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Abstract 

Sympathetic catecholamines and co-transmitters released within the 

gastrointestinal (GI) tract provide dynamic regulation of gut motility, fluid secretion, 

blood flow and immune cell function. Pathological GI inflammation in patients with 

inflammatory bowel diseases (IBD) evokes functional and structural plasticity in 

sympathetic neurons that innervate the gut, which may contribute to symptom generation. 

The mechanisms responsible for aberrant sympathetic behaviour during colonic 

inflammation remain elusive, though evidence points to a role for mediators of the 

mucosal immune response. Interleukin (IL)-17 is the principal cytokine of the novel TH17 

lineage of helper T cells. Based on mounting clinical, genetic and experimental evidence, 

IL-17 is thought to play a pivotal role in the immunopathogenesis of IBD. However, 

nothing is known of the contribution of IL-17 to sympathetic neuroplasticity during 

chronic inflammatory disease. We hypothesized that remodelling of postganglionic 

sympathetic axons occurs in response to exposure of axons to the inflamed colonic milieu 

and that IL-17 serves as the primary mediator of this neuroanatomical remodelling. 

 An increase in tyrosine hydroxylase (TH) immunoreactivity, a marker of 

sympathetic axons, was observed in the muscularis externae and mucosae of colons from 

mice subjected to acute and chronic models of dextran sulphate sodium (DSS)-induced 

colitis. In parallel, we found markedly elevated levels of IL-17 in the serum and colonic 

tissues of mice with colitis. To investigate whether the colitis microenvironment 

promoted axonal growth, distal neurites of adult sympathetic neurons from the superior 

mesenteric ganglion (SMG) were incubated in supernatant collected from explant 
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cultures of inflamed colon. Colitis supernatant enhanced neurite outgrowth from gut-

projecting SMG neurons compared to supernatants from control colon. Importantly, this 

effect was abrogated following the addition of IL-17-neutralising antiserum to cultures. 

Moreover, IL-17 increased the morphological complexity of SMG neurites in vitro while 

none of the other inflammatory cytokines known to be elevated during IBD had a similar 

effect. These findings suggest a novel role for IL-17 as a mediator of sympathetic 

neuroanatomical plasticity during colonic inflammation. Whether this contributes to the 

functional deficits and chronic inflammatory response that occurs in the GI tract during 

IBD remains to be determined.  
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Chapter 1 

Introduction 
 

The GI tract contains a diverse population of neurons, myocytes, enterocytes, 

endocrine and immune cells that function simultaneously in food digestion, nutrient 

absorption and protective immunity. Regulation of these GI functions depends on the 

coordinated actions of intrinsic and extrinsic neural networks. Intrinsic innervation arises 

from the enteric nervous system (ENS) which is comprised of sensory, inter and motor 

neurons that lie entirely within the intestinal wall. Primary afferent neurons with cell 

bodies in vagal and spinal ganglia, and efferent parasympathetic and sympathetic neurons 

provide extrinsic innervation to the GI tract. Interactions between intrinsic and extrinsic 

neural circuitries and the mucosal immune system contribute to the overall state of the 

intestines. However, disruption to this delicate intercellular network can occur during 

IBD and may contribute to symptom generation during the course of disease. This thesis 

focused on the effects of colonic inflammation on the structural phenotype of neurons 

from the sympathetic nervous system (SNS), as remodelling of extrinsic sympathetic 

circuitry might impair intestinal homeostasis, which may have relevance to the 

pathogenesis of chronic GI diseases.   

1.1  Sympathetic Neuroanatomy and Neurophysiology in the Gut 

The SNS is comprised of preganglionic neurons whose cell bodies lie in the 

intermediolateral cell column of the thoracolumbar spinal cord and project cholinergic 

axons to postganglionic neurons residing in paravertebral and prevertebral ganglia and 
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chromaffin cells in the adrenal medullae (Janig and McLachlan 1987, Janig 1988). The 

majority of postganglionic sympathetic neurons that innervate the GI tract have cell 

bodies in the large prevertebral ganglia of the abdomen, which include the celiac, 

superior mesenteric and inferior mesenteric ganglia (Szurszewski 1981, Miolan and Niel 

1996). These ganglia are centres of convergence for a number of central and peripheral 

inputs, including neighbouring postganglionic sympathetic neurons, axon collaterals from 

spinal afferent neurons, and a special subset of enteric neurons called intestinofugal (IF) 

neurons (Szurszewski 1981, Miolan and Niel 1996). The major neurotransmitter released 

from sympathetic postganglionic nerve terminals is noradrenaline (NA) which binds 

adrenergic receptors (Peart 1949, Brown et al. 1958, Furness and Costa 1974), though 

ATP and neuropeptide Y (NPY) can also participate in sympathetic neurotransmission 

(Evans and Surprenant 1992, Straub et al. 2000, 2006, Lomax et al. 2010). Adrenergic 

receptors are G-protein coupled receptors that are differentiated into two main classes, α 

and β, each of which can be further categorized into several subtypes based on 

biochemical and molecular criteria (Bylund et al. 1994). Both adrenergic receptor classes 

are widely expressed by effector tissues within the GI tract (Nasser et al. 2006, Cellek et 

al. 2007, Vasina et al. 2008, Zhang et al. 2009, 2010).  

  Postganglionic sympathetic axons ramify within the serosal surface of the 

intestine and innervate several GI targets (Figure 1) including the mesenteric and 

submucosal vascular beds, enteric ganglia, the mucosa, and importantly the gut 

associated lymphoid tissues [GALT; includes mesenteric lymph nodes (MLN), Peyer’s  
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Figure 1. Distribution of postganglionic sympathetic axons within the gut. The majority of 

sympathetic neurons innervating the intestines have cell bodies residing in the abdominal 

prevertebral sympathetic ganglia. From here, there is a dense innervation of enteric neurons within 

the myenteric and submucosal plexuses by motility- and secretion-inhibiting neurons, 

respectively. Fewer axons innervate the lamina propria, Peyer’s patches and non-sphincter smooth 

muscle regions. Receptors for sympathetic neurotransmitters are expressed throughout the 

intestinal vasculature, enteric ganglia and immune cells within the Peyer’s patches and mucosa. 

Modified from Lomax et al. 2010. 
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patches, appendix, and lamina propria] (Felten et al. 1985, Felten and Felten 1988, 

Kulkarni-Narla et al. 1999, Elenkov et al. 2000, Straub et al. 2006). ATP and NA 

released from perivascular sympathetic varicosities results in vasoconstriction of GI 

arterioles (Von Kugelgen and Starke 1991, Evans and Surprenant 1992, Lomax et al. 

2007), which is important in regulating blood flow to the mucosa (Vanner and Surprenant 

1996, Vanner and Macnaughton 2004). Activation of α2-adrenergic receptors on neurons 

within the myenteric plexus inhibits intestinal motility via pre- and postjunctional 

signalling mechanisms (Hirst and McKirdy 1974, Surprenant and North 1985, Galligan 

and North 1991, Scheibner et al. 2002). Furthermore, signalling to α2-adrenergic 

receptors on submucosal neurons reduces mucosal electrolyte secretion (North and 

Surprenant 1985, Lam et al. 2003). Extrinsic sympathetic outflow to the gut therefore 

provides control over a number of key activities, including motility, fluid exchange and 

intestinal blood flow. 

1.2 Sympathetic Regulation of Immunity 

 In addition to the traditional roles of the SNS in regulating intestinal physiology, 

sympathetic neurotransmitters modulate the effector activities of immune cells residing in 

lymphoid organs such as the GALT and spleen. Evidence for sympathetic involvement in 

intestinal neuroimmune interactions originated from studies reporting a link between 

stress and clinical expression of GI inflammation (Brown 1963, Kirkwood et al. 1983 and 

Robertson et al. 1989). More recent evidence however has emerged from work 

examining the effects of sympathectomy on disease progression in rodent models of 
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colitis, as well as studies of the influence of selective adrenergic agonists and antagonists 

on the inflammatory response during colitis, as discussed below.   

1.2.1 Modulation of the Intestinal Immune Response 

 Animal models of intestinal inflammation have rapidly advanced our 

understanding of mechanisms contributing to chronic GI diseases. Enemas of hapten 

molecules such as trinitrobenzene sulfonic acid (TNBS) and dinitrobenzene sulfonic acid 

(DNBS) promote a TH1 cell-mediated inflammatory response in rodents that gives rise to 

transmural inflammation with diarrhea, weight loss and thickening of the bowel wall 

(Elson et al. 1995, Neurath et al. 2000, Wirtz and Neurath 2000, Wirtz et al. 2007). 

Another widely-used inducible model of colitis involves feeding rodents dextran sulphate 

sodium (DSS) in their drinking water, followed by a period where normal drinking water 

is given. DSS is thought to exert cytotoxic effects on the intestinal epithelium, effectively 

compromising mucosal barrier function (Okayasu et al. 1990, Elson et al. 1995 and Wirtz 

and Neurath 2000). Resultant exposure of luminal antigens to the underlying gut immune 

compartments precipitates an inflammatory response that involves recruitment and 

activation of macrophages and T lymphocytes, resulting in the elaboration of TH1 and 

TH2 cytokines (Dieleman et al. 1998). Acutely-administered DSS induces a response that 

is primarily dominated by activated macrophages which signal through the innate arm of 

the immune system. Acute DSS colitis in mice manifests as mucosal ulceration, 

shortening of the colon and weight loss (Elson et al. 1995, Mahler et al. 1998). Activated 

macrophages engage the adaptive immune response during chronic disease, which can be 
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induced by administering DSS for several cycles and may be more relevant for studies of 

human IBD than acute DSS models (Wirtz and Neurath 2000, Wirtz et al. 2007). 

The immunomodulatory properties conferred by SNS signalling during GI 

inflammation vary depending upon the model of colitis. For example, chemical ablation 

of sympathetic nerves through 6-hydroxydopamine (6-OHDA) treatment in the TNBS 

model attenuated colitis, as demonstrated by improved histology and reduced 

macroscopic damage scores (McCafferty et al. 1997). Similarly, chemical 

sympathectomy ameliorated disease progression in mice induced with acute DSS colitis 

(Straub et al. 2008). These results coincide with later findings from studies of 

sympathetic denervated rats which demonstrate a reduced mucosal immune response 

following loss of sympathetic innervation (Gonzalez-Ariki and Husband 1998). In 

contrast, 6-OHDA treatment increased disease severity in mice subjected to chronic DSS 

colitis as well as transgenic mice that develop chronic colitis due to a genetic deficiency 

in IL-10 (Straub et al. 2008), suggesting a time-dependent effect of the sympathetic 

modulation of GI inflammation.  

 Using both the DSS and TNBS models, it was recently found that 

pharmacological blockade of α2-adrenergic receptors inhibited proinflammatory cytokine 

release and improved histological appearance of the bowel wall in animals with colitis, 

whereas stimulation with α2-receptor-selective agonists had the opposite effect (Bai et al. 

2009). In contrast, the β3-adrenergic agonist dramatically attenuated disease outcome in 

DNBS-treated rats (Vasina et al. 2008). Agonists of the same receptor were also 
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gastroprotective against the development of experimental gastric ulcers (Kuratani et al. 

1994, Sevak et al. 2002). However, β3-adrenergic receptor activation inhibits cholinergic-

mediated contractions of the colon (Celleck et al. 2007) and improves intramural blood 

flow (Kuratani et al. 1994) which might promote mucosal healing. These indirect 

neuronal and vasodilator effects may in part mediate the protection conferred by β3-

adrenergic receptor signalling (Vasina et al. 2008). Activation of β3-adrenergic receptors 

by NA does however directly influence colonic cytokine release, leading to decreased 

secretion of the proinflammatory cytokine IL-6 from the colons of normal mice (Straub et 

al. 2005), which coincides with general views that β-adrenergic receptors suppress the 

immune response and are anti-inflammatory (Lomax 2008, Ursino et al. 2009).     

 Findings in the literature regarding the direction of sympathetic influence on GI 

inflammation are discordant, which likely reflects differences in experimental models 

used, time points at which sympathetic effects were examined following induction of 

colitis, and rodent strain susceptibility to experimental inflammation (Mahler et al. 1998, 

Elenkov et al. 2000 and Lomax et al. 2010). Nevertheless, these studies provide clear 

evidence for a role of the SNS in regulating the intestinal immune response. 

Consequently, inflammatory diseases which disrupt sympathetic nerve function may be 

important not only for gut behaviour, but also endogenous immunomodulatory pathways.  

1.2.2 Distribution of Sympathetic Axons in Immune Tissue 

Postganglionic sympathetic axons project to every primary (thymus and bone 

marrow) and secondary (spleen and lymph nodes) lymphoid organ in the body, where 
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they are found in close proximity to parenchymal immune cells (Williams and Felten 

1981, Bulloch and Pomerantz 1984, Felten et al. 1987, Nance and Burns 1989, Romeo et 

al. 1994). For example, histofluorescence studies conducted on the spleen revealed the 

presence of noradrenergic fibres, mainly originating from SMG, in vascular and 

trabecular plexuses (Williams and Felten 1981, Felten et al. 1985, 1987). Sympathetic 

axons radiate from these plexuses into areas of T lymphocyte accumulation termed the 

lymphatic sheath. Macrophages and B lymphocytes closely appose these T lymphocyte-

rich regions and thus also receive NA innervation (Felten et al. 1987). Similarly, 

noradrenergic fibres terminate in the colonic lamina propria among fields of lymphoid 

cells that are not associated with blood vessels (Felten et al. 1984, 1985, Romano et al. 

1994). The greatest innervation density is found in areas of T lymphocyte aggregation. 

This same innervation pattern has also been observed in Peyer’s patches (Felten et al. 

1985, Kulkarni-Narla et al. 1999), another important component of the GALT comprised 

of aggregates of lymphoid nodules in the intestines (Nagler-Anderson 2001, Koboziev et 

al. 2010).  

Ultrastructural studies of sympathetic fibres in lymphoid tissue revealed that 

sympathetic terminals do not make traditional synaptic contacts with immune cells 

(Williams and Felten 1981, Felten et al. 1987, Felten and Felten 1988, Vizi and Elenkov 

2002). Instead, postganglionic noradrenergic neurons terminate in a network of en 

passant connections and show a release profile that is a cross between specific synaptic 

transmission and non-specific endocrine release (Vizi et al. 1995, Vizi and Elenkov 
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2002). The result is a non-synaptic release profile whereby sympathetic transmitters 

diffuse upwards of 1 µm before interacting with receptors (Ross 1971, Vizi et al. 1992, 

1995, Vizi and Elenkov 2002). Besides non-synaptic release of NA from sympathetic 

varicosities, circulating catecholamines (NA, adrenaline and dopamine) secreted by 

adrenal chromaffin cells (ACCs) might also influence immune responsiveness (Severn et 

al. 1992, Van der Poll et al. 1996, 1997). In this way, adrenergic receptors expressed by 

immune cells in lymphoid tissue serve as targets of remote sympathetic control (Vizi et 

al. 1995, Elenkov et al. 2000).   

1.2.3 Diffuse Neural Regulation of Innate and Adaptive Immunity 

  The presence of noradrenergic varicosities within lymphoid tissues represents the 

anatomical substrate for sympathetic modulation of immunity. The immune response is 

mediated by a suite of antigen presenting cells (APCs), including macrophages and 

dendritic cells that are important cellular components of innate immunity, as well as 

helper T lymphocyte subsets which participate in the adaptive immune response (De 

Carli et al. 1994, Elenkov et al. 2000, Sternberg 2006, Iwasaki and Medzhitov 2010). 

Cells involved in both innate and adaptive immunity bear functional β-adrenergic 

receptors, specifically the β2 subtype, though some cells, primarily monocytes and 

macrophages, also express α-adrenergic receptors (Miles et al. 1984, Abrass et al. 1985, 

Splengler et al. 1990, Sanders et al. 1997).   

NA can inhibit production and secretion of tumour necrosis factor-alpha (TNFα) 

and IL-1β from macrophages harvested from the spleen and lymph nodes via β-
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adrenergic signalling cascades (Ignatowski et al. 1996). These macrophage-dependent 

products serve as both effector molecules, by killing damaged cells for example, and 

signal molecules, as they set the stage for engagement of the adaptive immune response 

(Wahl et al. 1975, Larsson et al. 1980 and DeFreitas et al. 1983). The 

immunosuppressive effect of the SNS on inflammatory cytokine release from 

macrophages has been confirmed by sympathetic denervation studies (Brown et al. 1991) 

and in vivo studies measuring splenic cytokine production following exposure to stress 

(Meltzer et al. 2004). While dampening proinflammatory cytokine production, β-

adrenergic signalling also potentiates the release of anti-inflammatory cytokines by APCs 

(van der Poll et al. 1996). However the effects of sympathetic neurotransmitters can 

differ depending on the adrenergic receptor subtype present on immune cells. NA 

signalling through α-adrenergic receptors promotes TNFα release from macrophages (Bai 

et al. 2009). Additionally, activated immune cells can alter their expression of adrenergic 

receptors, indicating plasticity of the immunomodulatory effects of the SNS during 

immune challenge (Maritinolle et al. 1993).     

TH1 immune responses, which are defined on the basis of interferon-gamma 

(IFNγ), TNFα and IL-2 production, are generally inhibited following β-adrenergic 

activation (Panina-Bordignon et al. 1997, Kin and Sanders 2006), while NA fails to exert 

a direct effect on TH2 responsiveness (Sanders et al. 2007). Lack of β2-adrenergic 

receptor expression by TH2 cells may provide the basis for the differential effects of SNS 

activity on TH1/ TH2 functions (Sanders et al. 1997). However, through suppression of 
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TH1 immune signalling, NA relieves inhibition of TH2 cells and thus indirectly stimulates 

aspects of the TH2 immune response (Panina-Bordignon et al. 1997, Elenkov et al. 2000 

and Kin and Sanders 2006). Recent findings also highlight the potential for an impact of 

adrenergic receptor stimulation on effector functions of the novel TH17 lineage. β-

adrenergic receptor activation was found to promote a TH17 polarizing phenotype by 

inducing production of the TH17 differentiating cytokine, IL-23, by APCs (Liu et al. 

2009, Kim and Jones 2010). Additionally, systemic sympathectomy ameliorated disease 

progression in mice with collagen-induced arthritis by down-regulating IL-17 release 

from CD4
+
 T cells (Harle et al. 2008). However, it remains to be seen whether NA is 

capable of stimulating IL-17 by direct actions on T lymphocytes or indirectly by inducing 

the release of cytokines that drive TH17 differentiation. 

 In addition to catecholamines, sufficient evidence points to a role for the 

sympathetic co-transmitters, NPY and ATP, in the modulation of immunological 

parameters. NPY influences both innate and adaptive immunity by actions on NPY 

receptors, namely the Y1 and Y5 subtypes, on monocytes/macrophages and lymphocytes 

(Petito et al. 1994, Bedoui et al. 2002 and Dimitrijevic et al. 2002). In general, NPY 

signalling exerts anti-inflammatory effects through the inhibition of proinflammatory 

cytokine release and activity of cellular mediators of the innate immune response (Irwin 

et al. 1991, Nair et al. 1993, Straub et al. 2000, Bedoui et al. 2003, 2008). NPY also 

promotes TH2 cell responsiveness, similarly to catecholamines, by suppressing TH1 

cytokine release and simultaneously potentiating the release of TH2 differentiating 
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cytokines. Furthermore, NPY can modulate the immunological properties of 

catecholamines released in lymphoid tissues. Co-administration of NPY and NA, for 

example, mitigated IL-6 release from splenic macrophages to a markedly greater extent 

than either transmitter administered alone (Straub et al. 2000). Similarly, ATP co-

released with sympathetic catecholamines can potently influence the inflammatory 

response depending on the receptor subtype activated. Signalling to P2Y purinergic 

receptors elicits the secretion of IL-10, a well-known suppressor of proinflammatory 

immune cell function, from macrophages (Bours et al. 2006, Kolachala et al. 2008). 

Conversely, stimulation of P2X receptors on leukocytes exacerbates the inflammatory 

reaction by favouring the production of proinflammatory cytokines (Bours et al. 2006, 

Kolachala et al. 2008) and inducing the inflammasome (Mariathasan et al. 2006, Qu et al. 

2007). Taken together, these findings support a pivotal role for the sympathetic 

catecholamines and co-transmitters in neuroimmune interactions, and highlight the 

relevance of sympathetic signalling to chronic immune-mediated diseases.  

1.3 Altered Neural Behaviour During Inflammatory Disease of the Gut 

Crohn’s disease and ulcerative colitis represent the two most prevalent forms of 

idiopathic IBD and are characterized by chronic, remitting and relapsing inflammation of 

the gastrointestinal tract (Podolsky 2002, Xavier and Podolsky 2007). At present, the 

etiology of IBD remains to be fully elucidated, though a widely-held hypothesis is that 

constituents of the gut flora promote an overzealous immune response in genetically-

predisposed individuals that gives rise to intense intestinal tissue damage (Xavier and 
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Podolsky 2007). Gastrointestinal inflammation impacts severely on neural function which 

likely contributes to symptom generation in IBD patients. Striking morphological and 

functional changes in the ENS for example have been described in animal models of GI 

inflammation (Geboes and Collins 1998, Lomax et al. 2005, 2006, Lackhan and 

Kirchgessner 2010). Loss of enteric neurons is a consistent histological feature of 

experimental colitis. In addition, modifications in the neurochemical coding of enteric 

nerves and intrinsic properties of enteric neurons that affect their excitability and 

neurotransmission have been reported. Mediators of the inflammatory response in the GI 

tract can also alter ionic conductances in colonic nociceptive dorsal root ganglion (DRG) 

neurons, leading to increased neuronal excitability (Moore et al. 2002, Beyak et al. 2004, 

Hughes et al. 2009, Ibeakanma et al. 2009). Neurophysiological changes in enteric and 

nociceptive DRG neurons persist even in the absence of active disease (Krauter et al. 

2007, Lomax et al. 2007, Hughes et al. 2009, Ibeakanma et al. 2009) suggesting that 

neural mechanisms may underlie persistent dysfunction following resolution of 

inflammation.     

1.3.1 Effects of Inflammation on Sympathetic Neurons 

Clinical manifestations of IBD include abdominal cramping, diarrhea and rectal 

bleeding (Fiocchi 1998, Podolsky 2002), which reflects inflammation-induced changes in 

GI function, namely altered motility and secretion (Martinolle et al. 1993, Zhao et al. 

2001 and Blandizzi et al. 2003). Moreover, microvascular dysfunction has been 

repeatedly described in inflamed regions of the IBD intestine (Brahme and Lindstrom 
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1970, Wakefield et al. 1989, Bolondi et al. 1992, Maconi et al. 1996). Altered mucosal 

blood flow can disrupt mucosal barrier function, and may perpetuate GI inflammation 

(Foitzik et al. 1999, Thornton and Solomon 2002 and Hatoum and Binion 2005). In view 

of the role of the SNS in modulating motility, secretion and blood flow within the GI 

tract, it seems likely that sympathetic behaviour is also compromised during IBD and 

may contribute to the functional deficits. 

 

1) Neurophysiological Evidence 

Patients with active ulcerative colitis demonstrate an increase in sympathetic activity 

(Lechin et al. 1985, Parati et al. 2006 and Ganguli et al. 2007) which can be normalized 

by treatment with clonidine, an α2-adrenergic agonist that leads to reduction of NA 

release (Parati et al. 2006). Patients with IBD in clinical remission also present with 

markedly increased indices of sympathetic activity (Sharma et al. 2009), suggesting that 

the effects of GI inflammation on sympathetic nerve dysfunction persist even in the 

absence of active disease, which may have a bearing on disease recurrence. Despite 

overactivity of the SNS during IBD, NA levels in both the inflamed and uninflamed 

colonic mucosa are lower in Crohn’s disease patients than controls (Magro et al. 2002). 

Decreased levels of circulating NA have also been reported in ulcerative colitis patients 

(Parati et al. 2006). Previous work from our laboratory (Motagally et al. 2009a) and 

others (Swain et al. 1991, Jacobson et al. 1995, 1997) has shown that NA release is 

reduced during experimental colitis both in inflamed and uninflamed regions of the gut, 
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further corroborating the findings of clinical studies. Inhibition of N-type voltage-gated 

Ca
2+ 

current (VGCC) in SMG neurons is responsible for the reduced transmitter release 

observed during experimental colitis (Motagally et al. 2009a). Moreover, overnight 

incubation of SMG neurons in TNFα, a proinflammatory cytokine central to IBD 

pathogenesis (Konstantinos and Targan 2000), recapitulates the effects of colitis on 

VGCC, suggesting that cytokines may mediate alterations in sympathetic function during 

inflammation (Motagally et al. 2009b). Several other proinflammatory cytokines shown 

to be up-regulated during IBD have been found to experimentally alter gastrointestinal 

NA release, providing further evidence for an important functional effect of the 

inflammatory milieu on sympathetic nerve activity (Hurst and Collins 1993, 1994; Ruhl 

and Collins 1997).     

 

2) Neuroanatomical Evidence  

Structural effects of colonic inflammation on sympathetic innervation of the gut have 

also been reported, though a lack of consensus exists among these findings. Studies of 

mice with chronic DSS colitis reported a loss of sympathetic fibres in the serosal layer of 

the colon (Straub et al. 2005). Reduced sympathetic immunoreactivity was also reported 

in all layers of surgically resected colon biopsied from Crohn’s disease patients (Dvorak 

and Silen 1984, Straub et al. 2007). This is in marked contrast to the enhanced 

sympathetic nerve network demonstrated in rectal mucosal biopsy specimens from 

ulcerative colitis patients (Kyosola et al. 1976) and colonic lamina propria from acute 
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DSS and TNBS-treated mice (Bai et al. 2009). A more than two-fold increase in 

catecholamine-containing sympathetic axons innervating the circular smooth muscle 

layer of the colon was also found during the late stages of TNBS-colitis (Lourenssen et 

al. 2005). Furthermore, an increase in the density of sympathetic innervation of 

mesenteric blood vessels has been described in patients with Crohn’s disease and 

ulcerative colitis (Birch et al. 2008). Given the roles of the SNS in modulating 

gastrointestinal physiology and immune function, it is important to resolve these 

discordant findings of sympathetic innervation density in the GI tract during intestinal 

inflammation.   

1.4 Interleukin-17A Involvement in Chronic Inflammatory Disease 

1.4.1 A shift in the TH1/TH2 Paradigm: Emergence of the TH17 Lineage 

A common effector mechanism through which chronic immune-mediated diseases 

arise involves activation of lymphocytes and elaboration of inflammatory cytokines 

(Cominelli 2004). Antigenic stimulation initiates a series of developmental pathways in 

CD4
+
 T cells which subsequently differentiate into the corresponding types of T-helper 

(TH) subsets, each with unique properties and effector functions (Mosmann et al. 1986, 

Mosmann and Coffman 1989). Through the expression of distinct cytokine profiles, TH 

cells amplify and engage the appropriate inflammatory response in cellular mediators of 

the innate immune system (Littman and Rudensky 2010). Traditionally, effector CD4
+
 T 

cells belonged to either the TH1 or TH2 lineage depending on their pattern of cytokine 

production and effector activities (Bottomly 1988). Cells from the TH1 subset promote 
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cell-mediated immunity to eradicate intracellular pathogens (Mosmann et al. 1986, 

Bottomly 1988 and Mosmann and Coffman 1989). IL-12 is required for differentiation of 

TH1 cells through signal transducer and activator of transcription (STAT) 1, the 

transcription factor T-bet and STAT4. TH2-cell differentiation in contrast is prompted by 

IL-4 which signals through STAT6 and GATA-3 to induce mature TH2 effector cells that 

secrete IL-4, IL-5 and IL-13. Mediators of the TH2 response are associated with enhanced 

mast cell, eosinophil and IgE production, which are crucial to the control of parasitic 

infection. Both lineages have been implicated in the immunopathogenesis of 

inflammatory disease in the setting of unrestrained and dysregulated activation, with TH1 

cells associated with chronic autoimmune disorders and TH2 cells linked to allergy 

(Romagnani 1996). In keeping with this functional dichotomy, Crohn’s disease, multiple 

sclerosis, psoriasis, and rheumatoid arthritis have been regarded as prototypical TH1 

diseases whereas ulcerative colitis and allergic asthma constitute representative TH2 

diseases (De Carli et al. 1994, Singh et al. 1999, Kidd 2003). However, the discovery of a 

third TH lineage, TH17, has called into question this classic TH1/TH2 paradigm as TH17 

signature cytokines, namely the IL-17 family members, have been demonstrated to play a 

role in the pathogenesis of both autoimmune and allergic disorders (Harrington et al. 

2005, Langrish et al. 2005, Korn et al. 2007, Chen and O’Shea 2008, Hirota et al. 2010).   

TH17 cells are unique among the traditional helper T-cell subsets in both the 

cytokines that induce differentiation from their naive state and the cytokines they produce 

(Harrington et al. 2006, Brand 2009). TH17 cells differentiate from naive CD4
+
 cells 
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following antigenic stimulation in the presence of IL-6 and TGF-β (Bettelli et al. 2006, 

Alber and Kamradt 2007). IL-23 signalling to constitutively-expressed IL-23 receptors on 

the surface of CD4
+
 cells after activation is required for both development and 

maintenance of the differentiated TH17 phenotype (Aggarwal et al. 2003, McGeachy and 

Cua 2008). STAT3 activation downstream of cytokine receptors mediates TH17 

commitment via activation of the retinoid orphan receptor, RORγt, the major 

transcriptional regulator of TH17 differentiation (McGeachy and Cua 2008). Mature TH17 

cells in turn produce a number of effector cytokines including TNFα, IL-21, IL-22, and 

most notably, members of the IL-17 cytokine family, IL-17A, B, C, D, E, and F (Korn et 

al. 2007).  

1.4.2 Functional Profile of IL-17    

 In general, functional analyses of IL-17(A), the canonical member of the IL-17 

family, have identified predominately proinflammatory activities of the cytokine, perhaps 

the most prominent being induction of neutrophil recruitment and activation (Hurst et al. 

2002, Bettelli et al. 2007, Korn et al. 2007, Basso et al. 2009). Additionally, IL-17 is 

responsible for the synthesis of anti-microbial peptides by epithelial cells (Liang et al. 

2006, Rahman et al. 2011), further highlighting a role for this cytokine in bridging the 

interface between innate and adaptive immunity. IL-17 has also been found to stimulate 

the release of a plethora of inflammatory mediators including cytokines, chemokines and 

tissue-degrading matrix metalloproteinases from parenchymal and monocytic cells 

(Fossiez et al. 1996, Teunissen et al. 1998). As well, there is sufficient evidence to 
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suggest that IL-17 can modulate T and B cell effector activities (Ouyang et al. 2008). 

Taken together, these functions indicate a role for IL-17 in host protective defences 

against extracellular pathogens. However, inappropriate IL-17 release has been 

implicated in the induction of chronic inflammatory disease (Antonysamy et al. 1999, 

Nakae et al. 2003, Langrish et al. 2005, Pene et al. 2008, Kanai et al. 2009).   

 Discovery of the new TH17 lineage helped to reconcile anomalies associated with 

the classic TH1/TH2 paradigm. In two different models of autoimmune disease, 

experimental autoimmune encephalitis (Cua et al. 2003) and collagen-induced arthritis 

(Nakae et al. 2003), animals lacking components of the TH1 differentiation program were 

rendered not only more susceptible to disease, but also developed an increased severity of 

the disease. Targeted deletion of IL-23, the cytokine driving TH17 differentiation, 

identified IL-23 as the primary immunologic mediator of autoimmunity, at least in animal 

models (Yen et al. 2006). Recently, findings from genome wide association studies have 

demonstrated a correlation between genetic polymorphisms in the IL-23 receptor gene 

and the prevalence of autoimmune disease, pointing to a role for the IL-23 signalling axis 

in human disease, as well (Kikly et al. 2006, Abraham and Cho 2009). 

1.4.3 A Novel Player in IBD Pathogenesis 

 Several studies conducted in human IBD and using various animal models of 

colonic inflammation have identified IL-17 as central to colitis pathogenesis. Extensive 

genome wide association studies of cohorts of IBD patients and healthy controls revealed 

that several polymorphisms in the gene encoding the IL-23 receptor (IL-23R) were linked 
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to both Crohn’s disease and ulcerative colitis (Duerr et al, 2006, Dubinsky et al. 2007). 

The most significant association was observed for an uncommon coding variant of IL-

23R that protected against the development of Crohn’s disease. Noncoding IL-23R 

variants resulting in loss-of-function phenotypes would suppress differentiation of 

pathogenic TH17 cells during inflammation, which may explain the protection conferred 

by this rare allele. In addition, IL-17-producing cells are enriched in the inflamed gut of 

Crohn’s disease and ulcerative colitis patients as compared to the normal colonic mucosa 

(Fujino et al. 2003, Nielsen et al. 2003, Annunziato et al. 2007, Seiderer et al. 2008). In 

active Crohn’s disease, cells expressing IL-17 were scattered throughout the mucosa and 

submucosa while these cells were largely restricted to the lamina propria of patients with 

active ulcerative colitis. In keeping with these findings, organ culture biopsies of 

inflamed IBD mucosa produced dramatically increased levels of IL-17 relative to 

uninflamed control mucosa (Rovedatti et al. 2009).  

 Through analysis of experimental animal model data, the key role of IL-17 in the 

control of clinical IBD has been extended to murine colitis, as well. IL-17 is necessary 

for the expression of acute gut inflammation induced by TNBS administration, as 

demonstrated by studies using IL-17 receptor knock-out mice (Zhang et al. 2006). In 

wild-type mice, inhibition of IL-17 signalling by delivery of an IL-17 receptor fusion 

protein greatly attenuated TNBS-colitis severity. Mice deficient in the IL-17 gene 

developed a significantly milder form of DSS-induced acute colitis compared to wild-

type mice (Ito et al. 2008). Similarly, mice lacking IL-23 failed to develop spontaneous 
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colitis induced by genetic deficiency in the anti-inflammatory cytokine IL-10 (Yen et al. 

2006). 

Given the involvement of IL-17 in the pathogenesis of gastrointestinal 

inflammation, the IL-23 signalling pathway has emerged as a promising therapeutic 

target for the treatment of IBD. Indeed, a monoclonal antibody that blocks both IL-23 and 

IL-12 proinflammatory activities produced a clinical response and remission in patients 

with Crohn’s disease (Mannon et al. 2004). However, IL-23 function is crucial to the 

control of mycobacterial invasion and intestinal infection; consequently, risks of 

infectious complications warrant further consideration.  

The exact mechanisms by which IL-17 contributes to gut pathology and 

homeostasis are not entirely understood. Under physiological conditions, IL-17 may 

promote epithelial barrier function, as it has been shown to both enhance tight junction 

protein expression and facilitate tight junction formation between epithelial cells in vitro 

(Kinugasa et al. 2000). In the setting of chronic intestinal inflammation however elevated 

levels of IL-17 likely amplify effector pathways that ultimately lead to the damage of GI 

tissues. Whether IL-17 contributes to dysregulated neural signalling in IBD is presently 

unknown yet promises further insight into the pathogenic role of this cytokine in shaping 

the expression of chronic intestinal disease.  

1.4.4 IL-17 Signalling in the Nervous System 

Despite ubiquitous expression of the IL-17 receptor by nervous tissue (Yao et al. 

1997), little is known about the direct effects of IL-17 on neuronal function and/or 
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structure. IL-17 has been implicated in the development of hyperalgesia in models of 

peripheral nerve injury and antigen-induced arthritis (Pinto et al. 2009, Kim and Taylor 

2011). However, whether this is due to direct receptor-mediated actions on afferent pain 

fibres or indirect effects involving release of algesic mediators that themselves act on 

nociceptors is not understood (Sommer and Kress 2004). As well, in a model of 

autoimmune inflammation involving the peripheral nervous system, IL-17-producing 

CD4
+
 T cells were found to mediate axonal degeneration (Brunn et al. 2008). This is in 

contrast to a recent study which demonstrated reduced nerve regeneration following 

systemic treatment with an IL-17 function-blocking antibody in experimental corneal 

nerve injury (Li et al. 2011).  

Recent work from our own lab has revealed stimulatory effects of IL-17 on 

neurite outgrowth from adult prevertebral sympathetic neurons from the superior 

mesenteric ganglion in vitro (Chisholm and Lomax, unpublished observations). These 

effects depend on inhibition of intracellular Ca
2+

 dynamics and nuclear factor (Nf)- κB 

signalling. The physiological contribution of these effects to structural remodelling of 

gut-projecting sympathetic axons during GI inflammatory disease remains to be 

investigated. Given the involvement of IL-17 in the development of both human IBD and 

murine colitis, as well as the precedent for sympathetic nervous dysfunction during 

colonic inflammation, it seems likely that IL-17 contributes to aberrant sympathetic 

signalling in colitis by mediating neuroanatomical changes in postganglionic sympathetic 

axons. Consequently, we hypothesized that sympathetic innervation of the inflamed 
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colon would be increased during experimental colitis as a direct result of 

neurotrophic actions of IL-17 on sympathetic axons within the gut. 

1.5 Neurotrophic Effects of the Inflammatory Response 

1.5.1 Axon Sprouting during Inflammatory Disease  

Several studies systematically examining the effects of inflammation on axonal 

remodelling have identified a neuroattractive component of the inflammatory 

microenvironment. Alterations in the neuroanatomy of enteric plexuses, as well as enteric 

nerve trunk hypertrophy have been demonstrated in the mucosa, submucosa and 

myenteric plexus of colons from Crohn’s disease patients (Vasina et al. 2006). Changes 

in the structural phenotype of ganglionated enteric plexuses correlated with the extent of 

inflammatory cell infiltrate (Vasina et al. 2006). Neuroproliferation in the appendix of 

patients clinically diagnosed with appendicitis has also been reported (Di Sebastiano et 

al.1999). Wayward fibres associated with increased substance P and vasoactive intestinal 

peptide content were proximal to regions rich in lymphoid cells. These structural changes 

were found in the absence of acute inflammation, suggesting that up-regulated neural 

immunomodulation is a possible mechanism for non-acute inflammation.  

Inflammatory states have also been found to increase sympathetic axon density in 

the afflicted tissue during lung inflammation (Graham et al. 2001) and interstitial cystitis 

(Peeker et al. 2000), and following myocardial infarction (Chen et al. 2001, Hasan et al. 

2006). Injury to the myocardium results in hyperproliferation of cardiac sympathetic 

nerves, which is associated with abnormal patterns of myocardial innervation that may 
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contribute to increased susceptibility of arrhythmia (Chen et al. 2001). Intriguingly, in a 

model of chronic arthritis involving subcutaneous injection of complete Freund’s 

adjuvant, sympathetic fibres were found to sprout into regions of the upper dermis that 

are normally devoid of sympathetic innervation (Almarestani et al. 2008). These novel 

adrenergic varicosities were not associated with blood vessels in the new territory; 

instead, they were intertwined with peptidergic nociceptive fibres, which were also 

determined to be at an increased density in the inflamed skin. This dual sympathetic-

sensory nerve fibre plasticity may play a role in the hyperalgesia experienced by these 

animals (Ruocco et al. 2000, Grelik et al. 2005), suggesting that enhanced sympathetic 

nerve density following peripheral inflammation may be a maladaptive side effect of the 

inflammatory response. Studies on animal models of neuropathic pain have also 

demonstrated sprouting of sympathetic fibres in the DRG, where they appear to form 

synaptic varicosities near DRG soma (Chung et al. 1993, McLachlan et al. 1993, Chung 

et al. 1997, Ramer and Bisby 1997). These newly formed synapses are functionally 

active, as invasion of the DRG by postganglionic varicosities is temporally linked to 

thermal and mechanical hypersensitivity, while sympathectomy offers relief from these 

painful symptoms. Recently, findings of robust catecholaminergic sprouting in the DRG 

following nerve injury have been extended to colonic inflammation (Xia et al. 2011). 

Sympathetic innervation of colonic primary afferent neurons in thoracolumbar DRG was 

enhanced during both early and late stages of TNBS-colitis, which may have relevance to 

colitis-induced visceral hypersensitivity.  
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Mechanisms underlying structural elaboration of sympathetic nerves during 

inflammation remain to be fully elucidated, though a role for the inflammatory cytokine 

network is emerging (Xie et al. 2006). Sympathetic nerve sprouting in the infarcted 

myocardium occurs in association with infiltrating immune cells which serve as local 

sources of inflammatory mediators (Hasan et al. 2006, Wernli et al. 2009). 

Sympathetically-maintained pain invoked by spinal nerve lesion was attenuated in mice 

genetically deficient in the proinflammatory cytokine, IL-6 (Ramer et al. 1998). There 

was also markedly reduced sympathetic sprouting in the DRGs of transgenic IL-6 -/- 

mice, highlighting the possibility of a pleiotropic role for cytokines in adrenergic 

remodelling in vivo.  

1.5.2 Cytokines: Immunologic Mediators of Neuroanatomical Plasticity 

  A conceptual theme emerging from cytokine signalling studies is that, in addition 

to their traditional roles as mediators of the inflammatory response, cytokines may be 

involved in the induction and regulation of neuroanatomical plasticity (Bauer et al. 2007). 

IL-10, a well-known anti-inflammatory cytokine, is directly neuroprotective in a model 

of spinal cord injury (Zhou et al. 2009). Likewise, the proinflammatory cytokines TNFα 

and IFNγ increased neurite outgrowth from dorsal root ganglion (DRG) neurons in 

culture (Golz et al. 2006). Explants of sympathetic paravertebral ganglia projected 

neurites preferentially towards inflamed lymphoid tissue in co-culture systems (Kannan 

et al. 1994, 1996). Neurite outgrowth was abrogated however following addition of 

neutralising antibodies to IL-1β, IL-3 and IL-6 (Kannan et al. 1996). Functional studies 
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using activated macrophages to promote regeneration from peripheral sensory nerves 

(Yin et al. 2003, Steinmetz et al. 2005, and Yin et al. 2006) further contribute to the 

possibility that cytokines can exert potent neurotrophic effects.  

The molecular events downstream of cytokine signalling that underlie 

neuroanatomical remodelling are not entirely understood. Members of the neuropoietic 

cytokine family (IL-6, IL-11, IL-27, leukemia inhibitory factor, ciliary neurotrophic 

factor, and cardiotrophin 1) which all signal through the gp130 receptor subunit, have 

identified a role for the JAK/STAT pathway in mediating increased intrinsic axon growth 

(Heinrich et al. 2003, Bauer et al. 2007, Sachs et al. 2010, Zorina et al. 2010). Genetic 

targets of activated STAT proteins are unknown, though growth associated protein 43 

and the neuropeptide galanin, which are both elevated in expression following nerve 

injury, serve as putative candidates (Van der Zee et al. 1989, Cafferty et al. 2004 and 

Habecker et al. 2009). In addition, structural parallels between inflammatory cytokines 

and canonical neurotrophins exist (Ip and Yancopoulos 1994, Hohlfeld et al. 2007), 

suggesting that these two classes of signalling molecules may have evolved a common 

effector pathway to stimulate axon growth. Nerve growth factor (NGF), the best 

characterized member of the neurotrophin family, exists in biologically active form as 

two monomers that join together to form a homodimer (Weissman and deVos 2001). A 

large cavity exists at the dimer interface corresponding to the location where NGF binds 

its receptor. Intriguingly, structural analysis of IL-17 revealed an analogous cavity in IL-

17 dimers (Hymowitz et al. 2001). Moreover, NGF and IL-17 monomers share similar 
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protein folds, as well as a highly-conserved cysteine knot motif, further suggesting 

similar receptor-ligand signalling activities between IL-17 and NGF.  

At present, the downstream series of events following cytokine signalling to 

neural tissue are unclear. Nevertheless, these studies provide clear evidence for a 

neurotrophic function of inflammatory cytokines and collectively suggest that cytokine-

induced remodelling of neuronal architecture observed in vitro may be of relevance to the 

changes in the pattern and density of target innervation during inflammatory disease in 

vivo. 

1.6 A Novel Role for IL-17 as a Mediator of Sympathetic Axon Remodelling during 

Peripheral Inflammation 

Alterations in sympathetic structure and function have been documented during 

chronic inflammatory diseases including IBD, and mounting evidence suggests a role for 

proinflammatory cytokines in mediating these changes. IL-17 is strongly implicated in 

the immunopathogenesis of IBD however nothing is known about the potential 

contribution of this cytokine to IBD-associated neuroanatomical plasticity.    

1.6.1 Hypotheses 

We hypothesized that 1) the microenvironment within the acutely and 

chronically-inflamed intestinal mucosa would attract outgrowth from sympathetic nerves 

within the gut, and that 2) IL-17 would serve as the primary mediator of this remodelling. 
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1.6.2 Objectives  

 We aimed to 1) characterise sympathetic neuroplasticity in the colon following 

acute and chronic intestinal inflammation, 2) investigate whether colitis supernatant 

could induce remodelling of gut-projecting SMG axons in vitro and 3) determine the 

overall contribution of IL-17 to any effects by inhibiting IL-17 function in the colitis 

milieu.   
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Chapter 2 

Methods 

2.1 Animal Use 

Studies were performed on adult (25-35 grams) male CD1 mice obtained from 

Charles River (Saint-Constant, QC, Canada). All experimental protocols were developed 

in accordance with the regulations and guidelines of the Canadian Council on Animal 

Care and approved by Queen’s University Animal Care Committee. Mice were given ad 

libitum access to a standard lab chow diet while maintained on a 12-hour light-dark cycle.  

2.2 Induction of Colitis 

Experimental colitis was induced by administration of DSS (Molecular Weight: 

36,000-50,000, MP Biomedicals, Solon, OH) in the drinking water. Acute colitis 

involved feeding mice 5% DSS for 5 days followed by a 2-day washout period during 

which normal drinking water was given. For chronic colitis, 3 cycles of DSS feeding 

were induced where 1 cycle consisted of feeding 1.5% DSS for 5 days followed by a 

period of 7 days drinking water without DSS. In the acute model of colitis, mice were 

euthanized on day 8 whereas in chronic colitis, mice were killed on day 36. Control mice 

were given normal drinking water for the duration of either acute or chronic DSS 

treatment. Mice were regularly monitored for signs of behavioural distress, altered 

feeding habits, loose stool, rectal bleeding, and weight loss.  
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2.3 Assessment of Colitis Severity 

Granulocyte infiltration in gut tissue was assessed by measurement of 

myeloperoxidase (MPO) activity (Bradley et al. 1982, McCafferty et al. 1997). MPO, an 

enzyme abundant in neutrophils and to a lesser extent monocytes/macrophages, was 

measured in segments of proximal colon collected from acute and chronic DSS-treated 

mice and appropriate age-matched controls. Segments were dissected, cleansed of 

luminal content, flash-frozen in liquid nitrogen, and stored at -80 ˚C for subsequent assay. 

Colon samples were homogenized in 50 mM phosphate buffer (50 mg tissue/mL, pH 6.0) 

containing hexadecyltrimethylammonium bromide (5 mg/mL; Sigma Aldrich, St Louis, 

MO, USA) and centrifuged at 1500g for 3 minutes at 4 ˚C. MPO activity of the 

supernatant was assayed within 2 weeks of colon extraction. Values are expressed as 

units of MPO activity per milligram of tissue, with one unit of MPO representing the 

degradation of 1 µmol of hydrogen peroxide in 1 minute.  

2.4 Cytokines 

Cytokines used in this study were obtained from Cedarlane Laboratories (Homby, 

ON, Canada), except when noted otherwise. Recombinant mouse IL-6 (30 ng/mL), IFN-γ 

(100 ng/mL), IL-17A (1 ng/mL), IL-1β (1 ng/mL; Sigma), or IL-10 (10 ng/mL; R&D 

Systems, Minneapolis, MN, USA) were added to cultures of SMG neurons for 5 days. 

Cytokine concentrations were determined through literature searches that revealed serum 

levels of cytokines from IBD patients. Additionally, IL-17A was added to the distal 
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chambers of compartmented cultures at 10 and 100 pg/mL to generate a concentration-

response relationship. 

2.5 Isolation of SMG Neurons 

Mice were anaesthetised by deep inhalation of isoflurane and killed by cervical 

dislocation. Following a laparotomy, the SMG was dissected and quickly transferred to 

chilled Hank’s buffered salt solution (HBSS; Sigma). Ganglia were washed in warmed 

(37 ˚C) HBSS three times before incubation in collagenase (Type 1A; 1547 U/mL) and 

bovine serum albumin (BSA; 6 mg/mL) for 30 minutes at 37 ˚C. Removal of collagenase 

was followed by one wash in warmed HBSS and incubation in trypsin (Type XII-S; 1500 

U/mL) for 15 minutes at 37 ˚C. Residual trypsin activity was neutralised by addition of 

Leibowitz’s medium (L-15; Sigma) containing 10% fetal bovine serum (FBS; Invitrogen, 

Carlsbad, CA, USA). Single cells were isolated by mechanical trituration using a series of 

fire-polished Pasteur pipettes with decreasing diameters. Trituration was followed by 

centrifugation of the cell suspension at 300g for 5 minutes, after which the supernatant 

was discarded. For quantitative neuronal Sholl analyses, 100 µL of dissociated neurons 

were plated onto laminin-coated (10 µg/mL) glass coverslips in a 24-well plate for 2 

hours, at which time L-15 medium supplemented with: 24 mM NaHCO3, 10% FBS, 38 

mM D-glucose, 5000 IU penicillin & streptomycin, and 50 ng/mL NGF (Cedarlane 

Laboratories) was added. To study SMG neurite outgrowth in a compartmented culture 

system (see below), isolated SMG neurons were loaded into a 1 cc syringe fitted with a 
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28-gauge Teflon needle and 50-80 µL of the cell suspension was injected into the 

proximal chamber of a compartmented culture dish.  

2.6 Sholl Analysis 

To selectively study effects of colitis-associated cytokines on neurite architecture, 

the Sholl analysis was performed on isolated neurons cultured for 5 days in the presence 

or absence of various cytokines. Preliminary studies identified 5 days as an appropriate 

time point at which to assay neurite morphology as the extent of overlapping between 

extensively-branched neurites was minimal at this time point, thereby enabling individual 

neurites to be ascribed to their respective cell bodies. After 3 days in culture, fresh 

medium including any relevant cytokines and NGF (50 ng/mL) was added to neurons. 

Isolated SMG neurons and neurites were fluorescently labelled following incubation in 

the vital dye calcein-AM (1 µM, Invitrogen) for 15 minutes at 37 ˚C (Kajta et al. 2007). 

Calcein-AM readily permeates viable cell bodies and processes and emits bright green 

fluorescence following de-esterification by cytoplasmic esterases. Fluorescence was 

visualized using an inverted Carl Zeiss fluorescence microscope. Only neurons with 

clearly distinguishable processes that were separated from nearby cells to prevent neurite 

overlapping were included in the analysis. Fluorescently-labelled neurons and neurite 

arbours were digitally acquired using AxioVision camera software and subsequently 

analyzed using a MATLAB 6.5 script (Gutierrez and Davies 2007). Using this method, a 

digital template of concentric rings of 15 µm intervals is superimposed on the image and 

centred on the neural soma (Figure 2A). Intersections of the concentric rings with neurite 
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bifurcations and terminal points at increasing distances were reported by the software to 

generate a Sholl plot (Figure 2B) depicting neurite arborisation as a function of radial 

distance from the cell body.  

2.7 Production of Compartmented Neuronal Cultures  

Compartmented cultures were assembled in laminin-coated (10 µg/mL) 35-mm 

Petri dishes using a 3-chambered Teflon divider (Tyler Research Corporation, Edmonton, 

AB, Canada) that partitions neurons such that cell bodies and proximal axons (PAx) 

occupy a microenvironment fluidically-isolated from distal axons (DAx) (Figure 3). The 

central chamber of the divider-dish assembly where cell bodies and their proximal axons 

lie is approximately 1 mm in diameter and 5 mm in length, while side chambers 

harbouring distal neurites are 7 mm wide by 15 mm long. The floor of the laminin-coated 

tissue culture dish was scored using a specialised pin rake into a series of 20 parallel 

scratches roughly 225 µm apart, each of which exposed the bare plastic beneath the 

substratum. Bare plastic serves as a poor conductor of axonal growth (Campenot et al. 

2009); consequently, growing neurites are guided along the 225 µm-wide laminin-coated 

tracks between the scratches. 20-25 µL of PAx medium (L-15 culture medium thickened 

with 0.4% methylcellulose obtained from Xenex Laboratories, Coquitlam, BC, Canada) 

was applied to the centre of the scratched region. To form the compartments, Dow 

Corning high-vacuum silicone grease (Fisher Scientific, Ottawa, ON, Canada) was 

applied through a stainless steel syringe (Tyler Research Corporation) fitted with a luer- 
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Figure 2. Schematic representation of the procedure used during the Sholl analysis. A tracing of 

concentric rings (not showing full rings) with regular radial increments is digitally configured and 

centred on the cell soma. The inter-ring interval is 15 µm for peripheral neurons (A). The number of 

neurites intersecting each ring (denoted by the red X) is counted and plotted against the radial distance 

to generate a Sholl plot (B), which we use to assay neurite growth and morphology. 
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Figure 3. A) A schematic diagram of a compartmented culture showing the 3-chambered Teflon 

divider and B) an enlargement of neurons on a single track in the culture. Neurons are plated in 

the central compartment and extend axons on laminin-coated tracks beneath silicone grease 

barriers into left and right distal compartments. Compartmented cultures partition cell bodies 

along with their proximal axons (PAx) from their distal axons (DAx) into fluidically-isolated 

chambers. 
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stub adapter (Fisher Scientific) to the surface of the Teflon divider and gently fitted to the 

wet surface of the dish floor. This method of sealing is effective in preventing exchange 

of medium between individual compartments (Campenot 1977, 1979). A grease mound 

roughly 10 mm in height was then applied to the base of the opening of the proximal 

compartment to prevent leakage of cell suspension following addition of isolated 

neurons. Distal neurites grown in the presence of serum become fasciculated (Campenot 

1982) which is unfavourable for measurements of neurite growth. Consequently, serum-

free DAx medium (300 µL) similar in composition to PAx medium except lacking FBS 

was applied to each side compartment of the culture assembly. Dissociated neurons were 

then plated in the central compartment of the 3-chambered divider and after several days 

in culture, extended axons beneath the grease barriers into the neighbouring side 

compartments. 24 hours following plating of neurons, 3-4 mL of normal L-15 culture 

medium with NGF (50 ng/mL) and the antimitotic drug cytosine arabinoside (1 µM; 

Sigma) was added to the perimeter of the culture dish. Medium was removed from the 

side compartments and replaced with fresh DAx medium containing NGF (50 ng/mL) 

and cytokines or explant culture supernatants. 

Axonal growth into side compartments was measured after 5 days in culture. 

Distal axons were fluorescently labelled with calcein-AM (1 µM) and visualised using 

the x20 objective of an inverted Carl Zeiss fluorescence microscope. An ocular 

micrometre was used to measure the distance from the edge of the silicone grease barrier 

to the tip of the longest axon in a track. Measurements from tracks in a given culture dish 
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were averaged to represent a single value of axon growth. A minimum of 10 tracks per 

culture were quantified. 

2.8 Collection of Supernatants from Spleen Cell and Colon Explant Cultures     

Spleens were isolated from normal mice using aseptic technique and quickly 

transferred to a vial of chilled RPMI-1640 medium (Invitrogen). Spleens were passed 

through a 70 µm pore-size mesh cell strainer (Fisher Scientific) and centrifuged at 400g 

for 10 minutes. Following removal of supernatant, the red blood cells were lysed (Red 

Blood Cell Lysis Buffer) and splenocytes were centrifuged once again at 400g for 10 

minutes. The supernatant was discarded and the cell pellet re-suspended in RPMI 

supplemented with 10% FBS and 5000 IU penicillin and streptomycin. Viable cells were 

identified by a trypan blue dye exclusion assay, counted using a hemocytometer and 

plated at 5 x 10
6 

cells/well in a 24-well tissue culture plate. To stimulate release of 

cytokines of the adaptive immune system, cells were cultured in the presence of the T-

lymphocyte mitogen concanavalin A (ConA, 2.5 µg/mL; Sigma) for 72 hours (Palacios 

1982, Sharon and Lis 1989 and Gantner et al. 1995), at which point cell-free supernatants 

were harvested and stored at -20 ˚C for subsequent assay. Distal axons of SMG neurons 

in compartmented cultures were incubated in DAx medium containing either supernatant 

from ConA-stimulated spleen cells or RPMI with ConA (2.5 µg/mL) as a control, at a 

final dilution of 1:6 for 5 days. 

For collection of colon supernatants, the entire length of colon was removed from 

chronic DSS and age-matched control mice and placed in chilled RPMI medium. The 
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distal-most 2 cm of colon were measured and cut into 2 x 1 cm pieces while the 

remaining segment was discarded. Distal colonic sections were opened longitudinally, 

cleaned of luminal content, blotted dry, and weighed. Colon sections were cut in half 

once more and cultured overnight in 750 µL of RPMI medium containing 10% FBS, 

5000 IU penicillin and streptomycin, and 0.1% gentamicin and amphotericin B in a 24-

well tissue culture plate. Supernatants were collected, centrifuged at 400g for 2 minutes, 

sterile-filtered, and stored at -80 ˚C. Distal colon supernatants of equivalent treatment 

were pooled and incorporated into distal chambers of compartmented cultures at a final 

dilution of 1:3.  

To block IL-17 activity in explant culture supernatants, the neutralizing 

monoclonal anti-mouse IL-17 antibody (R&D Systems) was used. Anti-IL-17 was added 

at a final concentration of 1 µg/mL and 2.5 µg/mL to colon and spleen cell supernatants, 

respectively (Yao et al. 1995a,b). An isotype-matched control IgG (Abcam, Cambridge, 

MA, USA) was used in parallel with anti-IL-17 studies to evaluate whether antiserum 

that was raised in a similar host species as the anti-IL-17 mAb and specific for mouse 

antigen would impact on the extent of SMG neurite outgrowth.  

2.9 Immunohistochemistry  

2.9.1 Isolated Cells 

Three-day cultures of SMG neurons were fixed for 10 minutes using 4% 

paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer. Following removal of 

fixative, cultures were washed three times in 0.1% Tween in PBS and blocked for 1 hour 
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in 5% normal donkey serum (NDS; Jackson ImmunoResearch, West Grove, PA, USA) 

diluted in PBS-Tween (0.1%). Cells were washed again three times with PBS-Tween 

(0.1%) and incubated in goat anti-IL-17R (1:50 dilution in PBS-Tween; R&D Systems) 

overnight at 4 ˚C. Primary antiserum was removed followed by an additional three 

washes in PBS-Tween (0.1%), and donkey anti-goat DyLight 488 secondary antibody 

(1:800 dilution; Jackson ImmunoResearch) was applied for 1 hour at room temperature. 

Cultures were washed three times and mounted with fluorescence mounting medium 

(DAKO, Carpinteria, CA, USA). 

2.9.2 Tissue Cryosections 

Control, acute and chronic DSS-treated mice were transcardially perfused with 

4% PFA in 0.1 M sodium phosphate buffer while under deep anaesthesia 

(ketamine/xylazine at 0.166 mg/g). The distal colon, spleen and SMG were removed and 

fixed overnight at 4 ˚C. Tissues were transferred to 30% sucrose solution diluted in PBS 

for 24 hours at 4 ˚C and subsequently embedded in freezing media (Shandon Cryomatrix; 

Thermo Scientific), frozen in chilled 2-methylbutane and stored at -80 ˚C. Sections were 

cut at 10 µm thickness using a cryostat and collected on Superfrost Plus microscope 

slides.  

Cryosections were washed three times in PBS-Tween (0.1%) before incubation in 

10% NDS for 1 hour in a humidified chamber. Blocking serum was subsequently 

removed, slides were washed in PBS-Tween (0.1%) and primary antiserum to: TH 

(1:500; Millipore, Billerica, MA, USA), IL-17 (1:500; R&D Systems), or IL-17R (1:50; 
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R&D Systems) were added to slides overnight in a humidified chamber. This was 

followed by 3 additional washes in PBS-Tween (0.1%) and 2-hour incubation in either 

donkey anti-rabbit DyLight 488 (1:800; Jackson ImmunoResearch), donkey anti-rat 

DyLight 488 (1:800; Jackson ImmunoResearch), or donkey anti-goat DyLight 488 

(1:800; Jackson ImmunoResearch). Slides were washed and coverslipped with 

fluorescence mounting media with DAPI counterstain (Vector Laboratories, Burlington, 

ON, Canada). Dual label immunohistochemistry was performed on sections of SMG to 

determine whether IL-17R immunoreactive cell bodies in ganglia also expressed TH, a 

marker of sympathetic neurons (Nagatsu et al. 1964). After labelling with primary and 

secondary antisera as above, SMG sections were incubated again in 10% NDS, washed 

and labelled with rabbit anti-TH overnight in a humidified chamber. Following removal 

of primary antiserum, slides were washed and incubated in donkey anti-rabbit DyLight 

549 secondary antibody (1:800; Jackson ImmunoResearch) for 2 hours in a humidified 

chamber, after which slides were washed and coverslipped as above. 

2.9.3 Compartmented Cultures  

Cultures were fixed in 4% PFA for 10 minutes at room temperature without 

removing the Teflon divider. Fixative was applied to each of the distal chambers as well 

as the dish perimeter to permit access of the fixative to the cell bodies and proximal 

axons in the central compartment. The Teflon divider was then gently lifted from the 

culture dish floor using a pair of fine forceps, and the dish was washed three times with 

PBS-Tween (0.1%). Cells were incubated in a blocking buffer of 10% NDS in PBS-
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Tween for 1 hour at room temperature. SNAP-25 (1:100; Millipore) antibody was applied 

to cultures overnight at 4 ˚C, after which cultures were washed three times as above. 

Donkey anti-goat DyLight 488 (1:800) secondary antibody was applied for 1 hour at 

room temperature. Cells were washed in PBS-Tween (0.1%) and coverslipped with 

fluorescence mounting medium (DAKO).  

2.9.4 Quantification of Immunofluorescence 

Immunoreactivity was visualised with an inverted Carl Zeiss fluorescence 

microscope and photographed using AxioVision camera software. Sections of distal 

colon and spleen from control and DSS-treated mice that were immunofluorescently-

labelled with TH were used to determine the extent of sympathetic axon growth in these 

tissues. Images of distal colon and spleen were captured using the x20 and x10 objective 

lens, respectively. Five fields of view obtained from three sections of both colon and 

spleen for every animal were analyzed using ImageJ software (rsbweb.nih.gov/ij/), which 

was calibrated to yield regions of interest (ROI) in µm. TH immunoreactivity was 

measured by pixel thresholding which converts immunofluorescence into white pixels on 

a black background. The total number of immunoreactive pixels in an ROI 80 x 80 µm in 

size was quantified. For every field of view, three ROIs were measured and averaged. 

This quantitative analysis was performed separately for the muscularis externae and 

mucosa of distal colon micrographs to independently assess sympathetic axon growth in 

these regions. 
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2.10 ELISA Measurement of IL-17 

To determine IL-17 concentration in spleen and distal colonic tissues from control 

and DSS-treated mice, spleens and distal colons were rinsed in PBS and homogenized in 

Complete Miniproteinase Inhibitor Cocktails (Roche Molecular Biochemicals, 

Mannheim, Germany) diluted in PBS (100 mg tissue/mL). Homogenates were 

centrifuged at 500g for 3:45 minutes. After centrifugation, IL-17 content of supernatants 

was determined using a mouse IL-17 sandwich ELISA kit (R&D Systems), according to 

the manufacturer’s instructions. Additionally, trunk blood was collected from control, 

acute and chronic DSS mice and centrifuged at 3000g for 10 minutes. After 

centrifugation, the serum was assayed for IL-17 concentration simultaneously with spleen 

cell and colon explant culture supernatants. Samples and standards were assayed in 

duplicate. 

2.11 Statistical Analysis 

Statistical analyses were performed and graphs generated using GraphPad Prism 

5. Data are expressed as the mean ± SEM. Population data were compared by Mann-

Whitney or Kruskal-Wallis tests followed by Dunn’s Multiple Comparison post tests for 

nonparametric data. A two-way ANOVA with Bonferroni’s post test was used to 

compare plots derived from Sholl analyses. Statistical significance was reached when P< 

0.05.  

 

 



 

43 

 

Chapter 3 

Results 

3.1 Acute and chronic DSS colitis enhance sympathetic innervation of the colon 

Previous studies have demonstrated plasticity of the density and distribution of 

sympathetic axons during inflammatory disease (McLachlan et al. 1993, Miller et al. 

2000 and Hasan et al. 2006). We examined whether similar sympathetic axon 

remodelling occurred in acute and chronic models of DSS-induced colonic inflammation. 

Mice with colitis displayed hallmark signs of GI inflammation including weight loss, 

loose stool, rectal bleeding, and diarrhea. Colons from colitis-induced mice exhibited 

characteristic mucosal ulcerations and erosions as well as markedly enhanced MPO 

activity (Figure 4) compared to age-matched control mice (control, N=4/acute DSS, N=4; 

control, N=5/chronic DSS, N=5; P< 0.05, Mann-Whitney test). MPO activity was also 

significantly higher in the inflamed colons of mice with acute DSS-induced colitis 

compared to chronic colitis (P< 0.05, Mann-Whitney test).  

Sympathetic neuroplasticity was assessed by TH immunohistochemistry. In the 

colon, TH is a widely-used marker of extrinsic sympathetic axons though there is 

evidence for a small population of intrinsic nerve fibres that produce mainly dopamine 

but are TH-immunoreactive (Anlauf et al. 2003, Li et al. 2004). Consequently, double 

labelling of TH with dopamine-β-hydroxylase (DBH) might be necessary in the future to 

prevent overestimation of sympathetic innervation, though the majority of TH-expressing  
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Figure 4. Myeloperoxidase (MPO) activity, an assay of granulocyte infiltration, was 

enhanced in A) acute (N=4 control and acute DSS) and B) chronic DSS (N=5 control and 

chronic DSS) colon samples, relative to control colons. There was also a significant 

difference in MPO activity between acute and chronic colitis samples (* P< 0.05, Mann-

Whitney test). MPO assays were performed by Ms. Shadia Neshat. 
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nerve fibres in the gut are sympathetic and extrinsic in nature (De Ponti et al. 1996, 

Straub et al. 2008). Catecholaminergic, sympathetic axons provide their most prominent 

innervation to enteric ganglia which include the myenteric and submucosal plexuses that 

lie within the wall of the GI tract. Fewer axons typically extend to the mucosa and 

immunocyte-rich regions of the lamina propria (Figure 5A). An increase in the density of 

TH-immunoreactive fibres was seen in the distal colons of mice with colitis (Figure 5B, 

C). Quantitative analysis revealed significantly greater TH immunoreactivity within the 

colonic muscle layers of both acute and chronic DSS-treated mice compared to controls 

(control, N=6/acute DSS, N=6; control, N=5/chronic DSS, N=5; P< 0.05, Mann-Whitney 

test) (Figure 5D). In addition, sympathetic axons were found to sprout into the mucosa 

during acute and chronic DSS colitis, as evidenced by greater TH staining in the inflamed 

mucosa relative to control (control, N=6/acute DSS, N=6; control, N=5/chronic DSS, 

N=5; P< 0.05, P< 0.01, Mann-Whitney test) (Figure 5E).  

Postganglionic sympathetic axons project to parenchymal immune cells within 

every lymphoid organ in the body, including the spleen. Within the spleen, sympathetic 

axons emanate from vascular plexuses into regions of lymphocyte and macrophage 

aggregation where they form intimate synaptic-like contacts with immune cells (Felten 

and Olschowka 1987). To determine whether colitis also promoted sympathetic axonal 

plasticity in a systemic lymphoid tissue secondary to the mucosal immune response, TH  

 

 



 

46 

 

 

 

 

 

 

 

Figure 5. Representative micrographs of tyrosine hydroxylase (TH)-immunoreactive sympathetic axons in the distal 

colons of A) control, B) acute DSS- and C) chronic DSS-treated mice. Arrows indicate varicose networks of 

sympathetic fibres. Sympathetic axons provide dense innervation to enteric neurons within the myenteric (MP) and 

submucosal plexuses (SP); fewer axons typically reach the lamina propria within the colonic mucosa (M). Quantitative 

analysis revealed significantly greater TH immunostaining in the D) muscularis externae, which includes the MP and 

SP, and E) mucosa of mice with colitis compared to age-matched control mice (N=6 control and acute DSS, N=5 

control and chronic DSS; * P< 0.05, ** P< 0.01, Mann Whitney test). 
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immunoreactivity was examined in the spleens of acute and chronic DSS-treated mice. 

Surprisingly, sympathetic innervation of the spleen was unchanged following acute and 

chronic DSS treatment (control, N=6/acute DSS, N=6; control, N=5/chronic DSS, N=5; 

P> 0.05, Mann-Whitney test) (Figure 6), which implicates a possible role for the local 

inflammatory microenvironment in structural remodelling of the SNS during colitis. 

3.2 Colitis supernatant promotes axonal outgrowth from adult sympathetic 

prevertebral neurons 

During colitis, a plethora of inflammatory mediators are released within intestinal 

tissues (Fiocchi 1998) that have been found to enhance axonal density both in vitro and in 

vivo (Hirota et al. 1996, Ramer et al. 1998, Cafferty et al. 2004, Golz et al. 2006). The 

ability to obtain supernatant containing soluble mediators released by inflamed intestine 

allows the study of the effect of the colitis milieu on sympathetic neurite architecture. 

Consequently, distal axons of SMG neurons in compartmented cultures were incubated in 

supernatants collected from distal colons of mice with colitis. Given that the change in 

sympathetic innervation of the colon was most pronounced in chronic DSS colitis, 

mechanistic studies using inflammatory supernatants focused on this model. Moreover, 

the chronic, relapsing and remitting inflammation that ensues from chronic DSS 

administration suggests this model of colitis might be more relevant to studies of human 

IBD (Dieleman et al. 1998). Adult SMG neurons were plated in the central compartment 

of a 3-chambered Teflon divider. Application of colitis supernatants to both distal axon 
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Figure 6. Sample micrographs of TH immunoreactivity in spleens of A) control mice and mice with B) acute and C) 

chronic DSS-induced colitis. Sympathetic axons within the spleen emanate from vascular plexuses into areas of T 

lymphocyte aggregation. There was no change in sympathetic innervation of the spleen following either D) acute or E) 

chronic DSS treatment, as determined by quantitative analysis of TH immunofluorescence (N=6 control and acute 

DSS, N=5 control and chronic DSS; P> 0.05, Mann-Whitney test). 
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compartments significantly increased the length of sympathetic axons after five days in 

culture relative to axons incubated in control supernatants  (control, N=22; colitis, N=11; 

P< 0.05, Mann-Whitney test) (Figure 7). A neurotrophic effect of the local colitis 

microenvironment on gut-projecting sympathetic axons in vitro provides a mechanistic 

link to the enhanced sympathetic nerve density reported in the inflamed colons in vivo, as 

well as underscores the potential involvement of molecular mediators of the immunologic 

response in catecholaminergic anatomical plasticity.  

3.3 IL-17 is unique among IBD-associated cytokines in its ability to potentiate 

sympathetic neurite complexity 

Inflammatory cytokines that are central to the pathogenesis of IBD can have 

profound effects on neuronal function and structure. We evaluated the contribution of the 

cytokine network in colitis to sympathetic axonal remodelling by performing Sholl 

analyses on SMG neurons cultured in the presence of various colitis-associated cytokines 

(Figure 8). The Sholl analysis provides quantitative indices of neurite branching and 

outgrowth by plotting intersections of neurites with concentric rings that have been 

calibrated at regular radial increments and superimposed on the cell body (Sholl 1953). 

Cytokines were tested at concentrations corresponding to levels seen during IBD for 5 

days (refer to Methods). Intriguingly, only neurons exposed to IL-17A exhibited 

increased morphological complexity relative to control neurons. In control cultures, the  
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Figure 7. Exposure of distal sympathetic axons to the colitis microenvironment significantly 

enhanced axonal outgrowth. Supernatant from distal colons of control mice and mice with 

chronic colitis was collected following 24-hour incubation of colon sections in RPMI medium. 

Distal neurites of sympathetic neurons in compartmented cultures exposed to colitis 

supernatant reached an average growth of 0.95 mm versus 0.75 mm for neurites incubated in 

control supernatant for 5 days (N=22 control and 11 colitis cultures; * P< 0.05, Mann Whitney 

test). 
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Figure 8. IL-17 enhanced the morphological complexity of sympathetic neurites uniquely among colitis-

associated cytokines. Calcein-stained SMG neuron representative of neurite morphology and branching 

complexity in cultures 5 days after incubation in A) NGF alone and B) IL-17 (1 ng/mL). C) Quantitative 

Sholl analysis of SMG neurite architecture following culture in either IL-1β, IFN-γ, IL-10, IL-6, IL-17, or 

NGF alone for 5 days identified IL-17 as a neurotrophic cytokine that significantly increased neuritic 

intersections with intervals between 45-210 µm, compared to control neurons (N=322 control, 41 IL-1β, 29 

IFN-γ, 64 IL-10, 25 IL-6, and 188 IL-17-treated neurons; * P< 0.05, ** P< 0.01, *** P< 0.001, two-way 

ANOVA followed by Bonferroni post hoc test). None of the other colitis-associated cytokines when used at 

physiologically relevant concentrations attracted neurite outgrowth. 
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number of intersections reached a maximum between 30-60 µm, beyond which there was 

a gradual decrease in intersections. There were more intersections at nearly all distances 

in IL-17 treated cultures compared to controls, and these differences achieved statistical 

significance between 45-210 µm from the cell body (N= 322 control and 188 IL-17 

treated neurons; P< 0.05, P< 0.01, P< 0.001, two-way ANOVA followed by Bonferroni 

post test). Neurons grown in the presence of IL-1β (N= 41), IFN-γ (N= 29), IL-10 (N= 

64), or IL-6 (N= 25) generated Sholl plots that were statistically identical to the control 

condition (P> 0.05). These findings highlight the potential involvement of IL-17 in 

mediating the neurotrophic effects of the immune response that occurs during colitis. 

3.4 Sympathetic cell bodies and neurites express the receptor for IL-17 

To examine whether IL-17 promoted sympathetic outgrowth by direct neuronal 

receptor-mediated mechanisms, we investigated IL-17 receptor (IL-17R) expression by 

neurons from the SMG. Double-labelling of cryostat sections of whole ganglia from five 

different animals revealed abundant receptor expression within TH-immunoreactive 

sympathetic cell bodies (Figure 9A, B). 67% (± 2.9%) of cells immunoreactive for IL-

17R also expressed TH, while of those cells expressing TH, 58% (± 11.33%) expressed 

the receptor (Figure 9C). These results indicate that some non-neuronal cells such as glia 

also express IL-17R and that more than half of TH-immunoreactive neurons within the 

SMG express the receptor. In addition, isolated SMG neurons cultured for three days in 

control medium exhibited IL-17R expression within cell bodies and importantly, along 
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neurites (Figure 9D), indicating that sympathetic neurons possess the molecular substrate 

to respond directly to IL-17 signalling.  

3.5 IL-17 expression is increased in DSS colitis 

ELISA measurement of IL-17 concentration revealed significantly elevated IL-17 

in serum collected from acute DSS mice compared to controls (Figure 10A) (control, 

N=16; acute DSS, N=12; P= 0.001, Mann-Whitney test). IL-17 was below the level of 

detection in serum from mice with chronic DSS colitis and appropriate age-matched 

controls (N=4 for control and chronic DSS). Homogenized distal colonic segments from 

acute DSS-treated mice were found to contain 38.71 pg/mL IL-17 (N=4), while IL-17 

was undetectable in distal colon homogenates from control mice (Figure 10B) (N=4; P< 

0.05, Mann-Whitney test). Supernatants from chronic DSS colon explant cultures were 

also found by ELISA to contain nearly 40-fold higher levels of IL-17 than supernatant 

from control colons. IL-17 was undetectable in homogenized spleen samples from control 

and acute DSS-treated mice (N=4 for control and acute DSS), which may account for the 

lack of structural change seen in sympathetic axons innervating the spleens of mice with 

colitis (Figure 6).  

Distal colons of mice were also processed for IL-17 expression by 

immunohistochemistry. Control colons exhibited little to no immunoreactivity for IL-17  
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Figure 9. IL-17 receptor expression is localized to sympathetic cell bodies and neurites. Immunofluorescent 

labelling of whole sections of sympathetic ganglia with A) the IL-17 receptor (IL-17R) and B) tyrosine 

hydroxylase revealed abundant receptor expression with TH-immunoreactive (IR) neurons. C) Double-labelled 

cell number counts showed that of those cells expressing the receptor, approximately 67% were also 

immunoreactive for TH and more than half (58%) of TH-labelled neurons express IL-17R. D) Isolated SMG 

neurons demonstrated IL-17R expression within cell bodies, neurites and growth cones. Scale bar is 50 µm. 
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Figure 10. IL-17 concentration is markedly elevated in mice with DSS-induced colonic 

inflammation. IL-17 content of tissues from mice with colitis was measured using sandwich 

ELISA techniques. Levels of IL-17 were significantly increased in A) serum (N=16 control and 

12 DSS) and B) homogenized distal colon samples (N=4 control and DSS) from mice with acute 

DSS colitis compared to controls. IL-17 was not detected (ND) in colons from normal mice. C) 

Inflammatory supernatant (SUP) from chronic DSS colon explant cultures also contained higher 

levels of IL-17 than control colon supernatant (SUP of equivalent treatment were pooled and 

assayed by ELISA simultaneously; values are means ± SEM of three separate experiments) * P< 

0.05, ** P= 0.001, Mann-Whitney test. 
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(Figure 11A). In contrast, a marked increase in IL-17 immunoreactive cells was seen in 

colons from acute and chronic DSS mice (Figure 11B, C). Cells expressing IL-17 were 

located largely throughout the inflamed mucosa though few cells were seen scattered in 

the submucosa, as well.  

3.6 IL-17 acts directly on distal sympathetic neurites to drive outgrowth 

By allowing for the manipulation of cellular microenvironments, compartmented 

neuronal cultures provide the opportunity to differentiate where effects of drugs that 

impact on cell signalling mechanisms are localized (Senger and Campenot 1997, 

Bertrand et al. 2005). We used the compartmented culture system to further investigate 

the effects of IL-17 on SMG neurite proliferation by selectively applying the cytokine to 

cell bodies and proximal axons or distal axons for five days (Figure 12). Addition of IL-

17 to either the cell body or distal axon compartments resulted in significantly increased 

axonal outgrowth relative to control cultures (control, N=5; central, N=3; distal, N=5; P< 

0.0001, one-way ANOVA with Bonferroni post test). Interestingly, selective application 

of IL-17 to distal terminals significantly enhanced axonal length relative to neurons 

exposed to the cytokine in the cell body compartment (P< 0.001, one-way ANOVA with 

Bonferroni post test). When IL-17 was present in distal compartments, axon length was 

increased by nearly 100% compared to controls and 23% compared to cells with IL-17 in 

the central compartment. A concentration-response analysis revealed no effect of distal  
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Figure 11. IL-17 immunoreactive (IR) cells are increased in the colonic mucosa of acute and chronic DSS 

mice. Very few cells expressing IL-17 were seen in the colons of normal mice (A). In contrast, a marked 

increase in IL-17 IR cells was found throughout the inflamed mucosa of B) acute and C) chronic DSS-

treated mice. 
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application of 10 pg/mL of IL-17 on SMG neurite extension (Figure 12C) but a 

significant effect of an intermediate concentration (100 pg/mL) compared to controls 

(control, N=4; 10 pg/mL IL-17, N=4; 100 pg/mL IL-17, N=6; P< 0.05, Kruskal-Wallis 

test with Dunn’s post test), which suggests that physiologically-relevant levels of the 

cytokine can also have growth-promoting properties. 

3.7 Activated T cell microenvironment induces distal sympathetic axon extension 

Ex vivo re-stimulation of isolated spleen cells by ConA induces polyclonal T cell 

differentiation which in turn leads to the release of cytokine mediators of the adaptive 

immune response (Palacios 1982; Schulz et al. 2008). We incubated distal SMG neurites 

in supernatant obtained from activated T lymphocytes for five days and measured neurite 

extension. IL-17 was markedly elevated in undiluted supernatant collected from ConA-

stimulated spleen cells (48.32 ± 14.41 ng/mL, N=5). Sympathetic neurites exposed to the 

cytokine-laden milieu were significantly longer than neurites incubated in the vehicle 

control (Figure 13) (control, N=6; spleen cell supernatant, N=5; P< 0.01, Mann-Whitney 

test).  

3.8 Neutralizing IL-17 activity abrogates the neurotrophic effect of inflammatory 

supernatants 

In order to evaluate the overall contribution of IL-17 to the effects of colitis and T 

cell supernatants on SMG axon outgrowth, an IL-17 function-blocking antibody was 

added to compartmented cultures (Yao et al. 1995a,b). Neutralization of IL-17 essentially  
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Figure 12. IL-17 exerted a significant neurotrophic effect on distal sympathetic neurites. A) 

Photographic montages are representative examples of SNAP-25 labelled SMG neurites in distal 

compartments cultured in either control medium alone or IL-17 (100 pg/mL). Density of neuritic growth 

appeared greater in IL-17 treated neurites compared to control. B) Selective application of IL-17 (1 

ng/mL) to distal axon compartments (N=5) significantly enhanced axonal extension relative to neurons 

cultured in control medium (N=5) and neurons exposed to the cytokine in the cell body compartment 

only (N=3) for five days (## P< 0.001, *** P< 0.0001, ANOVA with Bonferroni post test). C) 

Concentration-response analysis revealed a statistically significant increase in neurite length compared 

to control cultures when IL-17 was present in distal compartments at 100 pg/mL but not 10 pg/mL (N=4 

control, 4 10pg/ml, 6 100 pg/mL, * P< 0.05, Kruskal-Wallis test with Dunn’s post test). Montages were 

assembled using Corel Photo-Paint X3 software. Scale bar is 100 µm. 
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Figure 13. Supernatant from activated T lymphocytes promoted outgrowth from distal 

sympathetic neurites. Concanavalin A-stimulated spleen cell supernatant was added to distal 

compartments of SMG neurons in compartmented cultures and markedly enhanced levels of 

neurite extension relative to neurites cultured in the vehicle control for 5 days (N=6 control 

and 5 spleen cell supernatant cultures, **P< 0.01, Mann Whitney test). 
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eliminated the outgrowth-promoting effects of the colitis supernatant (Figure 14A). 

Sympathetic axon growth was similar in distal compartments containing control and 

chronic DSS supernatant with the anti-mIL-17 antibody (control, N=6; colitis, N=9; P> 

0.05, Mann Whitney test). Isotype-matched control studies were also undertaken to 

determine whether differences in outgrowth were attributable to aversive effects of the 

blocking antibody on axonal extension. Colitis supernatant exerted a significant 

neurotrophic effect on neurites cultured in the presence of rat anti-mIgG relative to 

control cultures (control, N=4; colitis, N=6; P< 0.05, Mann Whitney test) . There was no 

difference in outgrowth between control cultures containing anti-mIL-17 and the isotype-

matched control. Moreover, neurites cultured in the presence of the isotype-matched 

control reached similar levels of outgrowth as those cultured in either control or colitis 

supernatant alone (P> 0.05, Kruskal-Wallis test followed by Dunn’s post test). 

Similarly, inhibition of IL-17 activity in activated T cell supernatants dramatically 

attenuated distal neurite elongation (Figure 14B). Neurites cultured in either the vehicle 

control (N=2) or supernatant from ConA-stimulated spleen cells containing the IL-17 

function-blocking antibody (N=5) for five days reached similar levels of outgrowth. In 

contrast, neurites incubated in spleen cell supernatant containing the isotype-matched 

control (N=3) achieved similar levels of outgrowth as neurites incubated in splenocyte 

supernatant alone, though no statistical difference was found between the isotype-

matched control and neutralizing mAb groups (P> 0.05, Kruskal-Wallis test).   

 

 



 

62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Blocking IL-17 eliminated the ability of colitis and activated T-cell supernatants to 

promote sympathetic axon outgrowth. Incubation of distal SMG neurites in a rat anti-mouse IL-17 

monoclonal antibody (mAb) attenuated neurite outgrowth in the presence of A) inflammatory 

colitis and B) activated splenocyte supernatants. Reduced neuritic extension was not seen in 

isotype-matched control experiments, confirming that effects of the IL-17 mAb resulted from 

blocking IL-17 function as opposed to a direct inhibition of outgrowth (colon SUP: N=6 

control+anti-mIL-17, N=9 colitis+anti-mIL-17, N=4 control+anti-mIgG, N=6 colitis+anti-mIgG; 

spleen cell SUP: N=2 control+anti-mIL-17, N=5 SUP+anti-mIL-17, N=3 SUP+anti-mIgG; * P< 

0.05, Kruskal-Wallis test with Dunn’s post test). 
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Chapter 4 

Discussion 
 

The SNS provides dynamic regulation of such key bowel functions as motility, 

mucosal electrolyte secretion and intramural blood flow (Gershon 1967, Furness and 

Costa 1974, Lam et al. 2003). A role for sympathetic catecholamines in mucosal 

neuroimmune interactions as a result of activation of α- and β-adrenergic receptors on 

lamina propria immune cells has also been described (Abrass et al. 1985, Vasina et al. 

2008, Bai et al. 2009, Zhang et al. 2010). The converse modulation of sympathetic nerve 

signalling by immune cell products is also possible, highlighting a complex bi-

directionality at the sympathetic nerve-immune interface (Elenkov et al. 1992, Kannan et 

al. 1994, 1996, Motagally et al. 2009b). During pathological GI inflammation, such as 

IBD, sympathetic innervation of the GI tract is altered, which may contribute to symptom 

generation in patients with IBD (Martinolle et al. 1993, Zhao et al. 2001, Blandizzi et al. 

2003, Lomax et al. 2007, Birch et al. 2008, Neshat et al. 2008). However, the 

mechanisms underlying sympathetic nervous dysfunction in the setting of colonic 

inflammation remain elusive, though evidence for involvement of inflammatory 

mediators of the mucosal immune response is emerging. 

IL-17-secreting TH17 cells have complex immunomodulatory properties that in 

the setting of unrestrained activation promote damage to host tissues (Yen et al. 2006, 

Ouyang et al. 2008 and Liu et al. 2009). Studies have emerged that demonstrate a 

paradoxical effect whereby inflammatory cytokines can induce tissue injury while 
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simultaneously elaborating neuronal structural complexity (Haugen and Letourneau 

1990, Kamegai et al. 1990, Kannan et al. 1994, 1996, Yin et al. 2006). Consequently, our 

first aim was to determine the structural effects of experimental colitis on sympathetic 

nerve density in the colon. Sympathetic innervation of the muscularis externae and, 

intriguingly, colonic mucosa was enhanced in acute and chronic DSS-induced colitis. The 

second aim of this study was to identify the primary mediator responsible for enhanced 

sympathetic innervation during colitis. Given the pivotal role of IL-17 in the 

immunopathogenesis of IBD based on mounting laboratory (Yen et al. 2006, Zhang et al. 

2006 and Ito et al. 2008), genetic (Duerr et al. 2006, Dubinsky et al. 2007) and clinical 

(Fujino et al. 2003, Nielsen et al. 2003, Annunziato et al. 2007, Seiderer et al. 2008, 

Rovedatti et al. 2009) evidence, we explored the possibility of IL-17 in underlying this 

phenomenon. IL-17 uniquely among colitis-associated cytokines attracted neurite 

outgrowth from gut-projecting SMG neurons in vitro. Moreover, inhibition of IL-17 

function in colitis supernatant abrogated the neurotrophic effects of the inflammatory 

supernatant on SMG neurites, suggesting that a neurotrophic component of the colitis 

inflammatory response does exist, and is primarily driven by IL-17. 

To our knowledge, these studies represent the first demonstration of a direct 

neurotrophic effect of IL-17. Moreover, these studies reveal that the stimulatory effects of 

IL-17 on SMG neurites identified in vitro may contribute significantly to the effects of 

the wider inflammatory milieu on sympathetic axonal remodelling in vivo. 
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4.1 Sympathetic axonal outgrowth is enhanced during colitis 

4.1.1 Axon proliferation in colonic muscle and immune tissue 

Sympathetic axons have previously been demonstrated to sprout into novel 

territories during inflammation, normally in association with infiltrating immune cells 

that serve as local sources of trophic factors (Grelik et al. 2005, Yen et al. 2006 and 

Almarestani et al. 2008). In colitis, wayward sympathetic fibres may be attracted to 

activated lamina propria immune cells releasing neurotrophic cytokines, namely IL-17. 

Levels of IL-17 were significantly elevated in the inflamed distal colon, while the 

cytokine could not be detected in normal colons using standardized ELISA techniques, 

consistent with previous studies (Fujino et al. 2002, Rovedatti et al. 2009). Moreover, 

immunohistochemical analysis revealed abundant IL-17-immunoreactive cells scattered 

throughout the inflamed mucosa and occasionally within the submucosa and muscularis 

propria. The cellular origin of IL-17 in these colonic samples is likely activated T 

lymphocytes, though mucosal monocytes/macrophages can also release IL-17 (Starnes et 

al. 2001, Fujino et al. 2003, Harrington et al. 2005, Park et al. 2005, Hue et al. 2006, 

Song et al. 2008). A dense network of macrophages also resides within the intestinal 

muscularis that, upon activation, release a slew of inflammatory cytokines (Hori et al. 

2008, Kinoshita et al. 2007). Activated T lymphocytes can also infiltrate deeper intestinal 

layers including the submucosa and muscularis propria (Strickland et al. 1975). Cytokine 

production by muscularis-infiltrating immunocytes has been shown to contribute to 

aberrant gut neural signalling during GI inflammation via direct actions on enteric 
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ganglia (Collins 1996, Hori et al. 2008 and Kinoshita et al. 2007). Given our findings 

however it seems likely that activated gut immunocytes also promote intestinal 

dysfunction during colitis by releasing IL-17, which stimulates outgrowth from 

sympathetic axons innervating the enteric ganglia and vasculature. 

Findings of enriched sympathetic nerve density in the actively inflamed intestine 

contrast those of a previous study reporting a loss of sympathetic nerve fibres in all layers 

of colon from mice with chronic DSS colitis (Straub et al. 2005). These discrepancies 

may result from differences in susceptibility to DSS colitis among inbred strains of mice 

(Mahler et al. 1998, 1999). As well, the model of chronic colitis used in the previous 

study involved a higher concentration of DSS administered over a longer time course 

than our own chronic DSS regimen, which may have resulted in a more exaggerated form 

of colonic inflammation. Thus, differences in sympathetic immunoreactivity may be 

attributable to discordant histopathological phenotypes whereby the previous study 

induced an overly aggressive inflammatory response that ultimately gave way to axonal 

damage. Moreover, primary antiserum to TH in the above-mentioned study was diluted in 

solution containing BSA, a carrier protein thought to minimize non-specific staining in 

immunodetection procedures. However, preparations with BSA have been demonstrated 

to contain IgG that can be recognized as antigen by cross-reacting secondary antisera 

(Fuentes et al. 2005). This may lead to loss of antibody stability and activity, indicating 

that the immunodetection assay used by Straub and colleagues may not be optimal for 

revealing TH-expressing nerve fibres. 
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4.1.2 Axonal remodelling is restricted to gut tissue 

The role of the systemic lymphoid tissues in regulating the expression of GI 

inflammation is not well defined though several studies have demonstrated that immune 

compartments secondary to the GI inflammatory reaction, such as the spleen, are not 

required for the induction or maintenance of colitis (Krieglstein et al. 2001, Makita et al. 

2007 and Takebayashi et al. 2010). To dissect the contribution of the local mucosal 

immune response to remodelling of noradrenergic terminals during colitis, we examined 

whether colitis influenced sympathetic innervation of the spleen, a remote lymphoid 

organ involved in systemic immunity. Within the spleen, noradrenergic varicosities 

emanate from vascular networks into regions rich in T lymphocytes that are collectively 

referred to as the lymphatic sheath (Felten et al. 1985, 1987). Surprisingly, the density 

and pattern of catecholaminergic, sympathetic innervation of the spleen was unchanged 

following DSS treatment. This finding may be explained by the lack of IL-17 detected in 

homogenized spleens of mice with colitis. In keeping with this, a recent study reported a 

marked decline in adaptive immune cell populations (both T and B cells) in the spleens 

and MLNs of mice during early and chronic stages of DSS colitis (Hall et al. 2011). 

Moreover, a significant reduction in splenic IL-17 mRNA was reported following DSS-

induced colitis in mice (Lagishetty et al. 2010). Intriguingly, initial investigations into 

sympathetic neuroanatomical remodelling in the GALT, particularly the MLNs, during 

colitis revealed no difference in TH immunoreactivity (data not shown), which may 

coincide with the decreased local levels of IL-17-producing T cells reported in the MLNs 

following DSS administration (Hall et al. 2011).  
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 Lack of structural change in sympathetic axons innervating the spleen may help to 

localize the neuroanatomical level at which colitis augments sympathetic axonal density. 

Prevertebral sympathetic ganglia, such as the SMG, possess fenestrated capillaries which 

enable circulating macromolecules, such as cytokines, to come into contact with resident 

neurons (Baker et al. 1989, Miolan and Niel 1996). Consequently, during episodes of 

peripheral inflammation, neuronal perikarya within these ganglia are exposed to 

increased circulating levels of inflammatory mediators which might exert neurotrophic 

effects directly at the level of sympathetic cell bodies. However, if mediators of the 

inflammatory response enhanced axonal growth at the cell body level, then an increase in 

sympathetic innervation of all target organs might be expected during colitis. This was 

not observed. Instead, a proliferation of sympathetic nerves exclusively in the inflamed 

intestine was demonstrated, supporting the notion that the inflammatory milieu 

surrounding sympathetic axon terminals within the intestine induces axonal plasticity. 

4.2 Sympathetic axonal proliferation in colitis: adaptive or maladaptive? 

Sympathetic neurotransmitters released locally from postganglionic varicosities 

regulate motility, secretion, blood flow and importantly, inflammation within the 

intestine. Consequently, changes in sympathetic activity owing to structural 

modifications to sympathetic nerves in the gut hold implications for both proper 

physiological functioning of the intestines, as well as endogenous immunomodulatory 

pathways. 
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4.2.1 Effects on gut physiology 

A reduction in sympathetic neurotransmitter release (Swain et al. 1991, Jacobson 

et al. 1995, 1997, Motagally et al. 2009a) and effector activity (Zhao et al. 2001, Lomax 

et al. 2007 and Birch et al. 2008) has been repeatedly described during GI inflammation, 

calling into question the functional integrity of newly-formed sympathetic varicosities 

within the inflamed intestine. Inhibition of intracellular Ca
2+

 dynamics in neurons from 

the SMG underlies defective sympathetic regulation in models of acute colitis (Motagally 

et al. 2009a), given the pivotal role of Ca
2+ 

influx through VGCC in neurotransmitter 

release (Douglas and Rubin 1963). However, preliminary evidence from our laboratory 

indicates that this brake on Ca
2+ 

influx is alleviated during chronic DSS colitis (personal 

communication, Lukewich and Lomax 2011), suggesting that enhanced sympathetic 

innervation likely corresponds to up-regulated noradrenergic transmission in the inflamed 

gut. However, this remains to be confirmed.  

 Sympathetic nerve proliferation during chronic gut inflammation would likely 

lead to alterations in the contractility of the mesenteric and submucosal vasculature, 

resulting in altered intestinal blood flow. This in turn might impair mucosal perfusion and 

subsequently precipitate breakdown of mucosal barrier function, which would perpetuate 

chronic GI disease (Wakefield et al. 1989, Foitzik et al. 1999, Thornton and Solomon 

2002, Hatoum and Binion 2005, Birch et al. 2008). Disturbances in bowel contraction 

and luminal transit might also be expected to result from sympathetic hyperinnervation of 

the muscularis externae, which possibly contributes to such functional symptoms of IBD 

as diarrhea and abdominal pain. However, hyperexcitability of enteric nerve circuitry 



 

70 

 

resulting in enhanced excitatory transmission is a consistent feature of experimental 

colitis (Linden et al. 2003, Lomax et al. 2005, Dong et al. 2008). Given the inhibitory 

influence of sympathetic catecholamines on enteric microcircuits, it is tempting to 

speculate that increased SNS input to hyperexcitable enteric neurons is a homeostatic 

mechanism in place to restore gut behaviour during chronic disease.  

4.2.2 Effects on gut immunopathology 

Since sympathetic catecholamines exhibit marked anti-inflammatory properties at 

high concentrations owing to preferential activation of β-adrenergic receptors on immune 

cells (Severn et al. 1992, Spengler et al. 1994, Ignatowski and Spengler 1995, Straub et 

al. 2002), a preponderance of sympathetic axons within the inflamed mucosa might 

dampen the local immune response. In support, chemical sympathectomy in a chronic 

model of colitis induced by genetic deficiency in IL-10 exacerbated disease outcome 

(Straub et al. 2008). However, sympathetic nerve ablation in acute DSS-induced colitis 

conferred anti-inflammatory effects (Straub et al. 2008), suggesting that the SNS exerts 

opposing influences on the inflammatory response throughout the time course of tissue 

inflammation. Furthermore, the role of the SNS may vary according to the 

immunopathologic phenotype of the disease. Crohn’s disease is predominately driven by 

a TH1 inflammatory response while ulcerative colitis has been traditionally characterized 

by TH2-mediated immunity (Fuss et al. 1993, Niessner and Volk 1995, Monteleone et al. 

1997, Camoglio et al. 1998). By favouring a TH2 cytokine secretion profile (Panina-

Bordignon et al. 1997, Sanders et al. 1997), enhanced sympathetic neurotransmission 
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may improve disease outcome in Crohn’s disease patients while conversely driving the 

immunologic reaction in patients with ulcerative colitis. Recent studies demonstrating 

that catecholamines confer a TH17-polarizing response further complicate the influence 

of the SNS on the progression of GI inflammation (Harle et al. 2008, Liu et al. 2009 and 

Kim and Jones 2010). In view of the proinflammatory role of TH17 effector cytokines, 

namely IL-17, in both Crohn’s disease and ulcerative colitis (Fujino et al. 2003, Nielsen 

et al. 2003 and Duerr et al. 2006), it would seem that increased noradrenergic input 

would ultimately potentiate the inflammatory response. Findings of attenuated disease 

outcome in IL-17 and IL-17 receptor knock-out mice induced with colitis support this 

notion (Yen et al. 2006, Zhang et al. 2006 and Ito et al. 2008), as sympathetic axon 

growth might also be expected to be decreased in these mice.  

 An additional aspect of the actions of sympathetic catecholamines is the direct 

modulation of the pathogenicity of enteric microbes. Exposure of commensal E. coli 

strains of intestinal origin to NA in vitro augmented microbial growth and enhanced 

microbial production of virulence factors (Freestone et al. 2002). NA has also been found 

to promote the initial loose adherence of enteric pathogens to large bowel and cecal 

mucosa (Green et al. 2004, Chen et al. 2003, 2006). The integrity of the epithelial barrier 

function of the intestine becomes compromised during intestinal inflammation (Podolsky 

2002, Xavier and Podolsky 2007), which might enable neurotransmitters released from 

sympathetic varicosities within the lamina propria to escape through the leaky intestinal 

interstitium and signal to luminal flora. Enhanced levels of NA in the gut milieu may 
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serve to both drive a phenotypic switch in commensal microbes to a pathogenic state as 

well as mediate microbial colonization of the host intestinal epithelium, which may have 

relevance to the chronic immunologic response that characterizes IBD. 

4.3 The inflammatory cytokine milieu is neurotrophic 

Soluble mediators released from inflamed tissue have been found to impact 

profoundly on neuronal excitability and anatomy. Irritable bowel syndrome (IBS)-

mucosal supernatant induces hyperexcitability of myenteric sensory nerves and Ca
2+

 

mobilisation in sensory DRG neurons (Barbara et al. 2007, Cenac et al. 2007). Similarly, 

mucosal supernatant from patients with active ulcerative colitis excites colonic 

nociceptive DRG neurons (Ibeakanma and Vanner 2010), highlighting the critical role of 

peripheral signalling mechanisms in the origin of abdominal pain in GI disorders. 

Conditioned medium from activated macrophages stimulates outgrowth from sensory 

DRG neurons (Hikawa and Takenaka 1995), demonstrating that soluble inflammatory 

mediators contribute to neuroanatomical remodelling in addition to neurophysiological 

changes. As well, explants of inflamed lymphoid tissue (Kannan et al. 1994, 1996) and 

infarcted ventricular myocardium (Hasan et al. 2006) independently promote 

neuritogenesis from sympathetic paravertebral explant cultures. In keeping with these 

studies, we found that incubation of gut-projecting SMG neurons in supernatant from 

colitis-induced colons enhanced neuritic growth. Mediators from the colitis milieu were 

selectively applied to distal terminals of SMG neurons using compartmented cultures 

which fluidically isolate cell bodies and proximal axons from distal axons (Campenot 
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1979, Campenot and Martin 2001 and Campenot et al. 2009). As sympathetic neurons in 

vivo extend their axons into environments that are distinct from their cell bodies, 

compartmented neuronal cultures allow the study of a model system that more closely 

resembles the in vivo situation than conventional cultures wherein inflammatory 

mediators are applied over the entire neuronal surface.   

 ELISA measurement of colitis supernatant revealed markedly elevated levels of 

IL-17 compared to supernatant collected from control colons, pointing to a role for IL-17 

in mediating the neurotrophic effects of the colitis supernatant. To further test this 

possibility, distal axons of SMG neurons were cultured in supernatant from activated T 

cells which release a plethora of cytokine mediators of the adaptive immune response 

(Palacios 1982, Sharon and Lis 1989 and Gantner et al. 1995), including IL-17 (Yao et 

al. 1995, Langrish et al. 2005 and Park et al. 2005). Similar to the colitis milieu, the 

cytokine profile of activated T cells stimulated distal sympathetic neurite growth, though 

to nearly twice the extent as the colitis supernatant, which likely corresponds to the 

higher levels of IL-17 measured in T cell-stimulated supernatant. 

4.4 Interleukin-17 as a mediator of sympathetic axonal plasticity during colitis  

IL-17 uniquely enhanced the arborisation pattern and morphological complexity of  

adult SMG neurites in vitro while none of the other cytokines known to be elevated 

during colitis exerted significant effects. Intriguingly, the proinflammatory cytokine IL-6, 

which is a canonical member of the neuropoietic class of cytokines known to upregulate 

axon growth through JAK/STAT signalling mechanisms (Heinrich et al. 2003, Bauer et 
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al. 2007 and Sachs et al. 2010), failed to evoke neurite outgrowth from SMG neurons. 

This finding suggests that IL-17 may exert its neurotrophic effects via a novel signalling 

cascade, which we discuss in further detail below. Additionally, effects of IL-17 on SMG 

neurite proliferation were most pronounced when IL-17 was applied selectively to distal 

terminals, which further suggests that exposure of sympathetic axon terminals to the 

inflammatory milieu in vivo precipitates neuroanatomical remodelling. 

IL-17-secreting immune cells, namely lymphocytes from the TH17 lineage and, to 

a lesser extent, activated macrophages, contribute largely to the immunopathogenesis of 

colitis by amplifying effector immune responses that ultimately give rise to tissue damage 

(Langrish et al. 2005, Park et al. 2005 and Yen et al. 2006). However, given our novel in 

vitro data it would follow that inflamed gut regions expressing IL-17 in vivo also coincide 

with regions of elevated sympathetic nerve density. Previous studies have implicated a 

role for IL-17 in axonal plasticity during peripheral inflammation. In a model of 

autoimmune neuritis, IL-17-producing CD4
+
 T cells were identified as the major 

pathogenic T cell population mediating peripheral axonopathy (Brunn et al. 2008). 

Studies on models of nerve injury have described a positive correlation between levels of 

IL-17 in the affected nerve and the onset of pain behaviours (Kim and Taylor 2011, 

Noma et al. 2011), suggesting that the cytokine may underlie the development of 

neuropathic pain. Recently, IL-17 was discovered to play a beneficial role in corneal 

nerve regeneration, as sub-basal nerve plexus density was attenuated by more than 50% 

following systemic treatment with an IL-17 function-blocking antibody (Li et al. 2011). 
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The authors of this study however attributed the outgrowth-promoting effects of IL-17 to 

the arrival of neutrophils at the wound site which secrete VEGF, a known trophic factor 

for peripheral nerves. Thus, little is known of the direct effects of IL-17 on nerve 

plasticity during inflammatory disease. 

The ability to obtain a neutralizing antibody that blocked IL-17 function in a 

concentration-dependent manner (Yao et al. 1995a,b) allowed us to definitively assess 

the contribution of IL-17 to the stimulatory effects of colitis and activated T cell 

supernatants on neurite outgrowth. Blockade of IL-17 completely abolished augmented 

levels of axon extension in the presence of the inflammatory supernatants, returning 

outgrowth to levels that approximated the control conditions. Use of an isotype-matched 

control mAb did not impact on axon growth when cultured in supernatant, confirming 

that effects of the IL-17 neutralizing mAb resulted from inhibition of IL-17 activity in the 

supernatant, rather than an aversive effect of the antibody itself on neurite extension. 

GI inflammation is characterized by the release of a wide range of inflammatory 

mediators into the surrounding intestinal tissue (Mahida et al. 1989, Fais et al. 1991, 

Breese et al. 1993, Fuss et al. 1996, Reimund et al. 1996, Targan et al. 1997), which 

might also contribute to sympathetic sprouting during colitis. However, mechanistic 

studies using in vitro models of the inflammatory response during colitis together with 

function-blocking IL-17 experiments point to an unequivocal role for IL-17 in mediating 

sympathetic axonal proliferation. These results represent the first demonstration of a 

direct neurotrophic effect of IL-17 on gut-projecting sympathetic neurites in vitro and 
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strongly suggest that IL-17 is the primary mediator of augmented axonal proliferation in 

the inflamed gut in vivo.   

 Morphological and functional alterations in the SNS have been documented in 

other inflammatory diseases dominated by a TH17 pathogenic phenotype, further 

demonstrating the ability of IL-17 to modulate sympathetic neuroplasticity in chronic 

immune-mediated disease. Similar to IBD, patients with rheumatoid arthritis, multiple 

sclerosis and psoriasis exhibit altered function of the autonomic nervous system 

associated with increased sympathetic activity (Farber et al. 1990, Thomaides et al. 1993, 

Kuis et al. 1996, Flachenecker et al. 2001, Klein et al. 2003). Moreover, in a murine 

model of chronic arthritis dominated by IL-17-producing CD4
+
 T cells (Murphy et al. 

2003, Nakae et al. 2003, Roark et al. 2007), sympathetic innervation of the inflamed 

glabrous skin of the hindpaw was enhanced (Almarestani et al. 2008). However, a 

marked depletion of sympathetic nerve fibres has been described in synovial tissues of 

patients with rheumatoid arthritis (Miller et al. 2000, Weidler et al. 2005 and Fassold et 

al. 2009). This loss of sympathetic fibres has been correlated with increased levels of 

semaphorins, sympathetic nerve-repellent factors, in actively-inflamed joint tissues 

(Miller et al. 2004, Fassold et al. 2005). Thus, these findings illustrate that the 

relationship between IL-17 and sympathetic axonal plasticity during chronic immune-

mediated pathology is complex and may be subject to modulation by other components 

of the inflammatory response. Nevertheless, these studies together with our own recent 

findings illustrate that sympathetic axons are not static anatomical entities but rather 
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plastic components of target organs that are responsive to changes in the immunological 

landscape.   

4.5 Mechanisms of IL-17-mediated neuroplasticity  

IL-17 receptor expression was abundant in TH-immunoreactive sympathetic neurons 

and along neurites and growth cones in cultures of dissociated SMG neurons, which 

demonstrates that sympathetic neurons possess the molecular machinery required to 

respond directly to IL-17. In addition to direct receptor-mediated mechanisms however 

proinflammatory cytokines can promote axon sprouting indirectly by inducing the 

secretion of neurotrophic factors from non-neuronal cells (Hattori et al. 1994, Horie et al. 

1997 and Juric and Carman-Krzan 2001).  Dual-labelled cryostat sections of SMG with 

TH and IL-17R revealed receptor expression on cells that were not immunoreactive for 

TH, implying that IL-17 might also signal to non-neuronal glial cells. Previous work 

from our laboratory however demonstrated that the neurotrophic effects of IL-17 

persisted in the near-absence of glial cells in vitro, arguing against the possibility that IL-

17 indirectly stimulates outgrowth by actions on intermediary cells. Moreover, the same 

anti-mitotic drug used to deplete the glial cell population in the above studies was present 

in the cell body compartment of compartmented cultures of SMG neurons, which further 

suggests that the neurotrophic effects of IL-17 were the direct result of receptor activation 

on SMG neurons.  

Proinflammatory cytokines can also influence axon architecture by enhancing  
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neurotrophin-mediated axonal growth (Kannan et al. 1994, Cafferty et al. 2004, Blasing 

et al. 2005, Golz et al. 2006). Exogenous NGF is requisite for the survival of dissociated 

SMG neurons, making it difficult to dissect the contribution of IL-17 to neuritogenesis 

independent of canonical neurotrophin signalling. IL-17 cannot substitute for NGF in 

vitro, as the cytokine was unable to differentiate a rat pheochromocytoma cell line, a 

culture model of cells with modified ACC properties, into a neuronal phenotype which 

can be achieved by NGF treatment (Greene and Tischler 1976, Yung et al. 2010). 

However, long-term culture of SMG neurons in IL-17 did not affect expression of the 

NGF receptor by sympathetic neurons (data not shown), suggesting that IL-17 does not 

upregulate NGF signalling mechanisms. Moreover, inhibition of NF-κB signalling 

completely abrogated the ability of IL-17 to attract neurite outgrowth in vitro. NF-κB is a 

common downstream effector molecule of several proinflammatory stimuli, such as IL-

17 (Yao et al. 1995, Shen and Gaffen 2008) and has recently been implicated in 

regulating the growth of neuronal processes (Gutierrez et al. 2005, 2008). Given that 

NGF promotes neurite elaboration by engaging signalling pathways that do not involve 

NF-κB, it seems unlikely that IL-17 is enhancing SMG outgrowth by stimulating NGF 

signalling. However, structural homologies between NGF and IL-17 dimers exist in 

locations corresponding to receptor-binding domains (Hymowitz et al. 2001), suggesting 

similar receptor-ligand signalling properties between the two molecules. NGF-mediated 

neuronal survival is dependent on retrograde axonal signalling pathways following NGF 

binding to cognate receptors on distal axon terminals, though the mechanistic nature of 
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this signal remains to be fully understood (Neet and Campenot 2001, Barker et al. 2002). 

In a similar fashion, IL-17 acting at distal sympathetic terminals may support axonal 

proliferation by retrograde transport mechanisms that involve downstream activation of 

NF-κB at the neuronal cell body. Additional studies will be required to fully characterize 

the molecular events mediating IL-17-induced changes in axon architecture.  

4.6 Conclusions 

Peripheral nervous dysfunction occurs as a complication of several TH17-driven 

pathologies including rheumatoid arthritis, diabetes and other chronic autoimmune 

disorders (Klein et al. 2003). It is tempting to speculate that the novel role which we have 

uncovered for IL-17 in mediating axon remodelling during colitis may have relevance to 

aberrant neural signalling in other TH17 diseases. The inflamed synovium of patients with 

rheumatoid arthritis is occupied by a marked increase in substance P-immunoreactive 

sensory fibres (Miller et al. 2000), raising the question as to whether IL-17 can exert 

neurotrophic effects on other peripheral populations of neurons.  

 Additionally, future studies will focus on characterising the role of novel 

noradrenergic varicosities on the mucosal immune response during colitis. Given 

preliminary evidence indicating a TH17-polarizing effect of sympathetic catecholamines 

(Harle et al. 2008, Liu et al. 2009 and Kim and Jones 2010), a novel feed-forward 

pathway may be proposed wherein elevated levels of IL-17 during colitis promote 

outgrowth from local sympathetic axons, which in turn further stimulate the production 

of IL-17. Studies unravelling the molecular series of events through which IL-17 
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enhances axon growth following activation of receptors will also be undertaken. A role 

for NF-κB signalling has been identified however whether IL-17 engages in similar 

retrograde transport mechanisms as canonical neurotrophins remains to be seen. 

Molecular characterization of IL-17 signalling pathways may ultimately lead to the 

identification of specific therapeutic targets that prevent sympathetic axonal proliferation, 

which may contribute to the ongoing inflammatory response that characterizes IBD.  
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