular weight forms of GDNF (30 and 32 kDa) showed 
increased expression relative to control and TNF-α treatment alone. The expression of 37 kDa 
GAPDH was assessed as a loading control. The images shown are representative of at least 3 
experiments 
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Further, the cells were collected in sample buffer containing the reducing agent, β-

mercaptoethanol (2%), and an additional reducing agent, dithiothreitol (DTT; 10%), was added 

directly to the samples.  The addition of reducing agents disrupted disulfide bonds, which 

prevented the formation of the strong covalent bonds necessary for dimerization (Ciaccio and 

Laurence, 2009).  Finally, the samples were boiled for 5 min since heat reduces the stability of 

protein interactions by breaking the non-polar hydrophobic interactions between molecules in a 

sample.  

These results suggested that MMP-9 inhibition affected the profile of GDNF expression, 

not the overall level of protein synthesis.  We concluded that TNF-α signaling in ISMC induced a 

parallel increase in both the expression of MMP-9 and the synthesis of GDNF in the precursor 

form.  In the cytokine-stimulated condition, MMP-9 was normally involved in the intracellular 

processing of GDNF into its active, 17 kDa form.  However, inhibition of MMP-9 activity 

blocked GDNF processing, causing GDNF to remain in the precursor form.   

3.5 Full length GDNF does not promote axonal proliferation after MMP-9 inhibition 

Several studies have shown that GDNF is expressed as a full-length protein, which subsequently 

undergoes a series of cleavage processes to produce the mature peptide.  Our results suggested 

that MMP-9 activity is critical for this outcome when GDNF expression is increased above the 

baseline level.  It was previously established that the mature, 15-17 kDa GDNF isoform is 

neurotrophic for enteric neurons in the co-culture model.  However, the biological activities of 

unprocessed precursor forms were unknown. Thus, the blockage of axonal proliferation when 

MMP-9 activity is inhibited may be due to a reduction in active GDNF expression from pro-

GDNF. 

3.5.1 Exogenous GDNF peptide rescues axonal proliferation from MMP-9 inhibition  
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To test this hypothesis, TNF-α-stimulated cultures with prior exposure to the MMP-9 inhibitor (5 

µM), were treated with the exogenous GDNF peptide (100 ng/ml).  The recombinant human 

GDNF peptide employed was produced by an E. coli expression system as the mature, 15 kDa 

GDNF protein of 134 amino acid residues (450-10, Peprotech).  Thus, the exogenous peptide did 

not require post-translational protease modification to achieve the form that is neurotrophic for 

enteric neurons. The addition of TNF-α to co-cultures previously exposed to the MMP-9 inhibitor 

did not induce neurite outgrowth and axonal density remained similar to control levels (1.08 ± 

0.22; n=5, p>0.05; Fig. 9A).  However, the addition of exogenous GDNF to these inhibited 

cultures restored the axon proliferation to 2-fold of control (2.24 ± 0.55; n=5, p<0.05; Fig. 9A).  

This demonstrated that the inhibition of MMP-9 did not affect the ability of enteric neurons in 

culture to respond to GDNF, nor did it affect the mechanism through which the downstream 

effects of GDNF were mediated.  Since the GDNF receptor signaling cascade remained intact, it 

appeared that the neurotrophic outcome was blocked because of a lack of active protein.  

Therefore, this result provided further evidence that MMP-9 activity is important for the 

processing of GDNF to the active form.  

3.5.2 Transfection with full length GDNF does not rescue axonal proliferation from MMP-9 

inhibition 

The previous results showed that addition of mature GDNF rescued enteric neurons from MMP-9 

inhibition in the co-culture model.  Although the effects of mature GDNF were well understood, 

the biological actions of precursor forms of GDNF in the co-culture model had not previously 

been established. Therefore, it was unknown whether expression of precursor GDNF would 

similarly rescue axonal proliferation from MMP-9 inhibition. 

To test this, co-cultures were transfected with a plasmid expressing GFP-GDNF using 

Lipofectamine 2000.  The plasmid encoded a 635-nucleotide sequence of GDNF, which is very 

similar to the 633-base pair sequence of the GDNF gene in humans and rodents (Springer et al., 
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1994).  We presumed that the protein expressed from the plasmid would include the ‘pre’ region, 

which contains the signal sequence, and the (α)pro-domain, a 58-amino acid residue that 

normally undergoes post-translational cleavage by intracellular convertases (Lin et al., 1993; 

Lonka-Nevalaita et al., 2010).  The full-length GDNF expression plasmid was a gift from the 

Bohn lab and cloned by Tamas Virag.  Cultures were established for 1 day in 5% FCS media and 

then deprived of serum for 1 hr before exposure to the appropriate concentration of plasmid (0.8 

µg/ml) and lipofectamine.  After a 6 hr incubation, the culture media was replaced with 5% FCS 

DMEM, and both TNF-α (50 ng/ml) and the MMP-9 inhibitor (5 µM) were added to the culture. 

After 24 hr of transfection, GFP expression was assessed by fluorescence microscopy to measure 

transfection efficiency and approximately 20% of cells were fluorescent.  Previous western blot 

analyses by our lab confirmed that 20% cell fluorescence in co-culture yields a substantial 

increase in GDNF expression relative to control (Kearon thesis, 2014). There was no significant 

difference in the number of fluorescent cells in culture after 24 hr, 36 hr or 48 hr of transfection. 

Furthermore, the addition of the inhibitor and cytokines did not affect the transfection efficiency, 

as the number of fluorescent cells was similar in cultures that were only transfected with the 

GDNF-expressing plasmid.  Finally, co-cultures transfected with a plasmid expressing GFP alone 

did not show a significant loss of neurons or axonal density relative to control, indicating the 

transfection process alone was not neurotoxic (data not shown).  

To assess the effects of increased expression of full-length GDNF, co-cultures were 

transfected with the GFP-GDNF plasmid. After 24 hr, analysis of co-cultures showed that axonal 

proliferation was significantly increased relative to control (2.07 ± 0.20; n=7, p<0.05; Fig. 9B), 

demonstrating that GDNF expressed in the precursor form induced a neurotrophic outcome 

similar to the effect of the exogenously applied mature peptide (2.37 ± 0.32; n=7, p<0.05; Fig. 

9B).  This was not surprising since ISMC in the co-culture model endogenously expressed GDNF 
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in the precursor form, thus the innate GDNF processing machinery likely acted similarly on the 

GDNF produced by the plasmid, ultimately resulting in the expression of active GDNF.  

While the expression of full-length GDNF induced significant axonal proliferation in 

control co-cultures, pretreatment with the MMP-9 inhibitor 1 hr prior to transfection with the 

GFP-GDNF plasmid blocked this outcome- there was no significant change in axon outgrowth 

relative to control (1.37 ± 0.28; n=4, p>0.05; Fig. 9B).   Furthermore, the expression of full-

length GDNF by plasmid transfection failed to rescue the TNF-α-stimulated axonal proliferation 

from MMP-9 inhibition, as axon density remained similar to control levels (1.09 ± 0.43, n=3; Fig. 

9A). Thus, both lines of evidence suggested that the neurotrophic effects of increased precursor 

GDNF expression in co-culture required the activity of active MMP-9.  These findings provided 

further support for the hypothesis that MMP-9 activity was necessary for the expression of active 

GDNF from its precursor.  
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Figure 9. Addition of mature GDNF peptide promotes axonal proliferation of myenteric 
neurons in co-culture during MMP-9 inhibition, while exogenous expression of full-
length GDNF does not. A. The mature GDNF peptide (100 ng/ml) rescued axonal 
proliferation in cytokine-stimulated co-cultures with prior exposure to the MMP-9 inhibitor (5 
µM) after 24 hr (red bar; n=5 ± sem; #p<0.05 unpaired two-tailed Student’s t-test). Expression 
of full length GDNF by plasmid transfection (0.8 µg/ml) did not restore axonal proliferation in 
co-cultures pretreated with the MMP-9 inhibitor (blue bar; n=3 ± sem; p>0.05). *p<0.05 one-
way ANOVA compared with control. B. Full length GDNF requires MMP-9 activity to 
mediate axon outgrowth in co-culture. The mature GDNF peptide (100 ng/ml) caused a 
significant increase in axonal outgrowth after 24 hr (dark red; n=7 ± sem; *p<0.05 vs control), 
and pre-treating co-cultures with the MMP-9 inhibitor (5 µM) did not affect this outcome 
(light red; n=3 ± sem; p>0.05 vs GDNF peptide). Transfection with full length GDNF (0.8 
µg/ml) also caused a significant increase in neurite outgrowth after 24 hr (dark blue; n=7 ± 
sem; *p<0.05 vs control). Conversely, exposure to the MMP-9 inhibitor (5 µM) prior to full-
length GDNF transfection blocked the increase in axon outgrowth (light blue; n=4 ± sem; 
#p<0.05 unpaired two-tailed Student’s t-test). *p<0.05 one-way ANOVA compared with 
control. 
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3.6 Involvement of extracellular proteases in GDNF processing 

We have shown that in the cytokine-stimulated co-culture model, endogenously produced GDNF 

undergoes one or more intracellular processing events involving MMP-9, resulting in the 

intracellular expression of the mature protein.  We propose that the mature protein is 

subsequently secreted into the extracellular environment to mediate neurotrophic outcomes, such 

as axonal proliferation. However, it is unknown whether processing is exclusively intracellular or 

whether extracellular processing events occur in parallel.  Since our lab has previously detected 

the expression of high molecular weight isoforms of GDNF in the medium of pure cultures of 

ISMC (Han et al., 2015) and in the supernatant of ex vivo segments of adult rat colon (Rodrigues 

thesis, 2008), it is possible that some GDNF is secreted in the precursor form.  These proteins 

would subsequently undergo a distinct series of processing events in the extracellular 

environment. Fig. 13 provides a schematic depicting a possible scenario of GDNF expression and 

processing by ISMC, including intracellular processing involving MMP-9 and simultaneous 

extracellular processing events, which may or may not involve MMP-9.   

3.6.1 HEK-293 cells express active MMP-9 in the extracellular milieu 

To test whether extracellular MMP-9 could have a role in GDNF processing distinct from the 

intracellular processing events, a GDNF transfection system was established in a mammalian cell 

line that did not express the active form of MMP-9 among its profile of intracellular convertases.  

The human cell line HEK-293 was selected as the host cell line for several reasons.  First, since 

the functionality of artificially expressed proteins requires posttranslational modifications to 

ensure proper folding, such as disulfide bond formation and glycosylation, stable human cell lines 

are the preferred host cells to yield native-like proteins.  Further, our lab previously found that 

HEK-293 cells have very high transfection efficiency with the GFP-GDNF plasmid. Cultures of 

HEK-293 cells were grown to 70% confluence in DMEM containing 5% FCS and then 
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subsequently deprived of serum for 4 hr. Cell lysate and supernatant samples were obtained and 

prepared for MMP-9 western blot analysis.  The MMP-9 antibody employed in this experiment 

was specific for the resolution of both 82 kDa active MMP-9 and the 92 kDa inactive pro-

enzyme.  Western blot analysis of HEK-293 cell lysate detected a band for 92 kDa pro-MMP-9, 

but not for 82 kDa active MMP-9 (Fig. 10A).  Conversely, western blot analysis of the protein 

precipitated from the supernatant of HEK-293 cell cultures detected the strong appearance of an 

82 kDa immunoreactive band for active MMP-9 (Fig. 10A).  These results suggest that HEK-293 

cells express MMP-9 in the biologically active form in the extracellular environment. This is 

supported by previous literature that confirmed MMP-9 is secreted by HEK-293 cells as a latent 

pro-enzyme and activated by cathepsin K in the extracellular space (Christensen and Shastri, 

2015).  

3.6.2 The expression of biologically active GDNF by transfected HEK-293 cells requires 

MMP-9 

The basal expression of GDNF by HEK-293 cells in culture is minimal and was not readily 

detectable by western blot analysis. Therefore, cultures of HEK-293 cells were transfected with a 

plasmid expressing full-length GDNF in order to study the profile of GDNF expression.  

To assess GDNF expression in a system with limited intracellular MMP-9 activity, cell 

lysates obtained from cultures of HEK-293 cells were examined via western blot using a GDNF 

antibody optimized for detection of both high and low molecular weight isoforms (Santa Cruz). 

Under non-transfected conditions, no GDNF expression was detected in HEK-293 cell lysate 

(Fig. 10B).  However, transfection with the GFP-GDNF plasmid for 24 hr resulted in the 

appearance of GDNF bands at 25 and 20 kDa, which correspond to molecular weights previously 

attributed to cleavage products of full-length GDNF (Lonka-Nevalaita et al., 2010; Sun et al., 

2014). Significantly, the appearance of immunoreactive bands for either 15 or 17 kDa active 

GDNF were not detected in HEK-293 cells. 
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A	  

B	  

Figure 10. GDNF-overexpressing HEK-293 cells are used to study GDNF processing. A. 
HEK-293 cells secrete active MMP-9 protein in vitro. Representative blot (A) shows the 
presence of intracellular precursor MMP-9 (92 kDa) in cell lysates, while active MMP-9 (82 
kDa) was detected in the supernatants. B. The expression of full length GDNF in HEK-293 
cells by plasmid transfection. Representative western blot (B) shows no GDNF expression in 
both non-transfected HEK-293 cells (0%) and HEK-293 cells transfected with a plasmid 
expressing GFP alone (Tx GFP). Conversely, HEK-293 cells transfected with a plasmid 
encoding full length GDNF (0.8 µg/ml) expressed GDNF isoforms at 20 and 25 kDa after 24 
hr. The positive control lane of recombinant GDNF peptide (1 ng) produced a single band at 
15 kDa and the expression of 37 kDa GAPDH was assessed as a loading control. Both images 
shown are representative of at least 3 experiments. 
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This finding is consistent with the conclusions of previous experiments, which state that the 

processing of GDNF in different systems is variable, and depends on the unique profile of 

proteases expressed by the source cell (Oh-hashi et al., 2008; Lonka-Nevalaita et al., 2010).  

Therefore, this outcome was not surprising, since we previously showed that MMP-9 activity was 

important for the intracellular expression of active GDNF from the precursor during high 

expression conditions. 

Since studies using artificial expression systems have confirmed that GDNF can be 

secreted from source cells in precursor forms (Lonka-Nevalaita et al., 2010), the activated MMP-

9 in the extracellular environment of HEK-293 cells may be involved in processing of GDNF to 

the active form. To test for the presence of biologically active GDNF in the extracellular mileu of 

GDNF transfected HEK-293 cells, a CM cell survival assay was performed.  Neurotrophins affect 

the survival, growth, and differentiation of neurons in the ENS and our initial experiments 

showed that MMP-9 activity was required for GDNF-mediated axonal outgrowth in vitro. 

Therefore, in this experiment, we assessed whether MMP-9 activity influenced the ability of 

GDNF to promote neuron survival.  When freshly isolated cells from the SM/MP of neonatal rats 

were cultured in serum-free media, there was a substantial loss of neurons after 24 hr, compared 

to cells cultured in 5% FCS (Gougeon et al., 2013). However, the addition of exogenous active 

GDNF peptide to the culture medium increased the survival of myenteric neurons by 50%, 

compared to the serum-free condition (Gougeon et al., 2013). Therefore, we asked whether CM 

from GDNF-transfected HEK-293 cells would increase enteric neuron survival as well.  

First, we collected CM from cultures of control or GDNF-transfected HEK-293 cells.  

The CM (1 ml) was added to freshly isolated co-cultures and HuD-positive neuronal survival was 

assessed by immunohistochemistry after 24 hr.  The addition of CM from control HEK-293 cells 

caused only a slight increase in neuron survival (121 ± 25; n=4, p>0.05), compared to serum-free 



 

53 

 

media alone (103 ± 17; n=4; Fig. 11A). However, the addition of CM from GDNF-tranfected 

HEK-293 cells strongly promoted neuron survival, resulting in a twofold increase in neuron 

number (218 ± 29; n=4, p<0.05), compared to serum-free media (Fig. 11A). This indicated that 

the CM from GDNF-transfected HEK-293 cells promoted enteric neuron survival, while CM 

obtained from untreated HEK-293 cells did not. The GFP-GDNF transfection efficiency of the 

HEK-293 cultures was assessed with fluorescent microscopy.  Approximately 60% of cells were 

fluorescent at 24 hr post-transfection and no cells were fluorescent in the control condition (Fig. 

11C).   

Significantly, we showed that CM from GDNF-transfected HEK-293 cells supported 

neuron survival similarly to the addition of exogenous active GDNF peptide (Gougeon et al., 

2013).  This suggested that active GDNF was expressed in the medium.  To validate this, the 

proteins in the CM of HEK-293 cell cultures were concentrated by TCA protein precipitation and 

analyzed by western blot analysis, using the R&D Systems anti-GDNF antibody.  As expected, 

no immunoreactive bands for GDNF were resolved in CM from control HEK-293 cells.  

However, the appearance of a strong immunoreactive band for 17 kDa GDNF was detected in the 

CM of GDNF-transfected cells (Fig. 11B), confirming the expression of active GDNF. Since 

active GDNF was not detected in the cell lysate, the most likely explanation for these results is 

that GDNF-overexpressing HEK-293 cells secrete precursor GDNF to the extracellular 

environment. It is then processed by extracellular factor(s) into the active, 17 kDa form. We 

speculated that the active MMP-9 in the media might be involved in this processing. 

To test this, the MMP-9 inhibitor (5 µM) was added to the CM obtained from GDNF-

transfected HEK-293 cells. The CM containing the MMP-9 inhibitor (1 ml) was added to a 

freshly isolated co-culture and neuron survival was assessed after 24 hr. The results showed that 

CM from GDNF-transfected HEK-293 cells did not support myenteric neuron survival when the 

MMP-9 inhibitor was added, as neuron number was similar to serum-free control (140 ± 9; n=3, 
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p>0.05; Fig. 11A).  From this evidence, we concluded that a precursor form of GDNF was 

secreted from HEK-293 cells and active MMP-9 in the culture medium was involved in the 

expression of the active isoform.   

To corroborate this hypothesis, we confirmed that the MMP-9 inhibitor did not interfere 

with active GDNF signaling in acute co-cultures.  We showed that addition of the GDNF peptide 

(100 ng/ml) to freshly isolated co-cultures caused a 2-fold increase in neuron survival (2.1 ± 0.24; 

n=4, p<0.05; Fig. 11D) over serum-free control, while co-administration of the MMP-9 inhibitor 

(5 µM) with the GDNF peptide did not prevent the increase in neuron survival (1.8 ± 0.26; n=4, 

p<0.05; Fig. 11D).  This finding showed that MMP-9 inhibition did not affect active GDNF-

mediated survival processes.  This was the expected outcome, as we previously showed that 

MMP-9 inhibition did not interfere with the ability of exogenous active GDNF to induce axonal 

outgrowth of neurons in co-culture (Fig. 9). 

Therefore, the finding that extracellular MMP-9 may have a role in GDNF processing in 

other systems was significant, as previous studies of GDNF expression by ISMC have detected 

the appearance of high molecular weight isoforms in the culture media (Gougeon et al., 2013; 

Han et al., 2015).  However, the circumstances that induce secretion of unprocessed GDNF in 

vivo are not yet understood and it has been suggested that this is promoted by pathological 

conditions (Airavaara et al., 2011; Sun et al., 2014).  Ultimately, these results further support our 

position that precursor GDNF is a substrate for proteolytic processing by active MMP-9 and 

suggest that GDNF-MMP-9 interactions are not restricted to the intracellular compartment of 

cells.  
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Figure 11. MMP-9 required for expression of mature GDNF from the precursor in CM 
of GDNF-transfected HEK-293 cells A. CM from GDNF-transfected HEK-293 cells 
requires MMP-9 activity to promote enteric neuron survival. Freshly isolated co-cultures were 
incubated with CM from HEK-293 cells transfected with full length GDNF (0.8 µg/ml) for 24 
hr. Neuron survival was significantly increased after 24 hr, relative to control (n=4; *p<0.05). 
Addition of the MMP-9 inhibitor (5 µM) to CM from GDNF-overexpressing HEK-293 cells 
completely blocked the increase in neuron survival (n=3; p>0.05). Serum-free media and CM 
from untreated HEK-293 cells were used as controls. *p<0.05 one-way ANOVA compared to 
control. B. CM from GDNF-tranfected HEK-293 cells contains active GDNF protein. Western 
blot (B) shows the appearance of a strong immunoreactive band for 17 kDa GDNF in the 
media of GDNF-transfected HEK-293 cells, while no GDNF expression was detected in the 
media of control cells. C. Phase contrast and fluorescent images of HEK-293 cell cultures. 
Images depict the appearance of control (top) and GDNF-transfected HEK-293 cells (bottom) 
at confluence. Fluorescent microscopy shows that ~60% of cells expressed GFP after 24 hr of 
transfection (bottom right). Scale bars, 200 µm.  D. MMP-9 inhibition does not prevent 
GDNF-mediated survival of myenteric neurons in freshly isolated co-cultures. Addition of the 
mature GDNF peptide (100 ng/ml) significantly increased the survival of neurons over control 
(n=4; *p<0.05), and combination of the MMP-9 inhibitor (5 µM) with the GDNF peptide did 
not affect this outcome (n=4; *p<0.05). *p<0.05 one-way ANOVA compared to control. 
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3.7 TNBS-colitis induces the expression of MMP-9 in adult intestinal CSM cells 

Using the in vitro co-culture model, we showed that pro-inflammatory factors induced the 

expression of MMP-9 in ISMC. We subsequently showed that MMP-9 activity was necessary for 

the cytokine-induced increase in active GDNF expression.  To determine whether this proposed 

mechanism of processing was relevant in an intact living organism, an animal model of TNBS-

induced colitis was employed to investigate MMP-9 expression during an intestinal inflammatory 

event. Previously, our lab found that the expression of 15 kDa GDNF in tissue homogenates of 

the smooth muscle layer of adult rats was substantially increased at day 2 of TNBS-colitis, 

relative to control (Gougeon et al., 2013).  In fact, the expression of 15 kDa GDNF was virtually 

undetectable by western blot analysis in smooth muscle lysates from the colon of control animals 

(Gougeon et al., 2013).  Thus, these results suggested that inflammation strongly promoted the 

intracellular processing of GDNF in the intestine of adult rats.  

To determine whether MMP-9 was expressed in adult rat ISMC during an inflammatory 

event, western blot analysis was performed on isolated circular smooth muscle (CSM) cells 

obtained from the colon of control and day 6 post-TNBS animals. It was important to generate a 

sample of pure CSM cells from the colonic strips because TNBS-colitis is characterized by a 

profound infiltration of immune cells into the muscular layer (Venkataramana et al., 2015), and 

immune cells are a known source of MMP-9 expression.  Therefore, an established method of cell 

purification using differential adhesion plating was employed to separate the CSM cells from 

immune cells.  Phase contrast images showed the liberated CSM cells immediately after isolation 

(Fig. 12A), and after several differential-plating procedures (Fig. 12B).  

Western blot analysis for MMP-9 detected a slight immunoreactive band at 82 kDa in 

CSM cells from control animals (Fig. 12C). Significantly, in CSM cells isolated from day 6 post-

TNBS animals, the anti-MMP-9 antibody detected a substantially stronger band at 82 kDa, 
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relative to control (Fig. 12C).  The sizes of the resolved bands were consistent with the reported 

molecular weight of active MMP-9 (Fiore et al., 2002). The expression of the GAPDH 

housekeeping gene was similar for each condition, which indicated equal amounts of sample were 

analyzed. Further, since initial experiments determined that 6.7x104 cells per lane would optimize 

MMP-9 detection, the cells in each pellet were counted, confirming that an equal number of cells 

were loaded.  Similar results were found in 2 separate experiments. 

This result showed that the intracellular expression of active MMP-9 by ISMC was 

substantially increased during intestinal inflammation, compared to the healthy control condition. 

The upregulated expression of MMP-9 was evident at day 6 of colitis, and previous work showed 

that increased expression of 15 kDa GDNF by ISMC continued to day 6 post-TNBS as well 

(Rodrigues thesis, 2008). Therefore, these findings were consistent with the conclusions derived 

from in vitro correlate experiments, which suggested that MMP-9 has an important role in the 

increased expression of active GDNF during intestinal inflammation.  
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Figure 12. Inflammation induces the expression of intracellular MMP-9 in intestinal 
circular smooth muscle cells in vivo. A-B. Phase contrast images of cells isolated from the 
circular smooth muscle layer of adult rat colon at day 6 post-TNBS, immediately after 
isolation (A) and ~1 hr after isolation (B). A. Freshly isolated CSM cells appear elongated and 
spindle-shaped (arrow; left). Immune cells that infiltrate the muscular layers during 
inflammation appear as small, uniform spheres, dispersed among the CSM cells (arrow; right). 
B. A pure suspension of CSM cells after 3 transfers to fresh culture dishes in serum-free 
media. Some CSM cells have begun to condense into an irregular spherical shape (arrow). 
Scale bars, 100 µm. C. Inflammation induces the expression of active MMP-9 in adult 
intestinal CSM cells. Representative blot (C) shows low basal expression of 82 kDa MMP-9 
in control CSM cells and up-regulated expression in CSM cells from rats at day 6 post-TNBS-
colitis. The expression of 37 kDa GAPDH was assessed as a loading control. The blot shown 
is representative of 2 experiments. 
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Figure 13. Schematic depiction of pro-GDNF processing to the mature peptide in ISMC.  
The signaling of extracellular TNF-α through its membrane-bound receptor stimulates the 
transcription of GDNF and MMP-9 mRNA. The messages are translated into precursor 
proteins and pro-MMP-9 is converted to active MMP-9 in the intracellular space of this cell 
type. Pathway 1 represents the typical GDNF processing pathway in cytokine-stimulated 
ISMC. MMP-9 is involved in the intracellular processing of pro-GDNF to mature GDNF, 
which is subsequently secreted into the extracellular milieu.  Alternatively, different 
environmental conditions activate other intracellular pathways, including those that result in 
the secretion of unprocessed pro-GDNF (pathway 2). Pro-GDNF is processed to mature 
GDNF in the extracellular environment by factors that may or may not include MMP-9.  

2	   1	  
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Chapter 4 

Discussion 

Intestinal inflammation is associated with a significant loss of myenteric neurons, which 

compromises the proper functioning of the ENS (Lourenssen et al., 2005).  The neurotrophin 

GDNF, which drives the embryonic development of the ENS, also promotes post-inflammatory 

recovery processes by inducing axonal proliferation of the surviving neurons (Rodrigues et al., 

2011).  Although GDNF is synthesized as a large, precursor protein, only the fully processed 15 

kDa isoform has been shown to promote neurotrophic outcomes for enteric neurons in vitro 

(Rodrigues et al., 2011; Gourgeon et al., 2013).  Therefore, this study was undertaken to examine 

the mechanisms involved in the expression of mature GDNF in the postnatal intestine and to 

determine whether the expression of 15 kDa GDNF from the precursor is necessary for biological 

activity.  

The processes involved in protein expression in vivo are variable and extremely difficult 

to characterize. In many cases, the total expression of a particular protein varies with location, 

time, and environmental conditions, and these changes also influence protein processing.  This 

thesis provides novel evidence implicating MMP-9 activity in the intracellular processing of 

GDNF to the mature form in the inflamed intestine. Further, we show that proteolytic processing 

of precursor forms of GDNF is required for its role in mediating neurotrophic outcomes for 

myenteric neurons in vitro.  

4.1 Pro-inflammatory cytokines induce neurotrophic outcomes by signaling through 

ISMC 

Initial experiments were conducted to confirm the previous findings that pro-inflammatory 

cytokines induce significant neurite outgrowth from myenteric neurons through increased GDNF 
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signaling (Gougeon et al., 2013). The expression of pro-inflammatory factors during an 

inflammatory event is typically associated with detrimental outcomes, such as neurodegeneration 

(Smith et al., 2012).  However, in some systems, cytokines also stimulate the production of 

neurotrophic factors from non-neuronal cells, which promote neuron survival and recovery during 

disease states (Boato et al., 2011).  The co-culture model was employed to study the direct 

interactions between cytokines and myenteric neurons, without the influence of immune cells and 

other pathological events of colitis that influence neuronal integrity. The co-culture model 

consisted of myenteric neurons, glia, and smooth muscle cells derived from the neonatal rat 

intestine, which allowed the direct mechanism through which cytokines mediate neurotrophic 

outcomes to be studied in vitro.  This was possible since the cultured cells remained responsive to 

stimulation and displayed the typical biological responses to challenge, including neuron death, 

axonal outgrowth, protein synthesis, and neurotransmitter release (Lourenssen et al., 2009; 

Gougeon et al., 2013).   

Using immunohistochemistry, we showed that pro-inflammatory cytokines, TNF-α and 

IL-1β, caused substantial neurite outgrowth of myenteric neurons in co-culture. Further, western 

blot analysis showed that these cytokines caused a significant increase in active GDNF 

expression, relative to control.  Since ISMC are the source of GDNF expression in the co-culture 

model (Rodrigues et al., 2010), it was hypothesized that the addition of pro-inflammatory 

cytokines directly induced increased GDNF expression by activating the ISMC. 

 This hypothesis was corroborated by previous work in our lab, which identified receptors 

for both TNF-α and IL-1β on ISMC (Gougeon et al., 2013). However, since the receptors were 

also present on myenteric neurons, immunohistochemistry for the NFkB pathway was used to 

identify which cells in co-culture were involved in cytokine signaling. When cells respond to pro-

inflammatory cytokine stimulation, the activation of intracellular signaling pathways causes 

nuclear translocation of p65/NFkB (reviewed in Bowie and O’Neill, 2000). Previous work with 
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the co-culture model showed that the addition of cytokines caused a distinct translocation of 

p65/NFkB to the nuclei of smooth muscle cells, but not in HuD-positive neurons (Gougeon et al., 

2013). It was subsequently shown that the presence and responsiveness of smooth muscle cells 

was required for pro-inflammatory cytokine-induced axonal proliferation of myenteric neurons in 

culture (Gougeon et al., 2013). Given this evidence, it was concluded that the activation of ISMC 

cytokine receptors initiated a signaling cascade that increased secretion of 15-17 kDa GDNF, 

which modulated myenteric neurons to induce axonal proliferation. However, it was not clear 

from this experiment whether cytokine signaling increased the overall synthesis of GDNF, 

whether it upregulated the processing of GDNF to the active form, or both.  

4.2 MMP-9 activity required for neurotrophic effects of GDNF 

One of the goals of the present study was to understand the mechanisms leading to the significant 

increase in active GDNF expression detected in the intestine during colitis (Rodrigues et al., 

2011).  Since a similar increase in GDNF expression occurred when pro-inflammatory cytokines 

were added to co-culture, we used the in vitro model to study GDNF expression and processing.  

It is well understood that GDNF is synthesized as a precursor protein, which requires post-

translational proteolytic processing to achieve the mature form.  In the intestinal environment, 

there are numerous proteases involved in the processing of biological molecules, and the majority 

of these belong to 1 of 3 enzyme families; serine proteases, cysteine proteases, and MMPs 

(reviewed in Lu et al., 2011).  Members of each class are distinguished by the nature of the active 

site and by the sequence of their preferred cleavage sites (reviewed in Lu et al., 2011).  Previous 

work investigating the proteolytic processing of GDNF in artificial expression systems has 

implicated the involvement of enzymes from these families in the processing mechanism (Lonka-

Nevalaita et al., 2010). However, the factors involved in the processing of cytokine-stimulated 

GDNF expression in the intestine had not been previously studied.  The co-culture model was an 

effective system for our investigation, as it closely imitated the natural intestinal environment.  It 
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allowed the interrelationship of the various cell types of the ENS to be studied, as well as the 

interactions between the endogenous products of these cells, which include proteases involved in 

protein processing.  

To determine the role of proteases in mediating the effects of enhanced GDNF 

expression, co-cultures were exposed to inhibitors of the general classes of enzymes prior to 

cytokine stimulation, and the resulting axonal extension was assessed by immunohistochemistry. 

We found that inhibition of the cysteine and serine proteases did not effect the axonal 

proliferation typical of pro-inflammatory cytokine treatment.  In contrast, inhibition of the MMPs 

completely blocked the increase in axonal outgrowth normally induced by TNF-α. Using 

inhibitors for specific MMPs, we were able to determine that the activity of MMP-9 was essential 

for the pro-inflammatory cytokine induced axonal proliferation.  Since this outcome is mediated 

by GDNF, we concluded that MMP-9 activity facilitates the neurotrophic effects of upregulated 

GDNF expression in co-culture.  However, the mechanism through which MMP-9 promoted the 

effects of GDNF was not clear from this experiment.  

Since MMP-9 is implicated in the post-translational processing of other neurotrophic 

factors (Mizoguchi et al., 2011; Boutilier et al., 2008), we hypothesized that MMP-9 participated 

in the processing of GDNF to the active form. Alternatively, MMP-9 activity may have supported 

axonal proliferation directly through its role in ECM remodeling. Inflammation is associated with 

pathological changes to the structure and composition of the ECM, including an aberrant 

expression of various ECM components and excessive deposition of connective tissues (Lohr et 

al., 2011).  Since dense and convoluted milieus are not typically supportive of regenerative 

activities (reviewed in Condic & Lemons, 2002), we supposed that the degradation of ECM 

components by MMP-9 would directly result in an environment that is conductive to axonal 

proliferation. However, this was not the best explanation for our results, since ECM degradation 

is a relatively unregulated process. There is significant overlap in the target substrates of many of 
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the proteases involved in ECM remodeling (reviewed in Lu et al., 2011), thus it was unlikely that 

MMP-9 had a specific and essential role in ECM degradation.  

Alternatively, MMP-9 might have mediated the neurotrophic effects of GDNF by 

stimulating the proliferation of ISMC. Animal models of TNBS-induced colitis have shown that 

intestinal inflammation is characterized by thickening of the muscular layers in the colon, which 

is caused by a profound proliferation of the normally quiescent ISMC (Lourenssen et al., 2005).  

We recently showed that proliferating adult ISMC acquire the ability to express high levels of 15 

kDa GDNF at the onset of proliferation, which directly supported enteric neuron survival in co-

culture (Han et al., 2015).  Although MMP-9 involvement in the regulation of smooth muscle cell 

proliferation has never been studied in the intestine, its activity is necessary for replication in at 

least one other smooth muscle system. The mechanism of cell replication was investigated in 

cultures of smooth muscle cells isolated from the carotid artery of adult wild type and MMP-9 -/- 

mice (Cho and Reidy, 2002). The researchers showed that the replication rate of cells from wild 

type mice increased 3-fold after 20 hr treatment with fibroblast growth factor (FGF), while FGF 

did not induce the proliferation of MMP-9 -/- smooth muscle cells (Cho and Reidy, 2002). The 

researchers hypothesized that MMP-9 was necessary for the induction of smooth muscle cell 

proliferation by releasing matrix bound growth factors and proteins bound to the cell surface, 

which acted as mitogens and directly stimulated cell division (Cho and Reidy, 2002). Therefore, 

future studies should assess whether ISMC number in established co-cultures was affected by 

MMP-9 inhibition. Although total cell numbers were not quantified in this study, there was no 

apparent difference in the number of Hoechst-labeled nuclei in cultures exposed to the MMP-9 

inhibitor, compared to those that were not.  

4.3 ISMC are the source of MMP-9 expression in the co-culture model 

While it is accepted that immune cells are the predominant source of MMP-9 expression in in 

vivo systems (reviewed in Rodriguez et al., 2010), a variety of additional cellular sources have 
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been identified, including epithelial cells (Castaneda et al., 2005), vascular smooth muscle cells 

(Schonbeck et al., 1997) and smooth muscle cells of the respiratory tract (Liang et al., 2007).  

Thus, there are several candidates for the source of increased MMP-9 expression detected during 

colitis.  In the present study, we investigated the events involved in the induction of MMP-9 

expression in an in vitro model of the ENS.  The co-culture model, derived from the SM/MP 

layer of neonatal rats, was completely devoid of immune cells and consisted primarily of 

myenteric neurons, ISMC, and glia.  Western blot analysis was performed on co-culture lysates 

and 82 kDa immunoreactive bands were resolved, which is the reported size of active MMP-9 

(Fiore et al., 2002).  However, from this experiment, we were unable to determine whether ISMC 

or glial cells were the source of MMP-9 expression.  

To identify the source of MMP-9 expression, previous unpublished work by our lab 

investigated the activity of MMP-9 in highly enriched cultures of pure smooth muscle cells and 

glial cells using zymography. The purity of the cultures was assured using an established method 

of assessing cellular morphology, which has been confirmed by immunocytochemsitry 

(Rodrigues et al., 2011).  It was found that cultures of pure ISMC had a low basal level of MMP-

9 activity and the addition of TNF-α for 48 hr greatly increased the activity at 82 kDa, relative to 

control. On the contrary, MMP-9 activity was not detected in pure cultures of enteric glia in both 

the basal condition and following treatment with pro-inflammatory cytokines.  This result showed 

that ISMC, and not glia, were the source of active MMP-9 expression in the co-culture model.  To 

confirm this finding, MMP-9 western blot analysis was performed on cell lysates from pure 

cultures of ISMC and the expression of 82 kDa MMP-9 protein was detected. However, to 

conclusively localize the expression of MMP-9 in the co-culture to ISMC, MMP-9 western blot 

analysis should also be performed on cell lysates from pure cultures of enteric glia.  Furthermore, 

dual label immunohistochemistry with antibodies for MMP-9 and the glial marker GFAP should 

be performed in co-cultures to assess for overlap.  
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Our conclusion that the ISMC are the specific source of MMP-9 in the co-culture model 

is contradictory to the findings of Lin et al. (2007), who reported that the addition of pro-

inflammatory cytokines to primary cultures of enteric glia induced the expression of MMP-9 by 

the glial cells.  In the former study, the myenteric plexus was dissected directly from the 

musculature of guinea pig intestine and the cells were cultured in serum-supplemented media to 

generate primary cultures of enteric glial cells.  While untreated glial cells did not produce MMP-

9, 24 hr treatment with pro-inflammatory cytokine IL-6 resulted in the appearance of strong 

immunoreactive bands for MMP-9 in the supernatant (Lin et al., 2007). However, the researchers 

failed to report the molecular weight of the immunoreactive bands, thus it was not possible to 

verify that the bands represented MMP-9 expression.  Furthermore, although the researchers used 

immunohistochemistry to confirm that the cultures were negative for enteric neuron and 

fibroblast markers (MAP2 and Thy-1, respectively), the possible presence of ISMC in the culture 

was not investigated.  Since we showed that ISMC are a source of MMP-9 expression, the results 

of this study do not provide conclusive evidence for MMP-9 expression by enteric glial cells.   

Although enteric neurons, ISMC and glia are the predominant cellular components of the 

co-culture model, it is possible that additional cell types are present to a lesser extent. For 

instance, we have not yet confirmed whether myofibroblasts, cells that express phenotypic 

properties of both fibroblasts and smooth muscle cells, are present in co-culture.  It is therefore 

possible that the fibroblastic cells are the source of MMP-9 expression. This is unlikely, however, 

given the results of a previous study that examined the expression of MMPs in cultures of 

myofibroblasts established from cells isolated from IBD tissue (McKaig et al., 2003).  Using PCR 

and zymography, the researchers found that MMP-1, MMP-2 and MMP-3, but not MMP-9, were 

expressed by intestinal myofibroblasts derived from both control and MMP-9 IBD tissues 

(McKaig et al, 2003).  
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These results led us to conclude that ISMC are the source of MMP-9 expression in the 

co-culture model.  While the MMP-9 antibody used in this experiment was optimized for 

detection of active MMP-9 at 82 kDa, it also had a slight affinity for detection of the 92 kDa 

precursor protein.  Due to financial restrictions, we were unable to use recombinant active MMP-

9 peptide as a positive control condition for these western blots.  However, the validity of the 

antibody for MMP-9 detection had been previously confirmed. The anti-MMP-9 antibody was 

used in a study that directly assessed the processing of recombinant MMP-9 proenzyme (92 kDa) 

into the active protein (82 kDa) by incubation with tyrpsin (Duncan et al., 1998).  Western blot 

analysis at various time points resolved distinct bands at 82 kDa, which became progressively 

stronger over time as the proenzyme was digested (Duncan et al., 1998).  The bands detected in 

co-culture were identical to the bands resolved from activated recombinant MMP-9 peptide, 

which supported the conclusion that active MMP-9 was expressed in co-culture.  Future studies 

should employ additional procedures to validate antibody specificity, such as neutralizing the 

antibody through incubation with excess MMP-9 peptide, to control for non-specific binding.   

Detection of active MMP-9 in the intracellular compartment of ISMC was an interesting 

finding, as the majority of previous MMP-9 literature focused exclusively on its role as a non-

selective ECM protein.  However, intracellular MMP-9 may have distinct and specific 

intracellular functions.  The development of novel degradomic techniques, designed specifically 

to identify the intracellular substrates of a particular protease (Butler and Overall, 2009; Cauwe et 

al., 2009), has led to the identification of numerous intracellular MMP-9 substrates in a variety of 

cell types (reviewed in Cauwe and Opdenakker, 2010). For instance, it was recently shown that 

the expression of intracellular MMP-9 in leukocytes was essential for the functional activation of 

AMPKα from the latent form (Zhang et al., 2015).  The rate of kinase activation by proteolytic 

cleavage inside the cell was upregulated by leukocyte stimulation with LPS, which also caused a 

significant increase in intracellular MMP-9 expression (Zhang et al., 2015). The researchers 



 

68 

 

showed that the addition of 2 different inhibitors for MMP-9 completely blocked the site-specific 

cleavage of AMPKα, suggesting an important role for intracellular MMP-9 in the processing of 

this biological molecule.  We speculated that MMP-9 might have a similar role in the processing 

of GDNF, as our initial western blot analyses showed that the mature form of GDNF was 

expressed inside ISMC.  

4.4 MMP-9 involved in the intracellular processing of GDNF to the mature form 

We detected a parallel increase in mature GDNF and MMP-9 expression in co-culture lysates 24 

hr after treatment with TNF-α.  Using immunohistochemistry, we confirmed that TNF-α induced 

significant axonal proliferation of myenteric neurons in co-culture, while inhibition of MMP-9 

activity blocked this outcome. This led us to speculate that MMP-9 was involved in the 

intracellular processing of GDNF to the form required for neurotrophic activity in high 

expression conditions. Accordingly, we found that expression of 17 kDa GDNF in TNF-α-treated 

co-cultures with prior exposure to the MMP-9 inhibitor (TNF-α+/MMP-9i) was reduced to 

control levels.  An anti-GDNF antibody optimized for detection of low molecular weight 

isoforms was used in this experiment to specifically measure changes in active GDNF expression 

(R&D Systems).  To confirm that MMP-9 inhibition did not interfere with the overall synthesis of 

precursor GDNF, the previous experiment was repeated using an antibody optimized for 

resolution of high molecular weight GDNF forms (Santa Cruz). This showed that TNF-α+/MMP-

9i co-cultures had a higher expression of GDNF in the 30 and 32 kDa precursor forms, relative to 

control and TNF-α treatment alone.   

The results of this experiment provided insight into the mechanisms of cytokine-

stimulated GDNF expression and processing in the ENS.  By analyzing the complete profile of 

GDNF expression, we concluded that TNF-α induced an overall increase in the synthesis of 

precursor GDNF.  Previously, a substantial increase in GDNF mRNA was detected in TNF-α-

treated co-cultures (Gougeon et al., 2013), which supported our conclusion of enhanced GDNF 
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synthesis from cytokine-stimulation.  In the present study, we provided novel evidence that TNF-

α simultaneously induced the expression of MMP-9, a component of the intracellular GDNF 

processing machinery, which promoted the expression of GDNF in the active form. Therefore, 

when MMP-9 activity in co-culture was inhibited by exposure to the protease inhibitor, GDNF 

expression was detected in precursor forms instead. Significantly, these results suggested that 

MMP-9 was important for the processing of GDNF expressed above the baseline level in co-

culture, such as the increased expression resulting from cytokine-stimulation and plasmid 

transfection.  

In the co-culture model, we consistently detected high molecular weight isoforms of 

GDNF at 30 and 32 kDa in reducing conditions, which is similar to the reported sizes of precursor 

GDNF detected in CNS neurons in vitro (Rocha et al., 2012) and in vivo (Sun et al., 2014).  The 

affinities of the GDNF antibodies for different protein isoforms were verified in a study that 

examined GDNF expression in various rat tissues (Airavaara et al., 2011).  Of 4 commercially 

available anti-GDNF antibodies tested, only the antibody from R&D Systems reliably resolved 

bands for mature GDNF, which was confirmed with recombinant GDNF peptide as a positive 

control (Airavaara et al., 2011). Further, since the Santa Cruz antibody was raised against the C-

terminal peptide of the full-length GDNF sequence, it readily resolved GDNF bands at 30 and 35 

kDa (Airavaara et al., 2011).  The affinity of the antibody from Santa Cruz for high molecular 

weight GDNF isoforms was shown in an additional investigation of GDNF expression (Lonka-

Nevalaita et al., 2010).  Ultimately, Airavaara et al. (2011) concluded that comparisons of the 

complete profile of GDNF expression required the use of at least 2 different anti-GDNF 

antibodies, which supports our decision to use both the R&D Systems and Santa Cruz antibodies 

in this investigation.  Future studies should assess GDNF expression using an antibody 

specifically designed for pro-GDNF detection.  
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While this study was the first to implicate MMP-9 in the post-translational processing of 

GDNF to the mature form, MMP-9 is involved in the processing of other neurotrophic factor pro-

forms.  Like GDNF, NGF is synthesized as a pre-proprotein (32 kDa), which is proteolytically 

cleaved to a 13 kDa mature form (Wang et al., 2010).  Mass spectrometry analysis of the cleavage 

products of synthetic pro-NGF in trypsin revealed multiple sites for proteolytic cleavage and both 

MMP-7 and MMP-9 were implicated in the processing (Spinnler et al., 2011).  Since previous 

evidence suggested that NGF was involved in maintaining the integrity of intestinal epithelial 

tissue during inflammation (von Boyen et al., 2006), our lab studied NGF expression in intestinal 

tissue of control and TNBS-treated adult rats (Stanzel et al., 2008). Prior to inflammation, a 

minimal expression of 32 kDa precursor NGF was detected in intestinal epithelial cells. However, 

there was a significant increase in NGF mRNA during inflammation and western blot analysis 

showed that this was correlated with increased expression of the 13 kDa mature form (Stanzel et 

al., 2008). Interestingly, GDNF displayed a similar expression pattern under the same conditions. 

Ex vivo segments of colonic tissue from control adult rats expressed 35 kDa precursor GDNF 

(Rodrigues thesis, 2008). However, at 1 day post-TNBS inflammation, the expression of 35 kDa 

GDNF was decreased relative to control, and a strong band for 15 kDa mature GDNF appeared 

(Rodrigues thesis, 2008).  This evidence suggested that a feature of the inflamed environment 

might be responsible for inducing the synthesis and processing of neurotrophic factors.  In the 

present study, we showed that the expression of active MMP-9 in isolated CSM cells from adult 

rat colon was strongly increased at day 6 post-TNBS colitis, compared to control.  Additionally, 

cross-sections of rat colon were assessed for MMP-9 expression by immunocytochemistry.  

Initial results indicated significant immunoreactivity for MMP-9 in the mucosa at day 6 post-

TNBS, while MMP-9 staining was absent in control animals (Cirella K; unpublished).  Therefore, 

it is possible that a similar mechanism involving TNF-α and MMP-9 is involved in the switch in 

processing of both NGF and GDNF during inflammation.  However, it is important to consider 
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that MMP-9 processing of pro-NGF occurs in the extracellular milieu (Wang et al., 2010), while 

we have shown that GDNF processing occurs in the intracellular compartment of ISMC.  

Nonetheless, further study of the processing mechanisms of both neurotrophins in the intestine is 

warranted.  

4.5 Post-translational processing of GDNF is required for neurotrophic outcome of 

myenteric neurons in vitro 

Initial experiments were designed to investigate intracellular mechanisms of GDNF processing in 

the intestine for several reasons.  First, in the present study, we consistently detected expression 

of the mature form of GDNF in the intracellular compartment of cells in co-culture.  Similar 

results were found in previous studies of GDNF expression in smooth muscle cells from the adult 

rat intestine (Han et al., 2015; Gougeon et al., 2013) and in investigations of GDNF expression in 

postnatal CNS tissues (Sun et al., 2014; Euteneuer et al., 2013; Airavaara et al., 2011). Since 

ISMC are the source of GDNF expression in the ENS, these findings indicate that at least some of 

the synthesized GDNF is processed to the active form prior to secretion.   

Conversely, experiments have also detected the expression of high molecular weight 

precursor forms of GDNF in the media of co-cultures (Gougeon et al., 2013), ex vivo segments of 

rat colon (Rodrigues thesis, 2008), and extracts of mouse brain (Kust et al., 2014).  These results 

indicate that endogenous GDNF is not always completely processed to the mature form in the 

source cell.  Although the neuroprotective effects of mature GDNF are well established, there has 

been recent interest in the functions of precursor forms.  The GDNF gene is alternatively spliced 

to produce two mRNA variants, pre-(α)pro-GDNF and pre-(β)pro-GDNF, and the proteins 

produced from each transcript are transported differently within cells (Trupp et al., 1995; Lonka-

Nevalaita et al., 2010). Since both variants are processed into an identical mature peptide (Lonka-

Nevalaita et al., 2010), it suggests that the precursor proteins may have specific functions.  In the 

present study, we showed that exogenous addition of the mature GDNF peptide to TNF-
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α+/MMP-9i co-cultures rescued the axon proliferation from MMP-9 inhibition. This 

demonstrated that MMP-9 inhibition did not interfere with GDNF signaling with the co-receptor 

system, nor did it affect any downstream processes involved in neurite outgrowth. This outcome 

strongly suggested that the blockage of axonal proliferation in co-cultures with MMP-9 inhibition 

was due to a deficiency in active GDNF protein.  Furthermore, axonal proliferation was not 

restored when TNF-α+/MMP-9i co-cultures were transfected with a plasmid that expressed 

GDNF in the precursor form.   

The recombinant GDNF protein obtained from Peprotech was the 15 kDa/134 amino acid 

peptide that is widely considered the mature form of GDNF.  It is the fully processed form of the 

protein and its expression is consistently detected in various in vivo systems (Gougeon et al., 

2013; Airavaara et al., 2011).  It is the form of GDNF that has been shown to directly support the 

survival of dopaminergic (Lin et al., 1993) and myenteric neurons (Rodrigues et al., 2010) in 

vitro.  To introduce exogenous expression of GDNF in the precursor form, co-cultures were 

transfected with a plasmid that coded a 635-nucleotide sequence of GDNF.  This is similar to the 

633-base pair sequence of the GDNF gene in both humans and rodents (Springer et al., 1994). 

Theoretically, expression of the full sequence of GDNF results in the production of a precursor 

protein that contains the 58-amino acid (α)pro-region, which requires a series of post-

translational cleavage processes to produce the mature protein (Lin et al., 1993; Lonka-Nevalaita 

et al., 2010).   

While it is unresolved whether precursor forms of GDNF are biologically active 

molecules, a preliminary study showed that the pro-regions interfered with GDNF binding to 

GFRα1 (Lonka-Nevalaita et al., 2010).  Furthermore, it is difficult to directly study the activities 

of precursor molecules, since proteolytic cleavage of pro-GDNF by innate cellular processing 

machinery yields expression of the mature protein.  We suspect that in control co-cultures, full-

length GDNF expressed from plasmid transfection is processed normally to the mature peptide, 
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which mediates axonal proliferation of myenteric neurons. This is supported by evidence from 

studies of GDNF expression in artificial expression systems.  Different cell lines transfected with 

plasmids encoding full-length GDNF display unique profiles of GDNF expression, which include 

various intermediate cleavage products, and in some cell types, the fully processed mature protein 

(Geng et al., 2011; Lonka-Nevalaita et al., 2010; Oh-hashi et al., 2008).  In the present study, 

HEK-293 cells were transfected with the GFP-GDNF plasmid expressing full-length GDNF.  

After 24 hr, precursor forms of GDNF (20 and 25 kDa) were detected in the cell lysates, while the 

mature peptide (15-17 kDa) was not. 

 The activity of precursor forms of GDNF have been studied using vector constructs that 

express modified versions of the GDNF gene that lack the specific consensus sequences 

necessary for proteolytic cleavage. Kust et al. (2014) assessed the ability of different mutant 

GDNF isforms to induce neurite outgrowth of embryonic rat spinal ganglia. The researchers 

observed a significant axonal proliferation of spinal neurons after incubation with CM from 

HEK-293 cells that contained the mature GDNF isoform (17 kDa). However, CM from HEK-293 

cells transfected with a plasmid expressing a modified 574-nucleotide sequence for pro-GDNF 

(which produced a ~30 kDa GDNF peptide), did not induce neurite outgrowth (Kush et al., 2014).  

We observed a similar outcome in the present study- the survival of myenteric neurons in co-

culture was increased after incubation with CM from HEK-293 cells expressing full-length 

GDNF.  Although mature GDNF was not expressed in HEK-293 cell lysate, we confirmed that 

the CM contained 17 kDa GDNF.  However, when the MMP-9 inhibitor was added to the CM, 

neuron survival was not increased relative to control.  This further substantiated our hypothesis 

that MMP-9 was required for the expression of mature GDNF from the precursor form.  

Although our results suggest that precursor forms of GDNF do not promote neurotrophic 

outcomes for myenteric neurons in vitro, there is evidence of biological functions of pro-GDNF 

in the literature.  Immonen et al. (2008) studied the significance of precursor GDNF expression 
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by assessing the activities of peptides that are theoretically produced from processing of the pro-

region. The researchers predicted that proteolytic cleavage at 2 basic consensus sites in pro-

GDNF would result in the production of a 5-amino acid peptide (PEP1) and an 11-amino acid 

residue (PEP2).  The larger PEP2 peptide displayed substantial binding to sections of adult rat 

brain in vitro and induced excitatory synaptic activity in slices of rat hippocampal brain tissue in 

an ion-bath (Immonen et al., 2008).  However, although the researchers showed that a predicted 

pro-region derived peptide induced neural synaptic activity in vitro, the expression of this peptide 

has not been detected. Further, there is no evidence that the pro-regions bind to the GFRα1/RET 

co-receptor, thus any biological effects of the precursor protein are likely mediated through a 

distinct signaling pathway.  

Additionally, abnormal secretion of precursor forms of GDNF has been associated with 

the initiation and progression of neurodegenerative diseases. Western blot analysis of GDNF 

expression in the middle temporal gyrus of patients with Alzheimer’s disease (AD) showed that 

expression of the mature peptide was significantly down regulated, while expression of a 

precursor form was substantially increased, compared to brains of age-matched healthy controls 

(Airavarra et al., 2011). Similarly, analysis of GDNF expression in a PD animal model showed 

that LPS injection to the substantia nigra of adult rats caused a significant increase in pro-GDNF 

expression in astrocytes, relative to control, while expression of the mature form became 

undetectable (Sun et al., 2014).  Further, a related experiment done in vitro showed that LPS 

addition to cultures of astrocytes and C6 glioma cells altered the expression and secretion patterns 

of GDNF. In control cultures, pro-GDNF was almost undetectable in the media, while LPS 

treatment induced a significant increase in pro-GDNF secretion from both cell types (Sun et al., 

2014). 

To explain these results, researchers proposed that abnormal activation of neurons by an 

initial insult, such as injury or exposure to a toxin, caused a disruption in normal cell processes, 
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including those involved in protein processing (Sun et al., 2014). The dysregulation of 

intracellular pathways caused increased secretion of GDNF in the pro-form, which directly 

induced neural apoptosis and the neurodegeneration characteristic of PD.  Secreted pro-forms of 

other neurotrophins form multi-receptor complexes that promote neural apoptosis (Nykjaer et al., 

2004) and pro-GDNF was thought to initiate similar cell-death processes. Alternatively, it has 

been suggested that since neurodegenerative disease states cause changes in the 

microenvironment, the altered conditions could activate non-conventional secretory pathways in 

surviving neurons (Kust et al., 2014). Therefore, the increased secretion of unprocessed GDNF 

might be a consequence of PD.  Accordingly, a recent study found that CM from HEK-293 cells 

that contained a non-cleavable form of pro-GDNF did not induce apoptosis when applied to a 

fresh culture of HEK-293 cells for 24 hr (Kust et al., 2014).  The researchers concluded that the 

formation of a pro-apoptotic complex involving pro-GDNF was unlikely to underlie the 

neurodegeneration characteristic of PD.  However, the role of pro-GDNF in neurodegenerative 

disease progression could not be conclusively determined from this preliminary investigation and 

the significance of increased secretion of precursor GDNF during disease states warrants further 

investigation.  

4.6 Future Directions 

This thesis provides novel evidence of the importance of MMP-9 activity in the post-translational 

processing of GDNF to the active form.  We propose that TNF-α signaling induces a parallel 

increase in the expression of MMP-9 and GDNF by ISMC. Accordingly, researchers have 

identified a TNF-α signaling cascade that induces MMP-9 transcription, via activation of the 

MAPK/ERK pathways, in vascular smooth muscle cells (Cho et al., 2000; Moon et al., 2004).  It 

has been suggested that TNF-α signaling also induces GDNF transcription (Kuno et al., 2006).  

However, since the TNF-α/GDNF signaling pathway is not clearly defined, alternate mechanisms 

for the role of MMP-9 in mediating the neurotrophic effects of GDNF have been proposed.  
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Newby (2006) reviewed numerous studies that described an essential role for MMPs in 

stimulating the proliferation of smooth muscle cells. Since proliferating smooth muscle cells 

express high levels of GDNF (Han et al., 2015), future studies should explore whether MMP-9 

influences GDNF expression during colitis by promoting smooth muscle cell replication.  In 

animal models, ISMC proliferation is detected by day 2 colitis and a threefold increase in ISMC 

number occurs by day 6 (Lourenssen et al., 2005).  It would be useful to assess the effects of 

TNBS-colitis, such as intestinal wall thickening and ISMC proliferation, in MMP-9 knockout 

animals.  Perhaps therapeutic intervention with MMP-9 inhibitors at the onset of colitis would 

prevent the disorganized ISMC hyperplasia that contributes to the formation of intestinal 

strictures, thickened regions of the bowel wall that severely compromise digestion during chronic 

inflammation (Marlow and Blennerhassett, 2006).  Furthermore, the time course of changes in 

GDNF and MMP-9 mRNA expression following TNF-α addition to co-culture should be 

established to determine if MMP-9 expression is increased before upregulated GDNF expression 

is detected.  

This study provides a better understanding of the events leading to the increased GDNF 

expression detected in animal models of colitis.  Although we identified an important role of 

MMP-9 in the processing of GDNF in cytokine-stimulated co-cultures, this data cannot be used to 

propose a universal mechanism of GDNF processing. The study of GDNF processing is 

complicated by its immensely broad expression in various systems, and throughout different 

developmental stages. Since numerous cellular sources of GDNF expression exist, there are 

necessarily multiple distinct mechanisms of GDNF processing, as protein processing is dependent 

on the profile of intracellular convertases and extracellular proteases expressed in the immediate 

environment. Therefore, evidence regarding the processing of GDNF must be interpreted in the 

context of the specific system of analysis.  
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An understanding of GDNF processing is essential because abnormalities in GDNF 

expression and processing are associated with CNS disease states.  Studies in PD animal models 

determined that pro-GDNF expression increases with disease progression and pro-GDNF is the 

predominate form of GDNF in the brains of PD patients (Sun et al., 2014).  However, the 

abnormal expression pro-GDNF detected during CNS pathology is not a universal consequence 

of neural apoptosis.  For instance, like PD, intestinal inflammation is associated with a profound 

loss of neurons (Lourenssen et al., 2009).  However, although a 35 kDa GDNF peptide was the 

predominate form of GDNF detected in the intestine of control rats, a significant increase in 15 

kDa GDNF expression was detected 1 day after the onset of TNBS-colitis (Rodrigues thesis, 

2008).  Therefore, different profiles of GDNF expression are detected in neurodegenerative 

diseases involving peripheral and central neurons.  The cause and consequences of this difference 

is unknown, however, the expression of mature GDNF during colitis may contribute to the 

significant regenerative capabilities displayed by postnatal enteric neurons following damage.  On 

the contrary, CNS neurons do not demonstrate a similar level of plasticity in response to injury.  

It is possible that active GDNF is expressed during colitis because inflammatory factors also 

induce the expression of MMP-9, which we propose is an essential component of the GDNF 

processing machinery in the inflamed intestine.  Since different mechanisms of GDNF processing 

exist in CNS systems, the activity of proteases involved in the processing may not be upregulated 

by pathological conditions, which would explain the abnormal secretion of pro-GDNF forms.  

Significantly, an understanding of GDNF processing pathways in the CNS could assist in the 

development of effective treatments for PD. 

4.7 Summary 

Using a cell culture model of myenteric neurons and ISMC, this thesis showed that MMP-9 

activity was required for TNF-α induced axonal proliferation of myenteric neurons in vitro, 

which was mediated by increased GDNF expression.  Western blot analysis for MMP-9 in co-
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culture and ISMC lysates showed that TNF-α caused increased expression of the active peptide.  

Additionally, the intracellular expression of active GDNF was significantly reduced in co-cultures 

treated with an inhibitor for MMP-9 activity, while the overall expression of GDNF was not 

affected. These results suggested that MMP-9 was involved in the processing of GDNF to the 

mature form, which occurred in the intracellular compartment of ISMC.  Further, exogenous 

expression of full-length GDNF did not rescue axonal proliferation from MMP-9 inhibition, 

while application of the mature GDNF peptide did.  Moreover, HEK-293 cells transfected with a 

plasmid expressing full-length GDNF expressed 15 kDa GDNF in the CM, but not in the cell 

lysates.  The CM promoted the survival of myenteric neurons in freshly isolated co-cultures; 

however, the addition of the MMP-9 inhibitor prevented this outcome.  This demonstrated that 

expression of mature GDNF from the precursor was necessary for GDNF-mediated neurotrophic 

outcomes in the co-culture model.  Ultimately, these results showed that MMP-9 was essential for 

the processing of GDNF to the 15 kDa bioactive form during intestinal inflammatory events, 

which likely promotes the survival and recovery of postnatal myenteric neurons following 

damage. 



 

79 

 

 

References 

Airavaara M., Pletnikova O., Doyle ME., Zhang YE., Troncoso JC., & Lui QR (2011). 
Identification of novel GDNF isoforms and cis-antisense GDNFOS gene and their 
regulation in human middle temporal gyrus of Alzheimer disease. Journal of Biological 
Chemistry 286, 45093-45102. 

Anderson RB., Newgreen DF., & Young HM (2006). Neural crest and the development of the 
enteric nervous system. Adv Exp Med Biol. 589, 181-196. 

Asokananthan N., Graham PT., Stewart DJ., Bakker AJ., Eidne KA., Thompson PJ., & Stewart 
GA (2002). House dust mite allergens induce proinflammatory cytokines from 
respiratory epithelial cells: the cysteine protease allergen, Der p 1, activates protease-
activated receptor (PAR)-2 and inactivates PAR-1. The Journal of Immunology 169, 
4572-4578. 

Bar KJ., Williams NS., Tam PKH., & Anand P (1997). Glial-derived neurotrophic factor in 
human adult and fetal intestine and in Hirschsprungs disease. Gastroenterology 112, 
1381-1385.  

Beck KD., Valverde J., Alexi T., Poulsen K., Moffat B., Vandlen RA.,  Rosenthal A., & Hefti F 
(1995). Mesencephalic dopaminergic neurons protected by GDNF from axotomy-induced 
degeneration in the adult brain. Nature 272, 339-341.  

Boato F., Hechler D., Rosenberger K., Ludecke D., Peters EM., Nitsch R., & Hendrix S (2011). 
Interleukin-1 beta and neurotrophin-3 synergistically promote neurite growth in vitro. J 
Neuroinflammation 8, 183.  

Boutilier J., Ceni C., Pagdala P., Forgie A., Neet K., & Barker P (2008). Proneurotrophins require 
endocytosis and intracellular proteolysis to induce TrkA activation. J Bio Chem 19, 
13709-13716 

Bowie A. & O’Neil LA (2000). Oxidative stress and nuclear factor-kappaB activation: a 
reassessment of the evidence in the light of recent discoveries. Biochem Pharmacol 59, 
13-23.  

Butler GS. & Overall CM (2009). Updated biological roles for matrix metalloproteinases and new 
‘intracellular’ substrates revealed by degradomics. Biochemistry 48, 10830-45. 

Castaneda FE., Walia B., Vijay-Kumar M., Patel NR., Roser S., Kolachala VL., Rojas M., Wang 
L., Oprea G., Garg P., Gewirtz AT., Roman J., Merlin D., & Sitaraman SV (2005). 
Targeted deletion of metalloproteinase 9 attenuates experimental colitis in mice: central 
role of epithelial-derived MMP. Gastroenterology 6, 1991-2008.  

Cauwe B., Martens E., Proost P., & Opdenakker G (2009). Multidimensional degradomics 
identifies systemic autoantigens and intracellular matrix proteins as novel gelatinase 
B/MMP-9 substrates. Integr Biol (Camb) 1, 404-426. 



 

80 

 

Cauwe B. & Opdenakker G (2010). Intracellular substrate cleavage: a novel dimension in the 
biochemistry, biology and pathology of matrix metalloproteinases. Crit Rev Biochem Mol 
Biol 5, 351-423. 

Cho A. & Reidy MA (2002). Matrix metalloproteinase-9 is necessary for the regulation of smooth 
muscle cell replication and migration after arterial injury. Circ Res 9, 845-851. 

Cho A., Graves J., & Reidy M (2000). Mitogen-activated protein kinases mediate matrix 
metalloproteinase-9 expression in vascular smooth muscle cells. Vascular Biology 20, 
2527-32.  

Choi-Lundberg D., Lin Q., Chang YN., Chiang Y., Hay C., Mohajeri H., Davidson B., & Bohn M 
(1997). Dopaminergic neurons protected from degeneration by GDNF gene therapy. 
Science 275, 838-841. 

Christensen J. & Shastri VP (2015). Matrix-metalloproteinase-9 is cleaved and activated by 
cathepsin K. BMC Research Notes 322, 1-8. 

Ciaccio NA. & Laurence JS (2009). Effects of disulfide bond formation and protein helicity on 
the aggregation of activating transcription factor 5 (ATF5). Mol Pharm. 4, 1205-1215.  

Condic ML. & Lemons ML (2002). Extracellular matrix in spinal cord regeneration: getting 
beyond attraction and inhibition. Neuroreport 13, 37-48.  

Cowan KN., Jones PL., & Rabinovitch M (2000). Elastase and matrix metalloproteinase 
inhibitors induce regression, and tenascin-C antisense prevents progression, or vascular 
disease. J Clin Invest 105, 21-34. 

Descamps FJ., Van den Steen PE., Martens E., Ballaux F., Geboes K., & Opdenakker G (2003). 
Gelatinase B is diabetogenic in acute and chronic pancreatitis by cleaving insulin. FASEB 
J 17, 887–889.  

Duncan ME., Richardson JP., Murray GI., Melvin WT. & Fothergil JE (1998). Human matrix 
metalloproteinase-9: activation by limited trypsin treatment and generation of 
monoclonal antibodies specific for the activated form. Eur J Biochem 1, 37-43.  

Euteneuer S., Yang KH., Chavez E., Leichtle A., Loers G., Olshansky A., Pak K., Schachner M., 
& Ryan A (2013). Glial cell line-derived neurotrophic factor (GDNF) induces 
neuritogenesis in the cochlear spiral ganglion via neural cell adhesion molecule (NCAM). 
Mol Cell Neurosci 54, 1-28. 

Fiore E., Fusco C., Romero P., & Stamenkovic I (2002). Matrix metalloproteinase 9 (MMP-
9/gelatinase B) proteolytically cleaves ICAM-1 and participates in tumor cell resistance 
to natural killer cell-mediated cytotoxicity. Oncogene 21, 5213-5223. 

Geng Z., Xu FY., Huang SH., & Chen ZY (2011). Sorting protein-related receptor SorLA 
controls regulated secretion of glial cell line-derived neurotrophic factor. J Biol Chem 48, 
41871-41882. 



 

81 

 

Gonzalez-Barrios J., Lindahl M., Bannon M., Anaya-Martinez V., Flores G., Navarro-Quiroga I., 
Trudeau L., Aceves J., Martinez-Arguelles D., Garcia-Villegas R., Jimenez I., Segovia J., 
& Martinez-Fong D (2006). Neurotensin polyplex as an efficient carrier for delivering the 
human GDNF gene into nigral dopamine neurons of hemiparkinsonian rats. Molecular 
Therapy 14, 857-865. 

Gordon MJ., Huang X., Pentoney SL., & Zare RN (1988). Capillary electrophoresis. Science 242, 
224-228. 

Gougeon P., Lourenssen S., Han T., Nair D, Ropeleski M., & Blennerhassett M (2013). The pro-
inflammatory cytokines IL-1β and TNF-α are neurotrophic for enteric neurons. J 
Neurosci 8, 3339-3351. 

Grimm L., Holinski-Feder E., Teodoridis J., Scheffer B., Schindelhauer D., Meitinger T., & 
Ueffing M (1998). Analysis of the human GDNF gene reveals an inducible promoter, 
three exons, a triplet repeat within the 3’-UTR and alternative splice products. Human 
Molecular Genetics 7, 1873–86.  

Han TY., Lourenssen S., Miller KG., & Blennerhassett MG (2015). Intestinal smooth muscle 
phenotype determines enteric neuronal survival via GDNF expression. Neuroscience 290, 
357-368. 

Immonen T., Alakuijala A., Hytonen M., Sainio K., Poteryaev D., Saarma M., Pasternack M., & 
Sariola H (2008). A proGDNF-related peptide BEP increases synaptic excitation in rat 
hippocampus. Experimental Neurology 210, 793-796. 

Kearon JE (2014). Selective damage to and protection of enteric neurons in vitro in models of 
ischemia and reperfusion (Master’s Thesis, Queen’s University). 

Kuno R., Yoshida Y., Nitta A., Nabeshima T., Wang J., Sonobe Y., Kawanokuchi J., Takeuchhi 
H., Mizuno T., & Suzumura A (2006). The role of TNF-alpha and its receptors in the 
production of NGF and GDNF by astrocytes. Brain Research 1116, 12-18. 

Kust N., Panteleev D., Mertsalov I., Savchenko E., Rybalkina E., Revishchin A., & Pavlova G 
(2014). Availability of pre- and pro-regions of transgenic GDNF affects the ability to 
induce axonal sprout growth. Mol Neurobiol 49, 1195-205. 

Lee R., Kermani P., Teng KK., Hempstead BL (2001). Regulation of cell survival by secreted 
proneurotrophins. Science 294, 1945–1948. 

Liang KC., Lee CW., Lin WN., Wu CB., Luo SF., Yang CM (2007). Interleukin-1beta induces 
MMP-9 expression via p42/p44 MAPK, p38 MAPK, JNK, and nuclear factor-kappaB 
signaling pathways in human tracheal smooth muscle cells. J Cell Physiol 211, 759-770.  

Liang Y., O’Driscoll L., McDonnell S., Doolan P., Oglesby I., Duffy K., O’Connor R., & Clynes 
M (2004). Enhanced in vitro invasiveness and drug resistance  with altered gene 
expression patterns in a human lung carcinoma cell line after pulse selection with 
anticancer drugs. Int. J. Cancer 111, 484-493. 



 

82 

 

Lin L., Doherty D., Lile J., Bektesh S., & Collins F (1993). GDNF: a glial cell line-derived 
neurotrophic factor for midbrain dopaminergic neurons. Science 260, 1130-1132. 

Lin T., Zhang W., Fan Y., & Mulholland M (2007). Interleukin-1 beta and interleukin-6 stimulate 
matrix metalloproteinase-9 secretion in cultured myenteric glia. J Surgical Research 137, 
38-45. 

Lohr K., Sardana H., Lee S., Hamad A., Wu F., & Chakravarti S (2011). Positive regulation of 
inflammation by an extracellular matrix protein lumican in a mouse model of colitis. 
Inflammatory Bowel Diseases 17, 23-24. 

Lonka-Nevalaita L., Lume M., Leppänen S., Jokitalo E., Peränen J., & Saarma M (2010). 
Characterization of the intracellular localization, processing, and secretion of two glial 
cell line- derived neurotrophic factor splice isoforms. The Journal of Neuroscience 30, 
11403–13.  

Lourenssen S., Wells RW., & Blennerhassett MG (2005). Differential responses of intrinsic and 
extrinsic innervation of smooth muscle cells in rat colitis. Experimental Neurology 195, 
497– 507.  

Lourenssen S., Miller KG., & Blennerhassett MG (2009). Discrete responses of myenteric 
neurons to structural and functional damage by neurotoxins in vitro. Am J Physiol 
Gastrointest Liver Physiol 297, 228-239. 

Lourenssen S., Houpt E., Chadee K., & Blennerhassett MG (2010).Entamoeba histolytica 
infection and secreted proteins proteolytically damage enteric neurons. Infection and 
Immunity 78, 5332-40. 

Lu P., Takai K., Weaver V., & Werb Z (2011). Extracellular matrix degradation and remodeling 
in development and disease. Cold Spring Perspect Biol 3, 1-23.  

Marlow SL., & Blennerhassett MG (2006). Deficient innervation characterizes intestinal 
strictures in a rat model of colitis. Exp Mol Pathol 80, 54-66.  

McKaig B., McWilliams D., Watson S. & Mahida Y (2003). Expression and regulation of tissue 
inhibitor of metalloproteinase-1 and matrix metalloproteinases by intestinal 
myofibroblasts in inflammatory bowel disease. Am J Pathol 162, 1355-60.  

Mizoguchi H., Yamada K., & Nabeshima T (2011). Matrix metalloproteinases contribute to 
neuronal dysfunction in animal models of drug dependence, Alzheimer’s disease, and 
epilepsy. Biochemistry Research International 2011, 1-10. 

Moon SK., Cha BY., & Kim CH (2004). ERK1/2 mediates TNF-alpha-induces matrix 
metalloproteinase-9 expression in human vascular smooth muscle cells via the regulation 
of NF-kappaB and AP-1: involvement of a ras dependent pathway. J Cell Physiol 3, 417-
27.  



 

83 

 

Moore M., Klein R., Farinas I., Sauer H., Armanini M., Phillips H., Reichardt L., Ryan A., 
Carver-Moore K., & Rosenthal A (1996). Renal and neuronal abnormalities in mice 
lacking GDNF. Nature 382, 76-79. 

Morris G., Beck P., Herridge M., Depew W., Szewczuk M., & Wallace J (1989). Hapten-induced 
model of chronic inflammation and ulceration in the rat colon. Gastroenterology 96, 795–
803.  

Nagaoka I. & Hirota S (2000). Increased expression of matrix metalloproteinase-9 in neutrophils 
in glycogen-induced peritoneal inflammation of guinea pigs. Inflammation Research 49, 
55-62. 

Natarajan D., Marcos-Gutierrez C., Pachnis V., & de Graaff E (2002). Requirement of signaling 
by receptor tyrosine kinase RET for the directed migration of enteric nervous system 
progenitor cells during mammalian embryogenesis. Development 129, 5151–60.  

Neurath M., Fuss I., Kelsall B., Stuber E., & Strober W (1995). Antibodies to interleukin 12 
abrogate established experimental colitis in mice. The Journal of Cell Biology 182, 1281-
1290.  

Newby A (2006). Matrix metalloproteinases regulate migration, proliferation, and death of 
vascular smooth muscle cells by degrading matrix and non-matrix substrates. 
Cardiovascular Research 69, 614-624.  

Nishiyama C., Uesaka T., Manabe T., Yonekura Y., Nagasawa T., Newgreen D., Young H., & 
Enomoto H (2012). Trans-mesenteric neural crest cells are the principal source of the 
colonic enteric nervous system. Nature Neuroscience 15, 1211-18. 

Nykjaer A., Lee R., Teng KK., Jansen P., Madsen P., Nielsen MS., Jacobsen C., Kliemannel M., 
Schwarz E., Willnow TE., Hempstead BL., & Petersen CM (2004). Sortilin is essential 
for proNGF-induced neuronal cell death. Nature 427, 843– 848.  

O’Shea N. & Smith A (2014). Matrix metalloproteases role in bowel inflammation and 
inflammatory bowel disease: an up to date review. Inflammatory Bowel Diseases 20, 
2379-2393. 

Oh-hashi K., Ito M., Tanaka T., Hirata Y., & Kiuchi K (2009). Biosynthesis, processing, and 
secretion of glia cell line-derived neurotrophic factor in astroglial cells. Mol Cell 
Biochem 323, 1-7. 

Paratore C., Goerich DE., Suter U., Wegner M., & Sommer L (2001). Survival and glial fate 
acquisition of neural crest cells are regulated by an interplay between the transcription 
factor Sox10 and extrinsic combinatorial signaling. Development 128, 3949-61.  

Peters RJ., Osinski MA., Hongo J., Bennett GL., Okragly AJ., Haak-Frenscho M., & Epstein ML 
(1998). GDNF is abundant in the adult rat gut. J Autonom Nerv Syst 70, 115-122. 



 

84 

 

Piccinini E., Kalkkinen N., Saarma M., & Runeberg-Roos P (2013). Glial cell line-derived 
neurotrophic factor: characterization of mammalian posttranslational modifications. 
Annals of Medicine 45, 66-73. 

Rao, VH., Kansal V., Stoupa S., & Agrawal D (2014). MMP-1 and MMP-9 regulate epidermal 
growth factor-dependent collagen loss in human carotid plaque smooth muscle cells. 
Physiological Reports 2, 1-12.  

Rocha SM., Cristovao AC., Campos FL, Fonseca CP., & Baltazar G (2012). Astrocyte-derived 
GDNF is a potent inhibitor of microglial activation. Neurobiol Dis 3, 407-15.  

Rodrigues D., Li A., Nair D., & Blennerhassett M (2011). Glial cell line-derived neurotrophic 
factor is a key neurotrophin in the postnatal enteric nervous system. 
Neurogastroenterology and Motility 23, 44-56. 

Rodrigues DM (2008). Glial cell line-derived neurotrophic factor modulates structure and 
function of postnatal myenteric neurons (Master’s Thesis, Queen’s University). 

Rodriguez D., Morrison C., & Overall C (2010). Matrix metalloproteinases : what do they not do? 
New substrates and biological roles identified by murine models and proteomics. 
Biochimica et Biophysica Acta 1, 39-54.  

Saarma M (2000). GDNF - a stranger in the TGF-beta superfamily? European Journal of 
Biochemistry 267, 6968–71.  

Sanovic S., Lamb D., & Blennerhassett MG (1999). Damage to the enteric nervous system in 
experimental colitis. The American Journal of Pathology 155, 1051–7.  

Schäfer KH. & Mestres P (1999). The GDNF-induced neurite outgrowth and neuronal survival in 
dissociated myenteric plexus cultures of the rat small intestine decreases postnatally. 
Experimental Brain Research 125, 447-452.  

Schonbeck U., Mach F., Sukhova G., Murphy C., Bonnefoy JY., Fabunmi R., & Libby P (1997). 
Regulation of matrix metalloproteinase expression in human vascular smooth muscle 
cells by T lymphocytes. Circulation Research 81, 448-454. 

Sillerud L. & Larson R (2005). Design and structure of peptide and peptidomimetic antagonists of 
protein-protein interaction. Current Protein and Peptide Science 6, 1-19. 

Smith J., Das A., Ray S., & Banik N (2012). Role of pro-inflammatory cytokines released from 
microglia in neurodegenerative diseases. Brain Research Bulletin 87, 10-20.  

Smout, AJ. & Akkermans AL (1992). Normal and disturbed motility of the gastrointestinal tract. 
Wrightson Biomedical Publishing LTD, Petersfield, UK.  

Spinnler K., Frohlich T., Arnold GJ., Kunz L., & Mayerhofer A (2011). Human tryptase cleaves 
pro-nerve growth factor (pro-NGF): hints of local, mast cell-dependent regulation of 
NGF/pro-NGF action. J Biol Chem 36, 31707-13.  



 

85 

 

Springer JE., Mu X., Bergmann LW., & Trojanowski JQ (1994). Expression of GDNF mRNA in 
rat and human nervous tissue. Experimental Neurology 127, 167-170. 

Stanzel RD., Lourenssen S., & Blennerhassett MG (2008). Inflammation causes expression of 
NGF in epithelial cells of the rat colon. Exp Neurol 211, 203-213. 

Stanzel RD., Lourenssen S., Nair DG., & Blennerhassett MG (2010). Mitogenic factors 
promoting intestinal smooth muscle cell proliferation. Am J Physiol. Cell Physiol. 4, 
C805-17. 

Steinle JJ. & Granger HJ (2003). Nerve growth factor regulates human choroidal, but not retinal 
endothelial cell migration and proliferation. Autonomic Neuroscience 108, 57-62. 

Sun XL., Chen BY., Duan L., Xia Y., Luo ZJ., Wang JJ., Rao ZR., & Chen LW (2014). The 
proform of glia cell line-derived neurotrophic factor: a potentially biologically active 
protein. Mol Neurobiol 49, 234-250. 

Swiech K., Correa de Freitas MC., Covas DT., & Picanco-Castro V (2015). Recombinant 
glycoprotein production in human cell lines. Methods in Molecular Biology 1258, 223-
240. 

Teng HK., Teng KK., Lee R., Wright S., Tevar S., Almeida RD., Kermani P., Torkin R., Chen 
ZY., Lee FS., Kraemer RT., Nykjaer A., & Hempstead BL (2005). ProBDNF induces 
neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin. J 
Neurosci 25, 5455-5463.  

Trupp M., Ryden M., Jornvall H., Funakoshi H., Timmusk T., Arenas E., & Ibanez CF (1995). 
Peripheral expression and biological activities of GDNF, a new neurotrophic factor for 
avian and mammalian peripheral neurons. J Cell Biol 130, 137–148.  

Venkataramana S., Lourenssen S., Miller KG., & Blennerhassett MG (2015). Early inflammatory 
damage to intestinal neurons occurs via inducible nitric oxide synthase. Neurobiology of 
Disease 75, 40-52.  

von Boyen GB., Steinkamp M., Geerling I., Reinshagen M., Schafer KH., Adler G., & Kirsch J 
(2006). Proinflammatory cytokines induce neurotrophic factor expression in enteric glia: 
a key to the regulation of epithelial apoptosis in Crohn’s disease. Inflamm Bowel Dis 12, 
346-354. 

Wang Y., Geng Z., Zhao L., Huang SH., Sheng AL., & Chen ZY (2008). GDNF isoform affects 
intracellular trafficking and secretion of GDNF in neuronal cells. Brain Res 1226, 1–7. 

Wang ZY., Ding Y., Miki T., Warita K., Matsumoto Y., Takeuchi Y., Wang SJ., Feng JG., Liu 
W., Wang YD., Wang XL., Wang YH., Liu Y., & Shan BE (2010). Nerve growth factor 
and receptors are significantly affected by histamine stimulus through H1 receptor in 
pancreatic carcinoma cells. Mol Med Rep 1, 103-109.  

Wells RW., & Blennerhassett MG (2004). Persistent and selective effects of inflammation on 
smooth muscle cell contractility in rat colitis. Pflugers Arch. 448, 515-524.  



 

86 

 

Xu D., Suenaga N., Edelmann M., Fridman R., Muschel R., & Kessler B (2008). Novel MMP-9 
substrates in cancer cells revealed by a label-free quantitative proteomics approach. Mol 
Cell Proteomics 11, 2215-2228. 

Yano H., Torkin R., Martin LM., Chao M., & Teng K (2009). Proneurotrophin-3 is a neuronal 
apoptotic ligand: evidence for retrograde-directed cell killing. J Neurosci. 47, 14790-
14802. 

Young H., Hearn C., Farlie P., Canty J., Thomas P., & Newgreen D (2001). GDNF is a 
chemoattractant for enteric neural cells. Developmental Biology 229, 503–16.  

Young HM., Turner KN., & Bergner AJ (2005). The location and phenotype of proliferating 
neural-crest derived cells in the developing mouse gut. Cell Tissue Res 320, 1-9. 

Zhang Z., Amorosa LF., Coyle SM., Macor MA., Lubitz SE., Carson JL., Birnbaum MJ., Lee 
LY., & Haimovich B (2015). Proteolytic cleavage of AMPK alpha and intracellular 
MMP9 expression are both required for TLR4-mediated mTORC1 activation and HIF-1 
alpha expression in leukocytes. J Immunol 5, 2452-60. 


