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Abstract 

Background & Aims: Enteric glia are increasingly recognized as an important 

functional component of the enteric nervous system. They have been indirectly 

implicated in the regulation of epithelial ion transport, which regulates homeostatic 

water and ion balance, through the release of the gaseous neurotransmitter nitric 

oxide, which has multifaceted roles in the physiological regulation and 

pathophysiological dysregulation of ion transport. However, the roles of enteric glia 

and nitric oxide in the regulation of ion transport are poorly understood in health 

and disease. Using nitric oxide synthase inhibition and a model of glial metabolic 

inhibition, the primary aims of this work were to investigate the physiological 

regulation of epithelial ion transport by nitric oxide and enteric glia, and how this 

regulation is altered during intestinal inflammation. Methods: Ion transport was 

measuring using full-thickness segments of mouse colon in an Ussing chamber 

apparatus. The release of nitric oxide from enteric glia and neurons within the 

myenteric plexus was assessed using amperometry and the cellular sites of nitric 

oxide release were investigated using nitric oxide imaging. Results: Under 

physiological conditions, nitric oxide release from enteric glia and neurons within 

the myenteric plexus regulates the nicotinically-mediated biphasic stimulation of 

epithelial ion transport in a concentration-dependent manner, while nitric oxide and 

enteric glia are not involved in the regulation of electrically-evoked stimulation of 

ion transport. Following intestinal inflammation, ion transport is hyporesponsive to 

stimulation, as the biphasic nicotinic response is reduced, and the response to 

electrically-evoked stimulation is absent. The inhibition of nitric oxide synthase or 
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the metabolic inhibition of enteric glia further inhibits the nicotically-mediated 

response, and restores the electrically-evoked secretory response. Conclusions: 

This work demonstrates novel functional roles for nitric oxide released from enteric 

glia in the nicotinically-mediated physiological regulation and electrically-evoked 

pathophysiological dysregulation of intestinal ion transport. Additionally, a 

previously unappreciated role for the myenteric plexus in the regulation of 

nicotinically-mediated ion transport under physiological conditions is described. 

The data presented in this thesis highlight and extend the important roles of nitric 

oxide and enteric glia within the myenteric plexus in gastrointestinal health and 

disease.  
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 Introduction Chapter One:

Enteric glia are the glial elements of the enteric nervous system with properties similar 

to astrocytes of the central nervous system (Jessen et al. 1983). They have recently 

been recognized as an important functional component of the enteric nervous system, 

with roles that include the maintenance of epithelial barrier function, neural protection 

and neurogenesis, modulating neurotransmission, and the production and recognition of 

inflammatory modulators (Bush et al. 1998, Ruhl et al. 2004, Ruhl 2005, Gulbransen et 

al. 2012).  However, the role of enteric glia in the regulation of intestinal ion transport 

remains poorly understood. Limited evidence exists to suggest that enteric glia may 

regulate ion transport through the release of the gaseous neurotransmitter nitric oxide 

(Green et al. 2004), which is an important and multi-faceted regulator of ion transport 

under physiological and pathophysiological conditions. Additionally, the submucosal 

plexus has long been considered the primary enteric plexus responsible for the 

regulation of ion transport. However, evidence has emerged to suggest a more 

important role for the myenteric plexus in the regulation of ion transport than previously 

considered. Therefore, the primary goal of this work has been to elucidate the role of 

enteric glia and nitric oxide within the myenteric plexus in the regulation of epithelial ion 

transport in health and disease. In the following sections, I will describe the enteric 

nervous system, including the localization and function of enteric glia and nitric oxide, 

the regulation of intestinal ion transport, and the alterations to the enteric nervous 

system and intestinal ion transport during intestinal inflammation, followed by the 

guiding hypothesis and specific aims of this work. 
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1.1 Overview of the Enteric Nervous System (ENS) 

The enteric nervous system (ENS) is the third division of the autonomic nervous system 

that regulates the digestive and defensive functions of the gastrointestinal (GI) tract, 

including GI motility, nutrient absorption, fluid regulation, and barrier function (Furness 

2000). The ENS is unique within the peripheral nervous system in that, in addition to 

working cooperatively with the central nervous system to regulate GI function, it also 

contains a large number of intrinsic connections, permitting the regulation of gut 

functions independent of central nervous system (CNS) control (Bayliss et al. 1899, 

Furness 2006).  

 

1.1.1 The structure of the ENS  

The ENS (Figure 1.1) is composed of two primary nerve plexuses first described by 

Meissner, Billroth, and Auerbach (Meissner 1857, Billroth 1858, Auerbach 1862a, 

Auerbach 1862b, Auerbach 1864) that innervate the gastrointestinal mucosa, the 

circular and longitudinal muscle layers, and blood vessels within the GI tract, the biliary 

system, and the pancreas (Furness 2006). The submucosal, or Meissner’s, plexus is 

found in a continuous layer between the mucosa and the circular muscle layer in the 

small and large intestine, and supplies innervation primarily to the mucosa, including 

connections to the mucosal vasculature, with limited innervation to the muscle layers 

(Porter et al. 1999, Timmermans et al. 2001, Furness 2006). The myenteric, or 

Auerbach’s, plexus is found in a continuous layer between the circular and longitudinal 

muscle layers along the entire length of the GI tract, and innervates the muscle layers, 

as well as providing connections to the submucosal plexus (Brehmer et al. 2004, 
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Furness 2006). The nerve plexuses are composed of ganglia containing two primary 

cell types – neurons and enteric glia. Because enteric ganglia are avascular, neurons 

and enteric glia receive nutrients via diffusion from blood vessels within the surrounding 

connective tissue (Jacobs 1977, Gabella 1982). 
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Figure 1.1 The Enteric Nervous System 

The enteric nervous system contains two primary nerve plexuses: the myenteric plexus, 

which lies between the circular and longitudinal muscle layers, and the submucosal 

plexus, which is located between the mucosa and the circular muscle layer. The 

plexuses are composed of enteric ganglia, which contain neurons and enteric glia, and 

are interconnected with nerve fibre strands. From The Enteric Nervous System 

(Furness 2006). 
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1.1.2 Enteric Neurons 

Neurons have long been considered the sole cell type responsible for coordinating and 

processing the functions of the ENS, and their morphological and functional 

characteristics have been well characterized (Furness 2000, Furness 2006). Enteric 

neurons are larger than enteric glia and have a round or oval eccentrically located 

nucleus, which facilitates their unambiguous ultrastructural localization within enteric 

ganglia (Gabella 1972). Unmyelinated axons project from enteric neurons and contact 

other neurons and enteric glia within their own and surrounding ganglia, as well as 

projecting between the nerve plexuses and into the tissues of the GI tract, including the 

mucosa and circular and longitudinal muscle layers (Gabella 1972, Furness 2006). 

More than 20 types of neurons have been identified within the ENS based on 

morphology, physiology, neurochemical coding, and projections to and from specific 

targets, and they have been broadly classified into three major categories: intrinsic 

primary afferent neurons (IPANs; intrinsic sensory neurons), interneurons, and motor 

neurons (Furness 2000, Furness 2006).  

 

1.1.3 Enteric Glia 

In contrast to enteric neurons, enteric glia were long considered to be merely supportive 

cells in the ENS, and therefore poorly studied. Indeed, glia is the Greek word for glue. 

However, similarly to astrocytes, their counterparts in the central nervous system 

(Jessen and Mirsky 1983), enteric glia are now understood to be active participants 

within the ENS. Enteric glia play a role in essential GI functions such as maintenance of 

the epithelial barrier function, neural protection and neurogenesis, modulation of 
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neurotransmission and neuron-glial crosstalk, and production and recognition of 

inflammatory modulators (Bush et al. 1998, Ruhl et al. 2004, Ruhl 2005, Gulbransen 

and Sharkey 2012).  

 

Enteric glia are small, nucleated stellate cells that are closely associated with enteric 

neurons within the ganglia of both submucosal and myenteric plexuses (Gabella 1972, 

Gabella 1981). Additionally, they have also been identified within interganglionic nerve 

fibre tracts, intramuscularly associated with nerve fibres between smooth muscle cells, 

and in the mucosa closely associated with epithelial cells and neurons as part of the 

neuronal-glial-epithelial unit (Gulbransen and Sharkey 2012, Neunlist et al. 2013). 

Within ganglia, enteric glia are identified based on their small size, stellate shape, and 

large nucleus, as well as their position within ganglia (Gabella 1972, Gabella 1981, 

Gulbransen et al. 2009). Similarly to astrocytes, enteric glia express the glial fibrillary 

acidic protein (GFAP) and the calcium binding protein S100β, both of which are glial-

specific markers in the ENS (Jessen et al. 1980, Ferri et al. 1982, Bishop et al. 1985, 

Ruhl 2005).  

 

Enteric glia, unlike enteric neurons, do not fire action potentials (Broussard et al. 1993). 

However, they express voltage-gated potassium channels and display 

hyperpolarization-induced potassium inward currents and depolarization-induced 

potassium outward currents (Hanani et al. 2000). Enteric glia within the myenteric and 

submucosal plexuses are interconnected through gap junctions (Maudlej et al. 1992, 
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Hanani et al. 2000), and signal intracellularly with rises in intracellular calcium that can 

travel across gap junctions (Zhang et al. 2003).  

 

Until recently, little was known about the function of enteric glia within the ENS. 

Evidence for the importance of enteric glial cells first emerged from in vivo studies using 

transgenic mouse models of enteric glial ablation. Bush and colleagues (Bush et al. 

1998) utilized mice in which the herpes simplex virus-thymidine kinase (HSV-TK) was 

coupled to the GFAP promoter, thereby permitting HSV-TK expression in GFAP 

immunoreactive cells. Enteric glia ablation was achieved with the administration of anti-

retroviral drug ganciclovir, which preferentially targeted enteric glia in the jejunum and 

ileum. In animals continuously treated with ganciclovir (>11 days), a substantial loss of 

enteric glia (~75%) and neurons (~30%) was noted in the myenteric plexus of the 

jejunum and ileum, in addition to the disruption of the mucosal barrier, severe 

inflammation, and haemorrhagic necrosis (Bush et al. 1998). This suggested that 

enteric glia had an essential role in the maintenance of the epithelial barrier. This model 

was also utilized to study the role of enteric glia in the regulation of intestinal epithelial 

cell proliferation, and found that the ablation of enteric glia in vivo enhances epithelial 

proliferation, suggesting that enteric glia also have an inhibitory role of epithelial cell 

proliferation (Neunlist et al. 2007).  

 

Cornet and colleagues (Cornet et al. 2001) utilized another transgenic mouse model 

where mice with GFAP promoter coupled to the influenza virus haemagglutinin (HA) 

were bred with CL4-TCR transgenic mice that have CD8+ T cells specific for the HA 
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complex. The CD8 +T cells in these double transgenic mice target glial cells, resulting in 

a 72% loss of enteric glial cells in the submucosal plexus. Enteric glia of the myenteric 

plexus were substantially less affected than in the HSV-TK model, as only a 35% 

reduction in enteric glial numbers was noted, and neuronal numbers were largely 

unaffected. The double transgenic mice exhibited inflammation and haemorrhagic 

necrosis of the jejunum, ileum, and colon, and died within 8 days of life (Cornet et al. 

2001). This model was subsequently used to study changes in epithelial barrier 

function, and found increased permeability of the epithelial barrier in transgenic mice 

compared to control animals using the in vivo administration of marker fluorescein 

isothiocyanate (FITC)-dextran (Aube et al. 2006).  

 

In vitro studies have also confirmed a role for enteric glia in the regulation of epithelial 

barrier function. Enteric glia secrete 15dPGJ2, which inhibits epithelial cell proliferation 

and activates the peroxisome proliferator-activated receptor γ (PPARγ), which inhibits 

epithelial cell proliferation and promotes cell differentiation (Bach-Ngohou et al. 2010). 

When enteric glia were co-cultured with epithelial cells in vitro, they increased the trans-

epithelial resistance of these cells through the upregulation of tight-junction protein 

expression (Savidge et al. 2007). This process appears to be regulated through glial-

derived s-nitrosoglutathione (GSNO) formed in enteric glia through the constitutive 

activation of endothelial nitric oxide synthase (NOS III; eNOS), the upregulation of 

inducible NOS (NOS II; iNOS) following serum starvation, or the NOS-independent 

enzyme ceruloplasmin (Savidge et al. 2007). NOS II activation was further implicated in 

enhancing barrier function in co-culture models, as the inhibition of NOS II activation 
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enhanced barrier function following stimulation with the lipopolysaccharide (LPS) (Xiao 

et al. 2011). Additionally, this process appears to be regulated by glial-derived 

neurotrophic factor (GDNF), which restored barrier function and ameliorated symptoms 

of colitis in mice (Zhang et al. 2010), and proEGF, which promotes healing of the 

epithelium after wound induction (Van Landeghem et al. 2011). Enteric glial cells have 

also been identified as gene regulators of cell-to-cell and cell-to-matrix adhesions, 

thereby influencing barrier function, as well as cell motility, proliferation, and survival 

(Van Landeghem et al. 2009).  

 

1.1.4 Neuron-glial communication within the ENS  

Neurons and enteric glia are closely apposed within the ENS, and vesicle-containing 

nerve varicosities make synaptic-like contact with enteric glia (Gabella 1972, Gabella 

1981). Enteric glia express numerous neurotransmitter receptors, including ionotropic 

and metabotropic purinergic receptors (Kimball et al. 1996, Christofi et al. 2001, 

Vanderwinden et al. 2003, Van Nassauw et al. 2006), glutamate receptor subunits 

corresponding with NMDA, AMPA, and kainate receptors (von Boyen et al. 2006, 

Nasser et al. 2007), and alpha2a-adrenergic receptors (Nasser et al. 2006). Some of 

these receptors are known to be active, as enteric glia respond to multiple 

neurotransmitters with the generation of enteric glial calcium responses (Garrido et al. 

2002, Segura et al. 2004, Segura et al. 2004). Enteric glia also respond to endogenous 

stimulation during the colonic migrating motor complex (CMMC) by generating 

intracellular calcium waves (Broadhead et al. 2012). These responses were tetrodotoxin 
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(TTX) sensitive, suggesting that the CMMC stimulates neural activation, releasing 

neurotransmitters, which then act upon the closely apposed enteric glia.  

 

The most widely studied mediator of neuron-to-enteric glia communication is adenosine 

triphosphate (ATP), as enteric glia in multiple animal models have been demonstrated 

to respond to ATP with robust calcium increases (Kimball and Mulholland 1996, Sarosi 

et al. 1998, Gulbransen and Sharkey 2009, Gulbransen et al. 2010). Interestingly, the in 

situ enteric glial response to ATP appears to be specific to activation by ATP release at 

sympathetic nerve terminals, as enteric glia demonstrate a calcium response specific to 

ATP released from sympathetic fibres (Gulbransen et al. 2010). 

 

Additionally, enteric glia can modulate neurotransmission in the ENS through the 

production of neurotransmitter precursors (Jessen and Mirsky 1983, Nagahama et al. 

2001) and the expression of biosynthetic enzymes to terminate neurotransmitter actions 

at synapse (Fletcher et al. 2002, Braun et al. 2004, Ruhl et al. 2005, Lavoie et al. 2011). 

It is currently unknown if enteric glia can modulate the function of enteric neurons 

through ‘gliotransmitters’ (Gulbransen and Sharkey 2012).  

 

1.2 Nitric Oxide  

Nitric oxide is a gaseous neurotransmitter that has been extensively studied in 

physiology and pathophysiology, and is now recognized to play numerous roles in the 

regulation of biological processes (Moncada et al. 1991). The major functions of nitric 

oxide include the control of vascular tone, the regulation of neurotransmission in the 
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central and peripheral nervous systems, and the modulation of inflammation (Moncada 

et al. 1991, Moncada et al. 1993, Moncada et al. 2006). Nitric oxide is synthesized from 

the amino acid L-arginine by the action of the nitric oxide synthase (NOS) enzymes. 

Two isoforms of NOS enzymes were originally identified based on their activation as 

constitutive (cNOS) or inducible (iNOS), and the cNOS enzymes were further 

subdivided into neuronal NOS (nNOS) and endothelial (eNOS (Moncada et al. 1997)). 

However, these initial classifications were recognized as overly simplified as the 

localization of NOS enzymes and the functions of nitric oxide were further investigated. 

eNOS has been localized in neurons in the CNS (Dinerman et al. 1994), nNOS has 

been identified in airway epithelial cells (Kobzik et al. 1993), and iNOS is constitutively 

active in some tissues, including the CNS (Kobzik et al. 1993, Mohaupt et al. 1994, 

Amitai 2010), therefore the International Union of Basic and Clinical Pharmacology 

suggested a revised nomenclature for the NOS enzymes of nNOS, iNOS, and eNOS to 

NOS I, NOS II, and NOS III, respectively (Moncada et al. 1997). 

 

1.2.1 Nitric oxide within the GI tract 

All of the three major isoforms of nitric oxide synthase have been identified within the GI 

tract. NOS I has been primarily localized in neurons of the ENS (Bredt et al. 1990, Sang 

et al. 1996, Rao et al. 2008). NOS II has been localized within enteric glia cells under 

physiological and pathophysiological conditions, although the expression of NOS II is 

significantly upregulated during intestinal inflammation (Singer et al. 1996, Green et al. 

2004). The expression of NOS II is also upregulated in inflammation in epithelial cells 

and immune cells such as macrophages and neutrophils, as well as enteric neurons 
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(Seago et al. 1995, Alican et al. 1996, Singer et al. 1996, Miampamba et al. 1999, 

Vannucchi et al. 2002). NOS III has been primarily identified in endothelial cells lining 

the gastrointestinal vasculature and in the smooth muscle (Fischer et al. 1999, Grider et 

al. 2008). 

 

Nitric oxide has been implicated in several important functions within the ENS. Nitric 

oxide acts as an inhibitory non-adrenergic, non-cholinergic (NANC) neurotransmitter 

(Bult et al. 1990) to regulate muscle relaxation in the circular and longitudinal muscle 

layers (Sanders et al. 1992).  Nitric oxide also plays an important role in regulating 

mucosal blood flow (Tepperman et al. 1992, Shah et al. 2004). Additionally, nitric oxide 

has been implicated in the regulation of intestinal ion transport, which will be discussed 

below.  

 

1.3 Intestinal Ion Transport  

Intestinal ion transport is the process by which fluid and ions are moved across the 

intestinal epithelial barrier, thereby regulating fluid and ion balance. At the level of 

intestinal epithelium, the secretory process is driven by chloride secretion from apical 

chloride channels, including the cystic fibrosis transmembrane conductance regulator 

(CFTR) and the calcium activated chloride channel (CaCC), which drive sodium and 

water transport across the epithelium (Barrett et al. 2000, Field 2003). This process is 

responsible for the secretion of ~8L of fluid per day in the human GI tract, almost all of 

which is reabsorbed further down the GI tract during digestion (Barrett and Keely 2000). 

This process therefore must be tightly regulated in order to maintain water and ion 
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balance, as perturbations can lead to pathological consequences including diarrhea and 

constipation, both of which can range from mild to life-threatening (Barrett and Keely 

2000, Murek et al. 2010). 

 

1.3.1 Regulation of ion transport by the ENS 

The ENS was first implicated in the regulation of intestinal ion transport in the rabbit 

ileum, where electrical field stimulation (EFS) caused an increase in chloride secretion 

that was blocked by the neurotoxin TTX (Hubel 1978). It is now well established that the 

ENS mediates secretion in the small intestine and colon through secretomotor  reflexes 

(Vanner et al. 2004, Furness 2006). Mucosal stimulation by physical or chemical means 

activate enterochromaffin cells to release serotonin (5-HT), ATP, or other peptides 

which in turn activates nerve terminals of afferent neurons within the submucosal 

ganglia, which then activate interneurons or secretomotor neurons through 

acetylcholine or other neurotransmitters (Bertrand et al. 2000, Bertrand et al. 2002, 

Raybould et al. 2004). This process also receives inputs from the myenteric plexus and 

extrinsic sympathetic nerves, which together coordinate the precise regulation of 

epithelial ion transport within the intestine (Vanner and MacNaughton 2004).  

 

Intestinal ion transport is primarily driven by active electrogenic chloride secretion from 

epithelial cells into the intestinal lumen, which is accompanied by the paracellular 

movement of sodium across the epithelium, creating an osmotic gradient of sodium 

chloride (Barrett and Keely 2000). The osmotic gradient created by active electrolyte 

secretion then drives transepithelial water movement into the lumen, although this 
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process is poorly understood and may also rely on transport mechanisms such as the 

sodium-glucose cotransporter and aquaporin water channels (Barrett and Keely 2000, 

Laforenza 2012). The ENS has also been implicated in the basal regulation of intestinal 

ion transport as applying TTX to unstimulated tissue causes a decrease in baseline ion 

transport (Hubel et al. 1987, Kuwahara et al. 1989, Hirota et al. 2006). 

 

It is worth noting that in the effort to establish the role of nerves in the GI regulation of 

ion transport, early work in the guinea pig ileum and colon found that while the 

responses to electrical field stimulation were dependent upon enteric nerves, there were 

no significant differences in the responses with or without the external muscle layers, 

containing the myenteric plexus (Cooke et al. 1983, Cooke 1984, Carey et al. 1985). 

Therefore, the submucosal plexus was considered the primary plexus responsible for 

the ENS-mediated regulation of ion transport, and in the majority of subsequent studies 

observing the role of the ENS in regulating intestinal ion transport, the external muscle 

layers and myenteric plexus were absent. Despite this established doctrine, several 

studies did find evidence for a role for the myenteric plexus in regulating ion transport. 

Jodal and colleagues (Jodal et al. 1993) utilized benzalkonium chloride (BAC), a potent 

surfactant that selectively ablates myenteric ganglia when applied to the serosal surface 

of the GI tract (Fox et al. 1983). Following BAC treatment on jejunal segments in rats, 

which ablated the myenteric plexus, cholera toxin no longer elicited fluid secretion 

observed in full-thickness colonic segments (Jodal, Holmgren et al. 1993. Mourad and 

colleagues (Mourad et al. 2003) also utilized BAC treatment in rats and found that it 

inhibited the secretory response to nitric oxide precursor L-arginine. In both studies BAC 
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treatment did not alter basal fluid secretion in the absence of stimulation. Green and 

colleagues described a role for the myenteric plexus in the regulation of nicotinically-

mediated epithelial ion transport during colitis, where cholinergic stimulation of mouse 

colon was altered from an increase in the short-circuit current to a decrease, which was 

prevented by the removal of the myenteric plexus (Green et al. 2004).  

 

1.3.2 Nitric oxide-mediated regulation of ion transport 

Nitric oxide has been investigated as a mediator of intestinal ion transport. However, the 

exact nature of the function of nitric oxide is unknown, as many groups have found 

opposing results, with nitric oxide described as having either a proabsorptive or a 

prosecretory effect (Izzo et al. 1998, Mourad et al. 1999). Under physiological 

conditions, nitric oxide donors have been found to have a prosecretory effect on 

chloride secretion in multiple animal models, including guinea pig and rat (MacNaughton 

1993, Tamai et al. 1993, Wilson et al. 1993, Rolfe et al. 1994, Mourad et al. 2003), as 

well as human colon (Stack et al. 1996). However, these data have been contradicted in 

other studies (Turvill et al. 1999), including studies which have identified NOS inhibitors 

as prosecretory in the mouse, dog, rat, and rabbit small intestine (Barry et al. 1994, Rao 

et al. 1994, Maher et al. 1995, Schirgi-Degen et al. 1995). Indeed, in one study nitric 

oxide was demonstrated to be both proabsortive and prosecretory in the regulation of 

cholera toxin-induced secretion (Turvill et al. 1999). The multi-faceted nature of nitric 

oxide may be partially explained by the concentration of nitric oxide, as at basal 

physiological conditions, it appears to be primarily prosecretory, while at higher 

concentrations appears to be primarily proabsorptive (Mourad et al. 1996, Wapnir et al. 
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1997). 

 

The biochemical mechanism by which nitric oxide can act directly on the intestinal 

epithelium occurs through the activation of a chloride secretory response that is 

sensitive to cGMP inhibition (Tamai and Gaginella 1993). Nitric oxide donors in isolated 

mucosal preparations stimulate a 20-fold increase in cGMP production from the 

intestinal epithelium (Wilson et al. 1996), and cGMP subsequently stimulates chloride 

secretion through the activation of CFTR chloride channels (Seidler et al. 1997). Nitric 

oxide can also activate prostaglandins (PG) E2 production, which stimulates cAMP 

production (Belley et al. 1999), thereby activating CFTR chloride channels (Wilson et al. 

1996, Uno et al. 1997). The inhibition of PGE2 partially blocks chloride secretion, and 

the remaining component is sensitive to TTX, suggesting a neurally-mediated 

component of the nitric oxide mediated regulation of ion transport (Wilson et al. 1996). 

Additionally, TTX has been shown to partially inhibit the actions of nitric oxide donors 

and L-arginine (Mourad et al. 2003). Finally, the ablation of the myenteric plexus with 

BAC also reduced the secretory response to nitric oxide (Mourad et al. 2003). 

 

1.3.3 Enteric glial regulation of ion transport 

The role of enteric glia in the regulation of epithelial ion transport is largely unexplored. 

Enteric glia have been indirectly implicated in the regulation of epithelial ion transport 

during intestinal inflammation. In a mouse model of colitis, nitric oxide from a NOS II 

source was observed to regulate the nicotinic modulation of epithelial ion transport 

(Green et al. 2004). This effect was dependent on the myenteric plexus, as the nicotinic 
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mediation of ion transport was not observed following the removal of the myenteric 

plexus. Since enteric glia were identified as the sole source of NOS II in the myenteric 

plexus, they were suggested as potential regulators of the nicotinic modulation of ion 

transport (Green et al. 2004). This also shed new light on previous work investigating 

the role of NOS II-mediated nitric oxide release on the modulation of epithelial ion 

transport. The effect of enteric glia in the physiological regulation of ion transport was 

investigated more directly using the glial metabolic poison fluorocitrate (Nasser et al. 

2006). Fluorocitrate treatment did not alter the basal tissue conductance or the 

responses to electrical field stimulation, cholinergic agonist carbachol, or cyclic 

adenosine monophosphate (cAMP) secretagogue forskolin, suggesting that under 

physiological conditions enteric glia did not play a significant role in the regulation of 

intestinal ion transport. 

 

1.4 Intestinal Inflammation 

Inflammatory bowel diseases (IBD) are a group of inflammatory disorders of the 

gastrointestinal tract that affect the digestive and defensive functions of the gut, 

including breakdown of the intestinal barrier and alterations to secretion and motility 

(Baumgart et al. 2007, Baumgart et al. 2007). These changes lead to the malabsorption 

of water and nutrients, diarrhea, weight loss, and possibly death (Podolsky 1991, 

Podolsky 1991, Lakhan et al. 2010). Genetic, environmental, bacterial, and 

immunological factors contribute to the initiation and maintenance of the pathology of 

IBD, but the primary etiology of IBD remains unknown (Nanau et al. 2012). 
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1.4.1 Alterations to the ENS during intestinal inflammation 

During intestinal inflammation, the structure and functions of the ENS undergo 

significant alterations. A significant loss of neurons has been noted in animal models of 

intestinal inflammation (Sanovic et al. 1999, Boyer et al. 2005, Gulbransen et al. 2012), 

as well as in humans with IBD (Geboes et al. 1998, Bassotti et al. 2009). Additionally, 

the neurochemical coding of enteric neurons is altered in inflammation, with increases in 

the expression of substance P and vasoactive intestinal peptide (VIP) in animal models 

of colitis and IBD patients (Kishimoto et al. 1992, Linden et al. 2005, Lomax et al. 2006). 

Enteric glia undergo gliosis, act as antigen-presenting cells, and produce inflammatory 

cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α (Ruhl et 

al. 2001, Ruhl et al. 2001, Cabarrocas et al. 2003, von Boyen et al. 2010). 

Functionally, enteric neurons become hyper-excitable during intestinal inflammation 

(Linden et al. 2003, Mawe et al. 2009). However, it is not known how this contributes to 

alterations in gut function, as the motor and secretory functions are both reduced during 

intestinal inflammation (Mawe et al. 2009). 

 

1.4.2 Nitric oxide and intestinal inflammation 

The production of nitric oxide is well known to be upregulated during intestinal 

inflammation, and is primarily associated with an upregulation in the expression of NOS 

II (Boughton-Smith et al. 1993, Middleton et al. 1993, Mourad et al. 1999). Initially it was 

believed that the upregulation of nitric oxide production was cytotoxic, as some studies 

have demonstrated that inhibiting nitric oxide release can be anti-inflammatory in animal 

models of colitis (Miller et al. 1993, Hogaboam et al. 1995). However, other studies 
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have described nitric oxide as cytoprotective during intestinal inflammation, as nitric 

oxide donors can reduce mucosal damage in models of inflammation and intestinal 

damage following ischemia (MacNaughton et al. 1989, Payne et al. 1993, Elliott et al. 

1995, Muscara et al. 1999), and nitric oxide inhibition can cause intestinal inflammation 

(Miller et al. 1993, Kubes 2000). Mice deficient in NOS II expression (NOS II-/-) display a 

more severe inflammation following the experimental induction of colitis (McCafferty et 

al. 1997, Vallance et al. 2004) and have upregulated intestinal inflammation after 

hemorrhagic shock (Hierholzer et al. 2004). Therefore, the role of nitric oxide during 

intestinal inflammation is unclear, and somewhat paradoxical, as nitric oxide appears to 

display a dual nature as both cytoprotective and cytotoxic (Muscara and Wallace 1999, 

Kubes 2000). 

 

1.4.3 Dysregulation of ion transport during intestinal inflammation 

During intestinal inflammation, the intestinal epithelium and neural secretomotor 

pathways are hyporesponsive to secretory stimuli, including cAMP secretagogue IBMX, 

acetylcholine, and neuronal stimulation with electrical field stimulation (Goldhill et al. 

1993, Bell et al. 1995, MacNaughton et al. 1998, Asfaha et al. 1999, Sayer et al. 2002, 

Green et al. 2004, Perez-Navarro et al. 2005). This ablation can persist even after 

active inflammation has resolved (Hubel et al. 1990, MacNaughton et al. 1998, Asfaha 

et al. 1999, Asfaha et al. 2001, Perez-Navarro et al. 2005). The mechanisms mediating 

epithelial ion transport hyporesponsiveness are not well understood (Martinez-Augustin 

et al. 2009). The enteric nervous system has been implicated, as removal of the 

submucosal plexus reverses the hyporesponsiveness of the epithelium (Martinez-
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Augustin et al. 2009). Nitric oxide also appears to be involved in epithelial 

hyporesponsiveness, as the inhibition of nitric oxide from a NOS II source during 

intestinal inflammation can reverse the hyporesponsiveness of the epithelium to 

secretagogues, suggesting that nitric oxide is involved in the inflammation-induced 

suppression of epithelial ion transport (MacNaughton et al. 1998, Asfaha et al. 1999). 

Additionally, as previously discussed, enteric glia are involved in the dysregulation of 

the epithelial barrier (Bush et al. 1998, Cornet et al. 2001, Savidge et al. 2007) and 

appear to mediate alterations to the cholinergic regulation of intestinal ion transport 

(Green et al. 2004). 

 

In summary, while the myenteric plexus, enteric glia, and nitric oxide have all been 

implicated in the regulation of intestinal ion transport, this process is complex and 

multifaceted, and therefore many questions still exist. I began this work with an 

understanding of these elements that is illustrated in Figure 2 (Green et al. 2004). It was 

hypothesized that nicotinic stimulation activated enteric neurons within the myenteric 

plexus, which by an unknown mechanism activated enteric glial release of nitric oxide 

through NOS II activation from the myenteric plexus. This nitric oxide then inhibited 

epithelial ion transport through the nitric oxide-dependent modulation of submucosal 

neurons and/or enteric glia, and/or direct actions of nitric oxide on the intestinal 

epithelium. Therefore, the primary goal of this work is to build on this model to elucidate 

the role of enteric glia and nitric oxide within the myenteric plexus in the regulation of 

epithelial ion transport in health and disease.  
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Figure 1.2 Nitric oxide, enteric glia, and the myenteric plexus in the regulation of 

epithelial ion transport 

Nicotinic stimulation of enteric neurons within the myenteric plexus activates NOS II-

mediated nitric oxide release within enteric glia by an unknown mechanism. Nitric oxide 

modulates chloride transport on the level of the intestinal epithelium by I. acting on 

submucosal enteric glia, II. acting directly on the intestinal epithelium, and/or III. acting 

on submucosal neurons. In the case of I or III, enteric glia or neurons then modulate the 

epithelial ion transport by an unknown mechanism. Adapted from Green et al, 2004. 



 

22 

1.5 Hypothesis and Aims 

The studies performed in this thesis were guided by the following general hypothesis: 

Nitric oxide and enteric glia play a role in the regulation of intestinal ion transport, 

and thereby homeostatic water and ion balance, under physiological conditions, 

and that this regulation is altered following intestinal inflammation. 

 

I investigated this hypothesis through a series of Aims, which are explored in each 

chapter of the thesis.  

Aim I: To identify the role of the myenteric plexus in the physiological regulation 

of epithelial ion transport, and to investigate the component regulated by nitric 

oxide and enteric glia. The submucosal plexus has long been considered the primary 

plexus involved in the regulation of intestinal ion transport. Additionally, both nitric oxide 

and enteric glia have been implicated in the regulation of intestinal ion transport. 

Through the measurement of electrogenic ion transport using an Ussing chamber 

apparatus, I investigated the importance of the myenteric plexus, nitric oxide, and 

enteric glia in regulating epithelial ion transport under physiological conditions.  

Aim II: To explore the production and release of nitric oxide within the myenteric 

plexus under physiological conditions. Prior to this work, immunohistochemical 

studies had identified that neurons contained the nitric oxide synthase I (NOS I, nNOS) 

enzyme, while enteric glia contained the nitric oxide synthase II (NOS II, iNOS) enzyme. 

However, the cellular sites of the production and release of nitric oxide had not been 

identified. Through the complementary techniques of nitric oxide imaging and 

electrochemical detection of nitric oxide, I investigated nitric oxide production and 
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release from enteric glia and neurons within the mouse colonic myenteric plexus under 

physiological conditions. 

Aim III: To explore the role of nitric oxide and enteric glia in regulating epithelial 

ion transport following intestinal inflammation in mouse models of colitis. 

Following the discovery of the role of enteric glia in the physiological modulation of ion 

transport through nitric oxide, I wanted to explore this regulatory pathway during 

intestinal inflammation. The role of nitric oxide and enteric glia in the regulation of ion 

transport following intestinal inflammation is not well established. I utilized the Ussing 

chamber apparatus to measure alterations in electrogenic ion transport in tissues from 

colitis-induced mice during the inhibition of nitric oxide production or enteric glial 

activating using the glial metabolic poison fluoroacetate.  

Aim IV: To explore how the production and release of nitric oxide from enteric 

glia is altered during intestinal inflammation. During intestinal inflammation, nitric 

oxide production is upregulated through NOS II activation within the enteric nervous 

system. Previous evidence has suggested that NOS II-mediated nitric oxide release 

occurs from enteric glia, but this evidence was indirect. Through the electrochemical 

detection of nitric oxide, I investigated nitric oxide production and release from enteric 

glia and neurons within the mouse colonic myenteric plexus using mouse models of 

colitis.  
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 General Methods Chapter Two:

2.1 Ethical Approval 

Animal use protocols were approved by the University of Calgary Health Sciences 

Animal Care Committee, and were carried out in accordance with the guidelines of the 

Canadian Council on Animal Care. Animals were housed in polystyrene cages with 

sterilized wood chip bedding with free access to Purina Laboratory Chow and tap water 

and maintained on a 12-hour light-dark cycle in a temperature and humidity controlled 

room. All animals were killed by cervical dislocation under deep isofluorane anesthesia.  

  

2.2 Animals 

Ussing chamber experiments utilized male CD1 mice (Jackson Laboratory, Bar Harbor, 

ME, USA), male knockout mice for the nitric oxide synthase (NOS) I isoform (NOS I-/-; 

B6;129S4-Nos1tm1Plh/J; Jackson) and NOS II isoform (NOS II-/-; B6.129P2-

Nos2tm1Lau/J; Jackson), and male and female IL10-/- mice and their background strain 

129Sv/Ev (generous gift of Dr. DM McCafferty, University of Calgary). Electrochemical 

detection studies utilized CD1, NOS I-/-, and NOS II-/- mice. Nitric oxide imaging 

experiments utilized male and female S100β-GFP mice generated on a CD1 

background (Xiong et al. 2000) bred at the University of Calgary (Vives et al. 2003) and 

NOS I and II-/- mice. All animals were used at approximately 6-10 weeks of age, with the 

exception of the IL10-/- and 129 SvEv mice (explained below). Male mice were utilized 

unless specified in order to eliminate hormonal changes as a confounding variable. 
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2.3 Mouse Models of Colitis 

Intestinal inflammation can be induced in mice using a variety of approaches, including 

chemical methods or using genetically modified mice (Strober et al. 2002). In this thesis, 

I used the genetic interleukin (IL) 10-/- mouse model of colitis, and the chemical 

compounds trinitrobenzene sulfonic acid (TNBS) and dextran sodium sulphate (DSS), to 

induce intestinal inflammation in order to test the hypothesis in multiple models. 

 

2.3.1 TNBS colitis 

The chemical TNBS model of colitis has been well-established in the mouse, and was 

selected because it provides consistent intestinal damage scores with a defined onset 

and low mortality (Strober et al. 2002). TNBS is a haptenating substance that is 

administered in a 30% ethanol (EtOH) solution, which acts to break down the mucosal 

barrier, allowing the TNBS to penetrate the intestinal wall and initiate an inflammatory 

response characterized by transmural inflammation, edema, and ulcerations, resulting 

in diarrhea and weight loss (Morris et al. 1989, Elson et al. 1995, Wirtz et al. 2007).  

TNBS colitis was induced in the mouse with the 3 cm intrarectal administration of 0.1 

mL of 30 mg/mL TNBS in 30% EtOH in animals lightly anesthetized with isofluorane. 

This dose was utilized because it caused reliable damage scores with limited mortality. 

Control animals were treated with the same volume of saline inserted intrarectally. 

TNBS-treated and saline control mice were sacrificed three days post-treatment.  
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2.3.2 DSS colitis 

The chemical DSS model of colitis has also been well-established in the mouse, and 

was selected because it is easy to induce, and similarly to the TNBS model, provides 

consistent intestinal damage scores with a defined onset and low mortality (Strober et 

al. 2002). DSS is a sulphated polysaccharide that breaks down the epithelial barrier, 

resulting in mucosal inflammation, diarrhea, often containing blood, the shortening of 

colonic length, and weight loss (Elson et al. 1995, Kitajima et al. 1999, Strober et al. 

2002).  

DSS (5% w/v) is dissolved in drinking water and administered for 5 days followed by two 

days of normal drinking water. Control animals were given normal drinking water. DSS-

treated and control mice were sacrificed seven days after the start of DSS water. 

 

2.3.3 IL-10 gene deficient (IL-10-/-) colitis 

IL-10 is an immunosuppressive cytokine that acts to suppress macrophage activation 

and induces the inhibition of other inflammatory cytokines such as IL-1, IL-6, and tumor 

necrosis factor (TNF)-α (Kuhn et al. 1993, Gomes-Santos et al. 2012). Mice lacking the 

IL-10 cytokine develop spontaneous transmural intestinal inflammation that primarily 

affects the colon and is characterized by mucosal inflammation, increased epithelial 

permeability, ulcerations, and thickening of the bowel wall, resulting in weight loss 

(Kuhn et al. 1993, Gomes-Santos et al. 2012). This model is advantageous because it is 

a chronic model of colitis that in some ways mimics the clinical presentation of colitis, it 

does not require a chemical means of induction, and is consistent in the presentation of 

intestinal inflammation (Strober et al. 2002). However, colitis develops in severity as the 
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mouse ages and therefore to obtain damage scores comparable to those of the acute 

models, mice ages of 16-20 weeks must be used (Gomes-Santos et al. 2012). 

 

Male and female IL10-/- mice generated on a 129Sv/Ev background were used for 

Ussing chamber studies, and were compared with age-matched control 129Sv/Ev mice. 

These mice were a generous gift of Dr. Donna-Marie McCafferty. 

 

2.3.4 Assessment of Inflammation 

The extent of damage induced by intestinal inflammation was assessed using a 

previously established macroscopic damage score (McCafferty et al. 1994, McCafferty 

et al. 1997). Briefly, the global score consisted of a colonic damage score for length of 

damage and length of ulceration (in cm), summed with scores for the presence or 

absence of erythema, (0 or 1), diarrhea (0 or 1; defined as loose or watery stool), fecal 

blood (0 or 1), adhesions (0, 1 for mild, or 2 for severe). Length of colon (in mm) was 

also recorded. 

 

2.4 Whole Mount Tissue Preparation 

Whole mount tissue samples were prepared by removing the colon and placing it in 

phosphate buffered saline (PBS, pH 7.4) if intended for immunohistochemistry or in 

oxygenated (95% O2, 5% CO2) Krebs buffer (pH 7.4) that contained (in mM): NaCl 

(117), KCl (4.8), CaCl2 (2.5), MgCl2 (1.2), NaHCO3 (25), NaH2PO4 (1.2) and D-glucose 

(11) if intended for live tissue imaging or electrochemical detection. Tissues intended for 

immunohistochemistry were fixed prior to their dissection (see below). The dissection 
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was conducted in Sylgard-lined Petri dishes filled with the appropriate solution. The 

colon was opened along the mesenteric border and pinned flat with the mucosal side 

upwards. The mucosal and submucosal layers were removed and the circular muscle 

peeled off to reveal the myenteric plexus atop the longitudinal muscle (LMMP 

preparation).  

 

2.5 Immunohistochemistry 

Immunohistochemistry is a well-accepted method in which primary antibodies are used 

to detect a specific antigen of interest within a biological sample. A fluorescent 

secondary antibody is then used to visualize the primary antibody within the sample with 

the use of a fluorescence microscope. Each antibody was optimized for fixative type 

and antibody dilution, and only the optimized conditions are shown in this thesis.  

 

Whole-mount immunohistochemistry was performed on LMMP preparations, which 

were fixed prior to dissection for 12 hr at 4°C in 4% paraformaldehyde (Merck) or 

Zamboni’s fixative (picric acid-formaldehyde mixture; picric acid, Sigma) and 

subsequently washed three times in PBS for 10 minutes. Following the LMMP 

dissection, samples were washed three times in PBS containing 0.1% Triton X-100 

(Sigma) and incubated with a specific primary antibody for 24-48 hours at 4°C. Primary 

antibodies are listed in Table 1. Tissues were then washed three times with PBS 

containing 0.1% Triton X-100 and incubated with the appropriate secondary antibody at 

room temperature for 60-120 minutes. Secondary antibodies are listed in Table 2. 
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Table 2.1 Primary Antibodies 

Antibody Company, Catalogue # Dilution 

Mouse anti-HuC/HuD Invitrogen, A21271 1:100 

Rabbit anti-NOS I  BD Biosciences, 610332 1:500 

Goat anti-α3 

Acetylcholine Receptor 

Santa Cruz Biotechnology, SC5590 1:100 

Rabbit anti-glial fibrillary 

acidic protein (GFAP) 

Dako, Z0334 1:50 

Rabbit anti-PGP Neuromics, RA12103 1:500 

 

Table 2.2. Secondary Antibodies 

Antibody Company, Catalogue # Dilution 

Goat anti-mouse FITC Jackson ImmunoResearch 

Laboratories, 115-096-062 

1:100 

Donkey anti-rabbit CY3 Jackson ImmunoResearch 

Laboratories, 711-166-152 

1:100 

Donkey anti-goat CY3 Jackson ImmunoResearch 

Laboratories, 705-165-147 

1:100 

Goat anti-rabbit CY5 BioCan Scientific, 111-175-008 1:50 

Donkey anti-rabbit FITC Jackson ImmunoResearch 

Laboratories, 711-095-152 

1:50 
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Labeled LMMP samples were mounted on glass slides with bicarbonate buffered 

glycerol (pH 8.6) and were observed using a Zeiss Axioplan fluorescence microscope 

(Carl Zeiss, Jena, Germany) and images captured by a digital camera (Qimaging, 

Surrey, BC, Canada), or with an Olympus BX50 Fluoview laser scanning confocal 

microscope (Olympus America Inc., Melville, NY, USA) using a 60× (UPlanApo, 1.42 

n.a.) oil immersion lens, where optical sections were acquired sequentially at 1 µM 

intervals for each of the three fluorescence channels. 

 

2.6 Live Tissue Imaging: Nitric Oxide Imaging 

Nitric oxide imaging is a technique used to study nitric oxide release from live tissue 

preparations. The first generation of fluorescent indicators for nitric oxide were the 

green-fluorescent diaminofluoresceins (DAFs), which were membrane permeable and 

bound irreversibly to nitric oxide (Kojima et al. 1998). However, these dyes were pH 

sensitive and their fluorescence overlapped with the autofluorescence of some cell 

types, therefore a second generation based on the rhodamine chromophore, DARs, 

were developed (Kojima et al. 2001). The major advantage of this technique is that it 

allows the cell-specific localization of nitric oxide release within live tissue. The major 

limitations of this technique are that the release of nitric oxide is not detected in real-

time, and that the binding of nitric oxide to the fluorescent dye is irreversible, resulting in 

an accumulation of the fluorescent signal over time in nitric oxide-producing cells, 

preventing multiple experiments on the same sample (Wang et al. 2006). These nitric 

oxide-sensitive dyes have been used to study nitric oxide release from neurons and 
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astrocytes in the central nervous system (von Bohlen und Halbach 2003, Okada et al. 

2004, Stern et al. 2005), but this technique has not previously been utilized within the 

ENS. 

 

The procedure for live tissue preparation has been described above. Following the 

tissue dissection, LMMP preparations were incubated for 15 minutes at 37°C in an 

enzyme mixture consisting of 156.25 U/mL Collagenase Type II (Invitrogen Canada Inc, 

Burlington, ON, Canada) and 1 U/mL Dispase II (Roche, Laval, QC, Canada; 

Gulbransen & Sharkey, 2009; Gulbransen et al. 2010). Tissue was subsequently rinsed 

with Krebs buffer and loaded with 5 µM diaminorhodamine-4M acetoxymethyl ester 

(DAR-4M AM; Calbiochem) in the presence of 0.02% Pluronic F-127 (Invitrogen, 

Eugene, OR, USA) and 100 µM probenecid (Invitrogen Canada Inc., Burlington, ON, 

Canada) at 37°C in a moist, oxygenated environment. Loaded tissue was rinsed and 

equilibrated (20min) in oxygenated Krebs buffer containing 0.02% Pluronic F-127, then 

mounted on an upright Olympus BX61WI motorized fixed stage microscope (Olympus, 

Markham, ON, Canada) and continually perfused with oxygenated Krebs buffer (30–

33°C). 

 

Initial experiments were conducted with carbachol (CCh; 100 µM, Sigma-Aldrich; St 

Louis, MO, USA) in the presence of atropine (1µM, Sigma-Aldrich). However, this 

caused significant muscle contractions in the LMMP preparations, which made accurate 

analysis of these data difficult. Subsequent experiments were conducted with the 

specific nicotinic agonist dimethylphenylpiperazinium (DMPP; Sigma-Aldrich; 10 µM), 
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which had no effect on muscle contraction. Glutamate (10µM; Sigma) was also used as 

a stimulant. Agonists were bath applied for 5 min after a 5 min baseline period. 

Inhibitors were bath applied for the duration of the experiment and included 

hexamethonium (Hex; 100 µM; Sigma-Aldrich), NMDA antagonist 3-(2-

Carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP; 10 µM; Sigma), pan-NOS 

inhibitor N G-nitro-L-arginine methyl ester (L-NAME; 100 µM; Tocris Bioscience, 

Ellisville, MO, USA), NOS I inhibitor S-methyl-L-thiocitrulline (SMTC; Calbiochem, La 

Jolla, CA, USA; 10 µM), NOS II inhibitor N-(3-aminomethyl) benzylacetamidine (1400W; 

10 µM), and the nitric oxide scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-

oxide (PTIO; 100 µM). The nitric oxide donor (Z )-1-[N -(3-aminopropyl)-N -(n-

propyl)amino] diazen-1-ium-1,2-diolate (PAPA NONOate; Cayman Chemical Co., Ann 

Arbor, MI, USA; 100µM) was utilized as a positive control. Concentrations of these 

inhibitors were selected based on relevant literature from the ENS where available, as 

well as studies directly investigating their role in other organ systems (Lehmann et al. 

1987, Joly et al. 1995, Garvey et al. 1997, Sayer et al. 2002, Green et al. 2004). Images 

were captured every 10 s through a 20x water-immersion objective (UMPlanFl, 0.5 n.a.) 

by a CCD Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics K.K., 

Hamamatsu-City, Japan) at an excitation/emission wavelength of 560/607 nm for DAR-

4M AM.  

 

Early experiments utilized the Volocity Software to record imaging videos and the 

ImageJ program for data analysis. However, the ImageJ analysis was exceptionally 

time-consuming. Therefore, later experiments were captured by and analyzed with the 
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Imaging Workbench software (INDEC Biosystems, Santa Clara, CA, USA). 

 

2.6.1 Cell Identification 

S100β is a calcium-binding protein that has been localized solely within enteric glial 

cells in the mouse myenteric plexus (Ferri et al. 1982). A genetic mouse model in which 

the green fluorescent protein (GFP) is tagged to the β subunit of the S100 protein have 

been created and permit the visualization of all S100β-positive cells (Vives et al. 2003). 

Immunohistochemistry has demonstrated that only two cell types exist within mouse 

myenteric ganglia – neurons and enteric glial cells (Gabella et al. 1984). Therefore all 

non-GFP positive cells are taken to be neurons, which were also defined by their size 

and the presence of a nucleus (Gulbransen and Sharkey 2009). 

 

2.6.2 Image analysis 

For nitric oxide imaging, early experiments utilized Volocity Software to record imaging 

videos and the ImageJ program for data analysis of raw image files. However, as 

mentioned above, analyzing using the ImageJ software was exceptionally time-

consuming. In later experiments, raw image files were analysed using Imaging 

Workbench software. However, the analysis of data acquired from either software 

package was identical.  

 

Regions of interest (ROIs) were drawn around enteric glia and neurons as identified by 

the presence or absence of GFP fluorescence in S100β-GFP mice, and via cellular 

characteristics, including size and shape, in all other mice (Gabella and Trigg 1984). 
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The percentage relative change in fluorescence intensity was calculated for each 

neuron and glia ROI using the equation: 

 

%ΔF/F = (((Fx − Frest)/Frest) − ((Fb −Fb,rest)/Fb,rest)) × 100 

 

where:  

Fx is the fluorescence at a single data point at time x between −60 s and 600 s;  

Frest is the average fluorescence of 90 s prior to −60 s;  

Fb is the background fluorescence at time x between −60 s and 600 s;  

Fb,rest is the average background fluorescence 90 s prior to −60 s 

 

Responders were defined as individual cells whose increase in %ΔF/F was greater than 

2 standard deviations from the average %ΔF/F value for Frest. The average %ΔF/F was 

then calculated for all responding neurons and enteric glia within an individual ganglion 

for each experimental condition. Therefore n = 1 represents the average of all 

responding neurons or enteric glia from a preparation. These data were graphed using 

GraphPad Prism (v. 5, GraphPad Software Inc., San Diego, CA, USA) where the %ΔF/F 

was represented for each condition at 600 s (300 s post-stimulus). Because the 

interaction between nitric oxide and the nitric oxide-sensitive dye is irreversible, 

the %ΔF/F is cumulative over time and therefore this measure is representative of the 

magnitude of the response. 
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2.7 Electrochemical Detection of Nitric Oxide 

Electrochemistry is a well-established technique to detect real-time release of chemical 

compounds (Adams et al. 2008). Boron-doped diamond microelectrodes (40 µm 

diameter) have been developed to detect nitric oxide release by sensing the oxidation 

current of nitric oxide at the electrode tip (Patel et al. 2008). The major advantage of this 

technique is that it permits real-time detection of nitric oxide; however, it does not 

provide spatial resolution beyond the level of the ganglia. 

 

The diamond microelectrode was placed in the flow bath along with a counter electrode 

(stainless steel wire) and a “no leak” Ag|AgCl reference electrode (EE009, ESA 

Biosciences, Inc. USA; Figure 2.1). All amperometric measurements were carried out 

using a BioStat™ multi-mode potentiostat (ESA Biosciences, Inc, USA). The boron-

doped diamond microelectrode was reproducibly positioned on the surface of a single 

ganglion using a micromanipulator (Model 25033, Fine Scientific Tools, USA) and was 

held at a detection potential of 1.0 V vs Ag|AgCl in order to oxidize nitric oxide at a 

mass-transfer limited rate. Tissues were continually perfused with Krebs’ buffer at a flow 

rate of 2 mL/min and agonists were applied by means of a local superfusion pipette 

placed within 100 µm of the tissue for a duration of 20 s. Agonists included CCh (10 µM) 

in the presence and absence of the muscarinic antagonist atropine (1 µM) to inhibit 

muscular contractions), DMPP (10 µM), glutamate (10 µM), NMDA (10 µM; Sigma), and 

veratridine (10µM; Tocris). Inhibitors included hexamethonium (10 µM), CPP (100 µM), 

L-NAME (10 µM), pan-NOS inhibitor N5-(1-iminoethyl)-L-ornithine, dihydrochloride (L-
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NIO; 10µM; Cayman), SMTC (10 µM), 1400W (10 µM), and TTX (300 nM; Tocris 

Bioscience, Ellisville, USA).  

 

Data were acquired using the BioStat™ potentiostat software, which generates raw 

values representing the oxidization current at the electrode tip. For each experiment, the 

response was measured as the peak oxidation current amplitude.  Data were graphed 

in GraphPad Prism (v. 5). 

 

 

 

 

 

 

 

 



 

37 

 

Figure 2.1. Diamond microelectrode positioned over the surface of an LMMP 

preparation. 

The diamond microelectrode was positioned directly on the surface of the ganglion of 

interest. The tip of the electrode was the only portion exposed to the solution as the 

remainder was insulated with an epoxy to prevent contact with the electrode. On the left 

side of the frame the superfusion pipette is visible.  
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2.8 Measurement of Electrogenic Ion Transport 

The measurement of electrogenic ion transport can be conducted using an Ussing 

chamber apparatus, which is a well-established technique to measure active ion 

transport across membranes or tissues, including the GI tract (Ussing et al. 1951, 

Clarke 2009). This technique permits the study of the essential process of secretion and 

absorption in intact intestinal tissue. The major advantages of this technique include 

isolating active electrogenic ion transport from passive transepithelial diffusion, separate 

bathing of the mucosal and serosal side of tissue samples in order to observe 

differential effects, and the ability to observe samples ranging from full-thickness 

intestinal tissue to isolated epithelial cells (Clarke 2009). The major disadvantages 

include the separation of the ENS from extrinsic inputs, the inability of drugs to be 

washed from the chambers during an experiment, and the interpretation of several 

measurements to describe the complex regulation of intestinal ion transport (Clarke 

2009).  

 

Full-thickness mid-distal colonic segments (2.5 cm anal of the colonic mid-line) were 

mounted in Ussing chambers (0.6 cm2 opening; Physiologic Instruments Easy Mount 

Diffusion Chambers, San Diego USA) and held under voltage-clamp conditions 

(Physiologic Instruments Multichannel Voltage/Current Clamp) using agar bridges 

connected to voltage and current electrodes.  The net electrogenic movement of ions 

across the epithelium was recorded as short-circuit current (ISC, µA/cm2). Drugs were 

added serosally unless otherwise specified and remained in the bath for the duration of 

the experiment. Agonists included CCh (10 µM), DMPP (10 µM), 8-bromo cyclic 
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guanosine monophosphate (8-bromo cGMP; 100 µM, Calbiochem); Substance P (100 

µM, Sigma), and VIP (100 nM, Calbiochem). Tissues were also stimulated with 

electrical field stimulation (50 V, 10 Hz, 5 sec).  Antagonists included hexamethonium 

(100 µM), SMTC (10 µM), 1400W (10 µM), and TTX (300 nM). At the conclusion of 

each experiment, the secretagogue forskolin (FSK; 10 µM, Sigma-Aldrich) was added to 

assess tissue viability. The involvement of chloride in mediating the changes in ISC was 

assessed using chloride-free Krebs buffer that contained (in mM): D-gluconic acid, 

sodium salt (117), D-gluconic acid, potassium salt (4.8), NaHCO3 (25), NaH2PO4 (1.2), 

D-gluconic acid, hemimagnesium salt.  

 

Data were acquired using the Acquire and Analyze program (V 2.3; Physiologic 

Instruments), which provides real-time measurements of the voltage (V), which is 

clamped at 0V, the short-circuit current (ISC), which is the sum of the electrogenic ion 

movement that occurs by active transport across the intestinal epithelium, and the 

transepithelial resistance (R), and its inverse, the transepithelial conductance (G) 

(Clarke 2009). The G and R provide a measurement of the integrity of the transepithelial 

membrane, as well as the full thickness piece of tissue. Tissues with a G value of 

greater than 100 mS/cm2 were not utilized, although this rarely occurred and was 

usually accompanied by an obvious hole through the colon when the tissue was 

removed from the Ussing chamber apparatus. ISC responses were retrieved at the peak 

of the response post-stimulus and graphed in GraphPad Prism (v. 5). 
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The involvement of the myenteric plexus in the regulation of epithelial ion transport was 

assessed in tissue where the myenteric plexus had been removed. The dissection was 

conducted in Sylgard-lined Petri dishes filled oxygenated Krebs buffer. The colon was 

opened along the mesenteric border and pinned flat with the mucosal side downward. 

The longitudinal and circular muscle layers were peeled off, leaving the mucosa and 

submucosa intact. Care was taken to only make contact with the outer portions of the 

tissue, leaving the central portion intact in order to permit reliable measurements of ion 

transport. The complete removal of the myenteric plexus and attendant muscle layers 

was confirmed in histological sections using hematoxylin and eosin staining and 

assessed using standard light microscopy.   

 

Limitations of the Ussing chamber technique include the removal of extrinsic neural 

connections and the potential for damage to the intestinal epithelium during sample 

preparation, which is tested with forskolin challenge at the conclusion of the experiment 

to ensure epithelial responsiveness (Clarke 2009). Additionally, any drugs administered 

to the bath during the experiment are unable to be washed out without compromising 

the experimental integrity, therefore all drugs remained in the bath for the duration of the 

experiment. 

 

2.9 Metabolic Inhibition of Enteric Glia: Fluoroacetate 

The glial metabolic poison fluoroacetate and its toxic metabolic product fluorocitrate 

have been well characterized as a method of reversibly inhibiting glial metabolic 

function in the central nervous system (Fonnum et al. 1997, Hassel et al. 1997). 
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Fluoroacetate is the toxic ingredient of the South African plant Dichapetalum 

chymosum, that has been shown to be preferentially taken up by astrocytes and their 

metabolic function is reversibly inhibited (Fonnum et al. 1997, Hassel et al. 1997). 

Fluoroacetate is preferentially uptaken by astrocytes in the central nervous system, 

although at high doses and long treatment treatment times it can be uptaken by all cell 

types (Fonnum et al. 1997). Once uptaken, fluoroacetate is then converted into the 

active metabolite fluorocitrate, where it reversibly inhibits citrate metabolism through the 

inhibition of aconitase (Clarke 1991, Fonnum et al. 1997). This leads to an decrease in 

the formation of glutamine, which is the precursor for glutamate and GABA, the major 

excitatory and inhibitory neurotransmitters in the CNS, respectively, interfering with the 

ability of neurons to signal effectively (Fonnum et al. 1997).  

 

Based on the morphological and functional similarities between astrocytes and enteric 

glia, it was previously hypothesized that fluoroacetate and fluorocitrate would function 

similarly in the ENS. Within the ENS, fluorocitrate has been identified to be preferentially 

activating enteric glia, as identified by phospho-ERK1/2 immunoreactivity where it 

interferes with enteric glial glucose metabolism and dipeptide uptake (Nasser et al. 

2006). Therefore, fluoroacetate was utilized as a method to functionally remove enteric 

glia from intact preparations. 

 

I utilized fluoroacetate instead of fluorocitrate due to ease of preparation, as fluorocitrate 

is prepared as a barium salt, and the barium must be precipitated first, requiring many 

extra steps (Paulsen et al. 1987). The major limitation of using fluoroacetate is the lack 
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of an effective method to determine the extent of the metabolic inhibition. The previous 

work in the ENS has observed that fluorocitrate appears solely to inhibit energy 

dependent processes in enteric glia (Nasser et al. 2006). I have not directly tested the 

specificity of fluoroacetate for enteric glia within the ENS. However, under physiological 

conditions fluoroacetate inhibits the NOS II sensitive component of NO release, and 

NOS II is localized solely in enteric glia under physiological conditions, thereby 

suggesting that at a minimum fluoroacetate exerts its effects on the nitric oxide-

producing ability of enteric glia (Chapter 4).  

 

 

Fluoroacetate (5 mM) was applied for 120 minutes for full-thickness tissues in Ussing 

chamber experiments and 60 minutes for dissected longitudinal muscle-myenteric 

plexus preparations in electrochemical detection studies. The minimum toxic dose of 

fluoroacetate has been suggested to approximately 10 µM (Clarke 1991); however, 

most studies in the CNS use a much higher dose to ensure complete glial metabolic 

inhibition, and therefore our dose was selected based on a general survey of the use of 

fluoroacetate in the CNS (Stringer et al. 2003, Seidel et al. 2011, Uwechue et al. 2012). 

 

2.10 Data Analysis 

Data are presented as mean ± standard error of the mean (SEM) and were compared 

using one-way ANOVA followed by post-hoc pair-wise comparisons with Tukey’s test, 

unless otherwise stated. P <0.05 was accepted as a level of statistically significant 

difference. 
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 Enteric glia and neurons within the myenteric plexus regulate Chapter Three:

intestinal ion transport through nitric oxide under physiological conditions 

3.1 Introduction 

The regulation of intestinal ion transport is a coordinated process that is modulated 

through the secretomotor reflex circuitry of the enteric nervous system (ENS; (Cooke 

1989, Vanner and MacNaughton 2004, Furness 2006). It has been well established that 

these reflexes are mediated by enteric neural activity through the activation of the 

submucosal plexus (Vanner and MacNaughton 2004, Furness 2006). However, recent 

evidence has suggested a previously unappreciated role for nitric oxide release from 

enteric glia in the regulation of nicotinic cholinergic stimulation of intestinal ion transport 

during colitis, and this effect was observed to be completely dependent upon the 

myenteric plexus (Green et al. 2004). However, the conclusions of this study were 

largely speculative and these authors did not investigate the physiological implications 

of their findings.  

 

This chapter will examine the role of the myenteric plexus in the neural and nicotinic 

regulation of intestinal ion transport under physiological conditions. Additionally, the 

contributions of nitric oxide and enteric glia to the regulation of ion transport will be 

directly investigated.  

 

3.1.1 Neural nicotinic receptor regulation of intestinal ion transport 

The role of enteric neurons in regulating intestinal ion transport is well established, as 

the depolarization of enteric neurons with electrical field stimulation (EFS) stimulates a 
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robust secretory response (Hubel 1978, Cooke et al. 1983, Furness 2006). This 

response is mediated in part by acetylcholine release acting on epithelial and enteric 

neuronal muscarinic cholinergic receptors, as muscarinic antagonist atropine reduces 

electrically-evoked ΔISC responses by approximately 50% under physiological conditions 

(Cooke 1984, Kuwahara et al. 1987, Kuwahara et al. 1989, Javed et al. 1992). The role 

of nicotinic cholinergic receptor activation in the regulation of ion transport is less clear. 

While nicotinic stimulation elicits a biphasic secretory response (Tapper et al. 1981, 

Kuwahara et al. 1987), the ion transport mediated by cholinergic stimulation under 

physiological conditions are considered to be primarily muscarinically-mediated and 

nicotinic effects are considered to be masked by muscarinic regulation under 

physiological conditions (Tapper et al. 1978, Sayer et al. 2002, Green et al. 2004, Hirota 

and McKay 2006). 

 

The submucosal plexus has been considered the primary plexus involved in the 

regulation of ion transport, as early studies described a neural role in the modulation of 

ion transport that was unchanged with the removal of the myenteric plexus (Cooke et al. 

1983, Cooke 1984, Carey et al. 1985). Additionally, the removal of the circular and 

longitudinal muscle layers greatly facilitated the mounting of guinea pig and rat tissues 

in the Ussing chamber apparatus, and therefore the majority of subsequent studies 

were conducted without the myenteric plexus and attendant muscle layers.  However, 

some studies have found evidence to contrast this early work, as the secretory 

responses to neural or cholinergic stimulation were different in intact tissue compared to 

tissues where the myenteric plexus has been ablated or removed (Jodal et al. 1993, 
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Mourad et al. 2003, Green et al. 2004). The role of the myenteric plexus in the 

regulation of intestinal ion transport is currently not well understood.  

 

3.1.2 Nitric oxide and enteric glia in the regulation of intestinal ion transport 

The role of nitric oxide in the regulation of intestinal ion transport is controversial, as 

numerous studies have found conflicting evidence to suggest that nitric oxide acts in a 

prosecretory or proabsorptive manner (Hogaboam et al. 1995, Mourad et al. 1999). This 

has been suggested to be a concentration dependent effect, with nitric oxide acting as 

proabsorptive at lower, physiological concentrations, and as a secretagogue at higher, 

pathophysiological concentrations (Mourad et al. 1996, Wapnir et al. 1997, Turvill et al. 

1999). Additionally, the mechanism by which nitric oxide mediates ion transport is poorly 

understood. The actions of nitric oxide are at least partially neurally mediated and 

appear to involve the myenteric plexus, as blocking neuronal voltage-gated sodium 

channels with tetrodotoxin (TTX) or the removal of the myenteric plexus partially inhibits 

nitric oxide-induced secretory responses (Mourad et al. 2003).  

 

Enteric glia have been also implicated in the regulation of nitric oxide-mediated ion 

transport during intestinal inflammation. Enteric glia were long considered a supportive 

cell type within the ENS; however, as the role of astrocytes, the counterparts of enteric 

glia in the central nervous system (CNS; (Jessen and Mirsky 1983), were recognized as 

active players in the regulation of CNS function (Volterra et al. 2005), several groups 

began to investigate the role of enteric glia in the regulation of gut function. Enteric glia 

are now recognized to be active in the in the maintenance and regulation of GI function 
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under physiological conditions, and may contribute to the pathophysiology observed 

during intestinal inflammation  (Bush et al. 1998, Ruhl et al. 2004, Ruhl 2005, 

Gulbransen and Sharkey 2012). Additionally, as mentioned above, some evidence 

exists to suggest a role for enteric glia in the regulation of intestinal ion transport during 

colitis (Green et al. 2004). However, this evidence was indirect as it was observed 

through nitric oxide synthase (NOS) II-mediated nitric oxide release; enteric glia were 

implicated because NOS II is localized solely within enteric glia in the myenteric plexus 

(Green et al. 2004). The physiological involvement of nitric oxide and enteric glia in the 

regulation of intestinal ion transport is poorly understood. 

 

3.2 Aim  

The aim of these studies is to identify the role of the myenteric plexus in the 

physiological regulation of epithelial ion transport in the mouse colon, and to investigate 

the component regulated by nitric oxide and enteric glia. The submucosal plexus has 

long been considered the primary plexus involved in the regulation of intestinal ion 

transport. Additionally, both nitric oxide and enteric glia have been implicated in the 

regulation of intestinal ion transport. Through the measurement of electrogenic ion 

transport using an Ussing chamber apparatus, I investigated the importance of the 

myenteric plexus, nitric oxide, and enteric glia in regulating epithelial ion transport under 

physiological conditions.  
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3.3 Methods 

3.3.1 Measurement of Electrogenic Ion Transport 

In order to assess epithelial ion transport, full-thickness tissues from control mice were 

mounted in Ussing chambers and stimulated under voltage-clamp conditions as 

described in Chapter 2, Section 2.8. The resulting change in short-circuit current (ΔISC) 

was taken as a measure of electrogenic epithelial ion transport. 

 

3.3.2 Fluoroacetate 

The involvement of enteric glia in the regulation of intestinal ion transport was directly 

assessed using the glial metabolic poison fluoroacetate, which was applied as 

described in Chapter 2, Section 2.9.   

 

3.3.3 Myenteric Plexus Removal 

The myenteric plexus was removed by removing the attendant muscle layers from 

segments of distal colon, and the complete removal was confirmed by using 

hematoxylin and eosin (H&E) staining of histological sections, as described in Chapter 

2, Section 2.8. 

 

3.3.4 Drug Application 

Agonists included cholinergic agonist CCh (100 µM) in the presence or absence of 

muscarinic antagonist atropine (Atr; 1 µM), nicotinic cholinergic agonist DMPP (10 µM), 

and nitric oxide donor (Z )-1-[N -(3-aminopropyl)-N -(n-propyl)amino] diazen-1-ium-1,2-

diolate (PAPA NONOate; 100 µM). Tissues were also stimulated with electrical field 
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stimulation (50 V, 10 Hz, 5 sec).  Antagonists included nicotinic antagonist 

hexamethonium (100 µM), NOS I inhibitor SMTC (10 µM), NOS II inhibitor 1400W (10 

µM), and the potent neurotoxin TTX (300 nM). The involvement of chloride in mediating 

the changes in ISC was assessed using chloride-free Krebs buffer (described in Chapter 

2, Section 8). At the conclusion of each experiment, tissues were challenged with potent 

secretagogue forskolin (10 µM) to assess tissue viability. It should be noted that in the 

case of experiments involving drug application, the drug(s) cannot be washed out of the 

Ussing chamber, therefore forskolin was applied with the drugs in the bath.  

 

3.3.5 Data Analysis 

All data are presented as mean ± standard error of the mean (SEM) and compared 

using one-way ANOVA followed by post hoc pair-wise comparisons with Tukey’s test 

(unless otherwise specified). P<0.05 was accepted as a level of statistically significant 

difference. 
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3.4 Results 

3.4.1 Electrical Field Stimulation (EFS) parameters 

3.4.1.1 Effect of increasing EFS frequency 

Full thickness segments of mid-distal colon were mounted in Ussing chambers and 

challenged with various stimulus frequencies. Each tissue was challenged up to a 

maximum of three times. An initial stimulus frequency of 1 Hz at 50 V resulted in a 

minimal ΔISC (3±1 µA/cm2; n=3) that increased as the stimulus frequency was increased 

to 5 Hz (12±3 µA/cm2; n=3) and 10 Hz (50±7 µA/cm2; n=3; P<0.01 vs. 1 Hz, <0.05 vs. 5 

Hz). The ΔISC was not increased by further increasing the frequency to 20 Hz (43±5 

µA/cm2; n=3; P>0.05 vs. 10 Hz) or 50 Hz (57±13 µA/cm2; n=3; P>0.05 vs. 10 Hz; Figure 

3.1). 
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Figure 3.1. Electrical field stimulation reaches a maximal stimulation frequency at 

10 Hz 

The increase in ΔISC with increasing frequency in the mouse mid-distal colon. Results 

are expressed as mean ± SEM. (n=3) *P<0.05,**P<0.01 vs. 1 Hz; #P<0.05, ##P<0.01 

vs. 5 Hz 
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3.4.1.2 Effect of increasing EFS stimulus strength 

Full thickness segments of mid-distal colon were mounted in Ussing chambers and 

challenged with varying voltage stimulation. Each tissue was challenged up to a 

maximum of three times. An initial stimulus of 1 V at 10 Hz resulted in a minimal ΔISC 

(4±2 µA/cm2; n=3) that increased as the stimulus strength was increased to 10 V (12±4 

µA/cm2; n=3) and 50 V (49±8 µA/cm2; n=3; P<0.05 vs. 1 V, <0.05 vs. 10 V). The ΔISC 

was not increased by further increasing the stimulus strength to 100 V (50±12 µA/cm2; 

n=3; P>0.05 vs. 50 V; Figure 3.2). 

 

3.4.1.3 Repeated EFS stimulation 

Repeated EFS stimulation at the stimulus parameters of 10 Hz, 50 V, 0.5 ms delay for 3 

seconds resulted in three comparable ΔISC responses spaced 10 minutes apart (I: 50±7 

µA/cm2; II: 52±7 µA/cm2; III: 44±9 µA/cm2; n=3). The fourth response was slightly 

decreased but not significantly different (22±7 µA/cm2; n=3; Figure 3.3). 
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Figure 3.2. Electrical field stimulation reaches a maximum stimulus strength 

response at 50V 

Increasing the stimulus strength increased the ΔISC current in the mouse mid-distal 

colon until reaching a maximal stimulation strength at 50 V. Results are expressed as 

mean ± SEM. (n=3).*P<0.05 vs. 1V; #P<0.05 vs. 10 V 
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Figure 3.3. Repeated stimulation with EFS produces comparable short-circuit 

current responses 

Repeated stimulation using the EFS stimulation parameters of 10 Hz and 50 V for 3 

seconds spaced 10 minutes apart resulted in four comparable ΔISC responses. Results 

are expressed as mean ± SEM. (n=3). 
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3.4.2 A neural specific stimulation causes a monophasic increase in chloride 

secretion mediated by enteric neurons  

3.4.2.1 Electrical field stimulation of mid-distal colon 

Electrical field stimulation (EFS) resulted in an increase in ΔISC (40±6 µA/cm2; n=16) 

that was completely inhibited by TTX (300 nM; 0±1 µA/cm2; n=7; P<0.001 vs. EFS). No 

EFS response was elicited in experiments conducted in chloride free media (0±0 

µA/cm2; n=7; P<0.001 vs. EFS; Figure 3.4A&B). 

 

3.4.2.2 Involvement of nitric oxide in the EFS response 

The ΔISC in response to EFS  (42±11 µA/cm2; n=6) was not altered by NOS I inhibitor 

SMTC (10 µM; 39±8 µA/cm2; n=6), NOS II inhibitor 1400W (10 µM; 38±4 µA/cm2; n=6), 

or SMTC and 1400W in combination (36±6 µA/cm2; n=6; Figure 3.5). 

 

3.4.2.3 Involvement of enteric glia in the EFS response 

The ΔISC in response to EFS  (45±8 µA/cm2; n=8) was not altered by fluoroacetate 

treatment (5 mM, 120 min; 49±8 µA/cm2; n=8; Figure 3.6). 

 

3.4.2.4 cAMP stimulation following the EFS response 

The ΔISC in response to cAMP secretagogue forskolin (10 µM) in previously untreated 

tissue (76±8 µA/cm2; n=7) was not altered by TTX (300nM; 79±11 µA/cm2; n=7), SMTC 

and 1400W (10 µM; 89±15 µA/cm2; n=7), or fluoroacetate treatment (5 mM, 120 min; 

75±15 µA/cm2; n=7). In chloride-free buffer, no response to forskolin was noted (0±0 

µA/cm2; n=7; Figure 3.7). 
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A.  

 

B.  

 

Figure 3.4. Electrical Field Stimulation is a chloride secretory response mediated 

by enteric neurons 

A. Original recording of EFS (I, solid black line) in the presence and absence of TTX (II, 

dotted line), and in chloride-free media (III, solid grey line). B. The ΔISC in response to 

EFS in the presence and absence of TTX, and in chloride-free media. Results are 

expressed as mean ± SEM. (n=7).  ***P<0.001 vs. vehicle 
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Figure 3.5. Nitric oxide release from nitric oxide synthases (NOS) I and II do not 

alter the response to EFS 

The ΔISC in response to EFS was not altered by SMTC, 1400W, or SMTC and 1400W 

together. Results are expressed as mean ± SEM. (n=6). 
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Figure 3.6. The metabolic inhibition of enteric glia does not alter the response to 

EFS 

Fluoroacetate treatment (5 mM, 120 min) did not alter the ΔISC in response to EFS. 

Results are expressed as mean ± SEM. (n=8). 
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Figure 3.7. The response to cAMP secretagogue forskolin is not altered by neural 

inhibition, inhibition of NOS I & II, or enteric glial metabolic inhibition, but is 

chloride dependent 

The ΔISC in response to forskolin (FSK) was not altered by TTX, SMTC and 1400W, or 

fluoroacetate treatment, but was absent in chloride-free buffer. Results are expressed 

as mean ± SEM. (n=7). ***P<0.001 vs. FSK 
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3.4.3 Regional differences in proximal vs. distal mouse colon  

3.4.3.1 Cholinergic regional differences 

When the cholinergic agonist carbachol (CCh; 100 µM) was applied to the proximal 

region of the colon, a monophasic increase in the ΔISC was noted (25±13 µA/cm2; n=4). 

When carbachol was applied to the distal region of the colon from the same mice from 

which the proximal region was procured, a much larger monophasic increase in the ΔISC 

was noted (74±14 µA/cm2; n=4; P<0.05 vs. proximal; Figure 3.8A). 

 

3.4.3.2 Regional differences in the response to cAMP secretagogue forskolin 

When cAMP secretagogue forskolin (FSK; 10 µM) was applied to the proximal region of 

the colon, a monophasic increase in the ΔISC was noted (16±5 µA/cm2; n=4). When 

forskolin was applied to the distal region of the colon from the same mice from which 

the proximal region was procured, a much larger monophasic increase in the ΔISC was 

noted (74±7 µA/cm2; n=4; P<0.001 vs. proximal; Figure 3.8B). 

 

 

 

 

 

 

 

 

 



 

60 

A.  

 

B.  

 

Figure 3.8. The distal mouse colon is more responsive than the proximal colon to 

cholinergic and cAMP stimulation  

When segments from the proximal and distal colon from the same mice are compared, 

the distal region has a larger ΔISC. A. The ΔISC in response to carbachol in the proximal 

and distal colon. B. The ΔISC in response to forskolin in the proximal and distal colon. 

Results are expressed as mean ± SEM. (n=4). *P<0.05, ***P<0.001 vs. proximal 
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3.4.4 Modulation of the cholinergic response by cholinergic antagonists and NOS 

inhibitors 

Cholinergic stimulation with carbachol (100 µM) resulted in a monophasic increase in 

the ΔISC (74±14 µA/cm2; n=4). Carbachol in the presence of the muscarinic antagonist 

atropine (1 µM) elicited a monophasic decrease in the ΔISC (-28±9 µA/cm2; n=4; 

P<0.001 vs. CCh) that was completely blocked by the nicotinic antagonist 

hexamethonium (100 µM; 0±0 µA/cm2; n=4; P<0.001 vs. CCh), and by a pan-NOS 

inhibitor L-NAME  (100 µM; 0±0 µA/cm2; n=4; P<0.001 vs. CCh). The monophasic 

decrease in ΔISC in response to carbachol and atropine was unchanged by the NOS I 

inhibitor SMTC (10 µM; -12±5 µA/cm2; n=4; P<0.001 vs. CCh; P>0.05 vs. CCh + Atr) or 

the NOS II inhibitor 1400W (10 µM; 30±5 µA/cm2; n=4; P<0.001 vs. CCh; P>0.05 vs. 

CCh + Atr; Figure 3.9).  
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Figure 3.9. Alteration of the cholinergically-mediated ΔISC by muscarinic 

antagonist atropine 

Carbachol (CCh) elicited an increased in ΔISC. In the presence of atropine (Atr), CCh 

elicited a decrease in ΔISC that was blocked by hexamethonium (Hex) and L-NAME, but 

unchanged by SMTC or 1400W. Results are expressed as mean ± SEM. (n=4). 

***P<0.001 vs. CCh 
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3.4.5 Nicotinic receptor stimulation causes a biphasic chloride secretory 

response regulated by nitric oxide released from neurons and enteric glia  

3.4.5.1 DMPP dose response 

Nicotinic cholinergic stimulation with DMPP was tested with three concentrations to 

establish the best stimulus protocol. All three concentrations elicited a biphasic change 

in ISC where Phase I increases above baseline and Phase II decreases below baseline. 

The magnitude of each phase increased with increasing concentration. At 1 µM, Phase I 

was 7±3 µA/cm2 (n=3), and Phase II was -5±1 µA/cm2 (n=3), at 5 µM, Phase I was 16±4 

µA/cm2 (n=3), and Phase II was -20±2 µA/cm2 (n=3), and at 10 µM, Phase I was 47±13 

µA/cm2 (n=4), and Phase II was -35±15 µA/cm2 (n=4; P<0.001 vs. Phase I at 10 µM; 

Figure 3.10). 
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Figure 3.10. DMPP dose response  

Three concentrations of DMPP elicited a biphasic change in ISC where Phase I is an 

increase above baseline and Phase II decreases below baseline. The magnitude of 

each phase increased with increasing concentration. Results are expressed as mean ± 

SEM. (n=3-4). *** P<0.001 vs. Phase I at 10 µM 
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3.4.5.2 Nicotinic cholinergic stimulation with DMPP  

Nicotinic cholinergic stimulation with DMPP (10 µM) resulted in a biphasic change in ISC 

where Phase I is an increase above baseline (40±7 µA/cm2; n=10) followed by Phase II, 

which decreases below baseline (-23±7 µA/cm2; n=10; P<0.001 vs. Phase I; Figure 

3.11A&B). The ΔISC to DMPP was completely blocked by the nicotinic antagonist 

hexamethonium (Hex; 100 µM; 0±0 µA/cm2; n=8; P<0.001 vs. Phase I, <0.05 vs. Phase 

II) and was absent in chloride-free media (0±0 µA/cm2 ; n=8; P<0.001 vs. Phase I, <0.05 

vs. Phase II; Figure 3.11B).  

 

3.4.5.3 DMPP repeated trials 

Repeated addition of DMPP (10 µM) to the bath at 10 minute intervals demonstrated a 

decreasing ΔISC beyond the first application. The first addition of DMPP exhibits a ΔISC 

where Phase I is 50±15 µA/cm2 (n=3), and Phase II is -50±9 µA/cm2 (n=3). The second 

addition of DMPP exhibits a ΔISC where Phase I is 7±6 µA/cm2 (n=3; P<0.05 vs. DMPP 

Phase I trial I), and Phase II is -23±3 µA/cm2 (n=3), and for the third addition of DMPP, 

Phase I is 0±0 µA/cm2 (n=3; P<0.01 vs. DMPP Phase I trial I), and Phase II is 0±0 

µA/cm2 (n=3; P<0.01 vs. DMPP Phase II trial I; Figure 3.12).  
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A.  

 

 

B.  

 

 

 

 

 

 

 

 

 

Figure 3.11. Nicotinic cholinergic stimulation with DMPP results in a biphasic ΔISC 

A. Original recording of DMPP Phase I and II. Secretagogue forskolin elicited a 

secretory response following DMPP application. B. DMPP elicited a biphasic change in 

ISC. Both phases were completely blocked by hexamethonium (Hex) and were absent in 

chloride-free media. Results are expressed as mean ± SEM. (n=8-10). *** P<0.001 vs. 

DMPP Phase I, # P<0.05 vs. DMPP Phase II 
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Figure 3.12. Repeated stimulation with DMPP 

Repeated addition of DMPP to the bath at 10 minute intervals demonstrated a 

decreasing ΔISC beyond the first application. Results are expressed as mean ± SEM. 

(n=3). *P<0.05, **P<0.01 vs. DMPP Phase I trial I; ##P<0.01 vs. DMPP Phase II trial I 

 

 

 

 

 

 

 

 



 

68 

3.4.5.4 The involvement of nitric oxide in the DMPP-mediated change in short-circuit 

current 

The biphasic change in ISC in response to DMPP stimulation (Phase I: 40±7 µA/cm2; 

n=10; Phase II: -23±7 µA/cm2; n=10; P<0.001 vs. Phase I) was unchanged by the NOS 

I inhibitor SMTC (10 µM; Phase I: 24±5 µA/cm2; n=5; Phase II: -37±7 µA/cm2; n=5; 

P>0.05 vs. DMPP Phase I or II, respectively) or the NOS II inhibitor 1400W the ΔISC was 

unchanged (10 µM; Phase I: 18±4 µA/cm2; n=5; Phase II: -31±6 µA/cm2; n=5; P>0.05 

vs. DMPP Phase I or II, respectively). SMTC and 1400W together almost completely 

inhibited the ΔISC to DMPP stimulation (Phase I: 4±3 µA/cm2; n=5; P<0.01 vs. DMPP 

Phase I; Phase II: 0±0 µA/cm2; n=5; Figure 3.13). 
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Figure 3.13. Nitric oxide from NOS I and II mediates the biphasic nicotinic 

response to DMPP 

The biphasic ΔISC to DMPP was unchanged by SMTC or 1400W. When DMPP was 

added in the presence of SMTC and 1400W, the ΔISC was inhibited. Results are 

expressed as mean ± SEM. (n=5). **P<0.01 vs. DMPP Phase I 
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3.4.5.5 Neural regulation of the nicotinic response 

The biphasic change in ISC in response to DMPP stimulation (Phase I: 48±10 µA/cm2; 

n=5; Phase II: -32±12 µA/cm2; n=5; P<0.001 vs. Phase I) was altered by blockade of 

neuronal voltage-gated sodium channels with TTX (300 nM), where Phase I was 

reduced (15±6 µA/cm2; n=5; P<0.05 vs. DMPP Phase I) and Phase II was completely 

inhibited (0±0 µA/cm2; n=5; P<0.05 vs. DMPP Phase II). When DMPP was added in the 

presence of TTX and SMTC, again Phase I was diminished (10±4 µA/cm2; n=5; P<0.01 

vs. DMPP Phase I) and Phase II was absent (0±0 µA/cm2; n=5; P<0.05 vs. DMPP 

Phase II). When DMPP was added in the presence of TTX and 1400W, both phases 

were inhibited (Phase I: 0±0 µA/cm2; n=5; P<0.001 vs. DMPP Phase I; Phase II: 0±0 

µA/cm2; n=5; P<0.05 vs. DMPP Phase II Figure 3.14). 
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Figure 3.14. The nicotinic response to DMPP stimulation is modulated by enteric 

neurons in combination with nitric oxide from a NOS II source 

The biphasic ΔISC to DMPP stimulation was altered by TTX, where Phase I was 

diminished and Phase II was inhibited. The ΔISC to DMPP in the presence of TTX was 

unaltered by SMTC but completely inhibited by 1400W. Results are expressed as mean 

± SEM. (n=5). *P<0.05, **P<0.01, ***P<0.001 vs. DMPP Phase I; #P<0.05 vs. DMPP 

Phase II 
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3.4.5.6 Enteric glial regulation of the nicotinic response 

The biphasic change in ISC in response to DMPP stimulation (Phase I: 48±9 µA/cm2; 

n=4; Phase II: -42±6 µA/cm2; n=4; P<0.001 vs. Phase I) was altered by the glial 

metabolic poison fluoroacetate (FA; 5 mM, 120 minute treatment), where Phase I was 

unchanged compared to control (41±17 µA/cm2; n=3; P>0.05 vs. DMPP Phase I), while 

Phase II was completely inhibited (0±0 µA/cm2; n=3; P<0.001 vs. DMPP Phase II & vs. 

DMPP + FA Phase I). When fluoroacetate -treated tissues were stimulated with DMPP 

in the presence of SMTC, both Phase I (1±0 µA/cm2; n=6; P<0.001 vs. DMPP Phase I & 

vs. DMPP + FA Phase I) and Phase II (0±0 µA/cm2; n=6; P<0.001 vs. DMPP Phase II) 

were inhibited.  When fluoroacetate -treated tissues were stimulated with DMPP in the 

presence of 1400W, Phase I was reduced (14±2 µA/cm2; n=6; P<0.001 vs. DMPP 

Phase I; P<0.05 vs. DMPP + FA Phase I) while Phase II was inhibited (0±0 µA/cm2; 

n=6; P<0.001 vs. DMPP Phase II). SMTC and 1400W in combination completely 

inhibited the DMPP response following fluoroacetate treatment (Phase I: 0±1 µA/cm2; 

n=3, P<0.001 vs. DMPP Phase I & vs. DMPP + FA Phase I; Phase II: 0±0 µA/cm2; n=3; 

P<0.001 vs. DMPP Phase II; Figure 3.15). 
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Figure 3.15. Enteric glial metabolic inhibition with fluoroacetate inhibits Phase II 

of the biphasic response to DMPP 

The biphasic ΔISC to DMPP stimulation became monophasic following fluoroacetate 

(FA; 5 mM, 120 min) treatment. Phase I was unchanged compared to control while 

Phase II was inhibited. DMPP stimulation was completely inhibited by SMTC applied to 

fluoroacetate-treated tissues, while 1400W reduced Phase I was reduced and inhibited 

Phase II. SMTC and 1400W in combination completely inhibited the DMPP stimulated 

ΔISC following fluoroacetate treatment. Results are expressed as mean ± SEM. (n=3-6). 

***P<0.001 vs. DMPP Phase I; ### P<0.001 vs. DMPP Phase II; ^P<0.05, ^^^P<0.001 

vs. DMPP + FA Phase I 
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3.4.5.7 FSK data 

When the cAMP secretagogue forskolin (FSK; 10 µM) was applied 10 minutes post-

DMPP treatment, a monophasic increase in the ΔISC was noted (89±14 µA/cm2; =6). 

The ΔISC was unchanged by fluoroacetate treatment (79±22 µA/cm2; n=6; P>0.05 vs. 

FSK + DMPP; Figure 3.16).  
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Figure 3.16. cAMP-mediated secretion is unaltered by glial metabolic inhibition 

with fluoroacetate 

Forskolin (FSK; 10 min post-DMPP treatment) elicited a monophasic increase in the 

ΔISC was noted that was unchanged by fluoroacetate treatment. Results are expressed 

as mean ± SEM. (n=6).   
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3.4.6 The myenteric plexus is involved in the regulation of epithelial ion transport 

3.4.6.1 Neural stimulation following the removal of the myenteric plexus 

The monophasic ΔISC to EFS (50V, 10 Hz, 3 sec) in intact tissue (59±8 µA/cm2; n=6) 

was unchanged by the removal of the myenteric plexus and attendant muscle layers 

(58±6 µA/cm2; n=6; P>0.05 vs. EFS intact colon), and was completely blocked by TTX 

(0±0 µA/cm2; n=3; P<0.001 vs. EFS intact colon; P<0.001 vs. EFS MP removal; Figure 

3.17). 

 

3.4.6.2 Nicotinic stimulation following the removal of the myenteric plexus 

The biphasic ΔISC to DMPP (10 µM; Phase I: 43±6 µA/cm2; Phase II: -22±8 µA/cm2; 

n=9) was altered to a large monophasic ΔISC by the removal of the myenteric plexus 

and attendant muscle layers (76±8 µA/cm2; n=5; P<0.05 vs. DMPP Phase I) and 

completely inhibited by hexamethonium (Hex; 100 µM; 2±1 µA/cm2; n=5; P<0.01 vs. 

DMPP Phase I; Figure 3.18). 

 

3.4.6.3 H&E staining in intact tissue sections and following the removal of the myenteric 

plexus 

The complete removal of the myenteric plexus was confirmed with hematoxylin and 

eosin (H&E) staining (Figure 3.19). 
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Figure 3.17. The response to neuronal stimulation is unaltered by removal of the 

myenteric plexus 

EFS elicits monophasic ΔISC in intact tissue that is unchanged by the removal of the 

myenteric plexus and attendant muscle layers and was completely blocked by TTX. 

Results are expressed as mean ± SEM. (n=3-6). ***P<0.001 vs. vehicle, intact colon; 

###P<0.001 vs. vehicle, MP Removed  
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Figure 3.18. The biphasic nicotinic ΔISC is altered by the removal of the myenteric 

plexus 

Following the removal of the myenteric plexus and attendant muscle layers, the biphasic 

ΔISC to DMPP (10 µM) became a monophasic ΔISC and was completely inhibited by 

hexamethonium (Hex; 100 µM). Results are expressed as mean ± SEM. (n=5-9). 

**P<0.01, ***P<0.001 vs. DMPP Phase I, intact colon; ### P<0.001 vs. DMPP Phase I, 

MP removed 
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Figure 3.19. Histological evaluation of the myenteric plexus dissection 

Full-thickness section of the mouse colon stained with H&E. Right panel shows 

successful removal of myenteric plexus with both the circular and longitudinal muscle 

layers stained with H&E. Scale bar: 50 µm. 
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3.4.7 The regulation of ion transport by nitric oxide occurs in a concentration-

dependent manner 

The nitric oxide donor PAPA NONOate was utilized at increasing concentrations on full-

thickness mid-distal colonic tissue. At low concentrations, PAPA NONOate caused an 

increase in ΔISC (10 µM: 6±3 µA/cm2, n=4; 50 µM: 5±2 µA/cm2, n=7; P>0.05 vs. 10 µM), 

while at higher concentrations PAPA NONOate caused a decrease in ΔISC (100 µM: -

6±2 µA/cm2, n=5, P<0.01 vs. 10 & 50 µM; 500 µM: -10±2 µA/cm2, n=3, P<0.01 vs. 10 & 

50 µM; Figure 3.20).  The application of PAPA NONOate at 10µM (n=6) or 100µM (n=6) 

to MP-removed tissue resulted in no change in ISC (0±0 µA/cm2). 
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Figure 3.20. A nitric oxide donor alters the ΔISC in a concentration-dependent 

manner 

PAPA NONOate stimulates an increase in ΔISC at low concentrations  (10 & 50 µM) and 

a decrease in ΔISC at high concentrations (100 & 500 µM). Results are expressed as 

mean ± SEM. (n=3-7). **P<0.01 vs. 10 µM; ##P<0.01 vs. 50 µM 
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3.5 Discussion 

This study demonstrated a novel and previously unappreciated role for the myenteric 

plexus in the physiological regulation of nicotinically-mediated epithelial ion transport. 

We also demonstrated an important role for both nitric oxide and enteric glia in the 

modulation of epithelial ion transport and revealed that the nitric oxide-mediated 

response occurs in a concentration-dependent manner. Here I also explored the 

physiological secretory response to electrical field stimulation in the mouse distal colon, 

demonstrating that it is independent of enteric glia and nitric oxide under physiological 

conditions.  

 

3.5.1 The neural regulation of ion transport  

The neural regulation of epithelial ion transport was explored under physiological 

conditions. The secretory response to EFS was mediated by enteric neurons stimulating 

epithelial chloride secretion, which was expected as it has been well documented in 

numerous studies (Vanner and MacNaughton 2004, Furness 2006). The parameters for 

the maximal stimulation of the full-thickness mouse colon were explored and were found 

to be comparable to previously described maximal EFS stimulus parameters in the 

guinea pig ileum and human colon (Cooke et al. 1983, Kuwahara et al. 1989). 

Additionally, since in a later chapter I will further explore the findings from earlier work in 

the mouse colon during intestinal inflammation (see Chapter 5), and in order to compare 

their work and ours, I wanted to use the same stimulus parameters (MacNaughton et al. 

1998). I confirmed that those stimulus parameters would indeed be the most effective 

stimulation to elicit a secretory response in the mouse colon, therefore in all subsequent 
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EFS experiments I utilized a 3 second, 10 Hz stimulation with a 0.5 ms pulse duration at 

a supramaximal voltage of 50 V. Additionally, I demonstrated that EFS can be applied 

repeatedly in the same tissue with ten minute intervals between stimulations and elicit 

identical secretory responses. This permitted the comparison of the effect of inhibitors 

or antagonists on the EFS response in the same piece of tissue. In all subsequent 

studies, the pre and post-EFS conditions were compared in the same tissue. 

 

The role of nitric oxide on epithelial ion transport has been studied extensively, but the 

evidence is conflicting, as nitric oxide has been described as both prosecretory and 

proabsorptive (Izzo et al. 1998, Mourad et al. 1999). When the effect of nitric oxide on 

electrically-evoked secretion was studied, again evidence was conflicting about the role 

of nitric oxide. Nitric oxide has been described as inhibitory, as nitric oxide inhibition with 

7-nitroinazole or nitric oxide scavenging with haemoglobin enhanced the EFS-induced 

secretory response (Reddix et al. 2000). However, other studies have described no 

alterations to the EFS response by nitric oxide in the mouse and rat colon 

(MacNaughton et al. 1998, Asfaha et al. 1999). I further explored the physiological role 

for nitric oxide following electrically-evoked ion transport, and found no alterations to the 

EFS response following treatment with NOS I or II inhibitors alone or together. This 

suggests that nitric oxide does not have a major role in regulating the physiological 

electrically-evoked secretory response in the mouse colon. 

 

The role of enteric glia in regulating the electrically-evoked chloride secretory response 

was explored for the first time through the use of the glial metabolic poison 
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fluoroacetate. Treatment of excised colonic tissue with fluoroacetate for two hours was 

found to have no effect on the physiological response to EFS in the mouse colon. These 

data correspond to observations made utilizing fluorocitrate, which is the toxic 

metabolite of fluoroacetate (Nasser et al. 2006). Fluorocitrate was administered in vivo 

90, 60, and 30 minutes, and subsequently the animals were sacrificed and tissues 

mounted in Ussing chambers. Using this protocol, no alterations to electrical field 

stimulation at 2.5, 5, or 10 Hz were noted. Similarly, fluoroacetate had no effect on 

cAMP-mediated secretion elicited by forskolin, which corresponded with the previous 

work using fluorocitrate, which also found no alterations to the forskolin-induced 

response (Nasser et al. 2006). This suggests that under physiological conditions, 

enteric glia do not mediate electrically-evoked or cAMP-dependent epithelial ion 

transport. 

 

3.5.2 Regional differences in colonic ion transport 

Regional differences between stomach, small intestine, and colon in response to 

secretagogues previously have been described (McKay et al. 1994). Additionally, 

evidence has been presented to suggest differences in colonic regional responsiveness 

to secretagogue neuropeptide Y (NPY) in the mouse colon, where the proximal colon 

was significantly less responsive to NPY than the distal colon (Klompus et al. 2010). I 

confirmed this observation in the mouse colon, as the proximal colon was far less 

responsive to cholinergic agonist carbachol and the cAMP secretagogue forskolin 

compared to the distal colon. Therefore, all subsequent studies were performed on the 

mid-distal region of the colon. The physiological reasons for such regional specificity 
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have been linked to functional differences between these colonic regions, as the 

proximal colon is involved in the prolonged water reabsorption from a more liquid-based 

feces coupled with slow transit, which has been described as ‘anti-peristalsis’, while the 

distal colon serves to expel the relatively dry feces with propulsive motility (Cannon 

1902, Ritchie 1968). This also corresponds with observations on regional differences in 

the muscle tone of the proximal and distal colon, where the distal colon displayed 

greater contractile responses that were due to increased cholinergic sensitivity (Hasler 

et al. 1990). Our data suggest that the distal colon may also be more sensitive to the 

cholinergic modulation of secretion as well. 

 

3.5.3 The nicotinic receptor modulation of ion transport  

The cholinergic regulation of epithelial ion transport has been well described (Hirota and 

McKay 2006). However, the contribution from muscarinic and nicotinic receptor 

activation is controversial under physiological conditions, as a primary role for 

muscarinic cholinergic modulation of ion transport has been described and appears to 

overshadow the nicotinic cholinergic modulation of ion transport (Tapper et al. 1978, 

Sayer et al. 2002, Green et al. 2004, Hirota and McKay 2006). However, recent work 

described a nitric oxide-mediated switch in muscarinic to nicotinic regulation of ion 

transport during colitis (Green et al. 2004). I explored nicotinic receptor actions under 

physiological conditions and confirmed that muscarinic stimulation with carbachol 

causes an increase in ΔISC, while nicotinic stimulation with carbachol in the presence of 

atropine elicits a decrease in ΔISC This effect was demonstrated to be nitric oxide 

sensitive, as a pan-NOS inhibitor blocked the effect. However, when the specific NOS 
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inhibitors for NOS I and II were used, neither alone were sufficient to inhibit the nicotinic 

response, suggesting that both NOS I and II-mediated nitric oxide release regulate 

nicotinic ion transport.  

 

I next wanted to investigate the nicotinic regulation of ion transport more directly, and so 

utilized nicotinic agonist DMPP. The DMPP response was biphasic, with Phase I 

representing an increase in secretion, and Phase II representing a decrease in 

secretion below baseline. The biphasic secretory response to DMPP has been 

previously described, although the role of nitric oxide has not been explored (Tapper 

and Lewand 1981, Diener et al. 1989). The secretory response to DMPP was found to 

be nitric oxide sensitive. Similarly to nicotinic stimulation with carbachol and atropine, 

neither NOS I or NOS II inhibition alone altered the biphasic response to DMPP, but 

together completely inhibited it, suggesting that nitric oxide from both NOS I and II 

mediate this effect.  

 

The biphasic response to DMPP could be a concentration-dependent effect of nitric 

oxide release, as a concentration-dependent effect of nitric oxide on ion transport has 

been noted by others (Mourad et al. 1996, Wapnir et al. 1997, Turvill et al. 1999). I 

confirmed this finding, noting that at low concentrations a nitric oxide donor was 

prosecretory while at higher concentrations it was proabsorptive, and this effect was 

dependent upon an intact myenteric plexus, suggesting that the regulation of the 

secretory response is mediated by neurons and enteric glia within the myenteric plexus.  
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3.5.4 Significance of both isoforms of NOS from neurons and enteric glia 

contributing to the biphasic nicotinic response 

The physiological regulation of ion transport by nitric oxide from both a NOS I and II 

source was a novel finding, as NOS I expression is generally considered to be 

constitutively active, while NOS II function is thought to be active only when its 

expression is upregulated during intestinal inflammation. However, previous work has 

described a physiological role for NOS II in the ENS and other neural systems (Green et 

al. 2004, Amitai 2010). Additionally, enteric glia express a low level of the NOS II 

isoform under physiological conditions (Green et al. 2004). When the expression of 

NOS II was identified in enteric glia, it was suggested that both enteric glia and nitric 

oxide may play a more important role in the physiological regulation of ENS function 

than originally anticipated, and indeed I demonstrate the physiological modulation of ion 

transport by NOS II-mediated nitric oxide release that appear to involve enteric glia. 

 

3.5.5 Enteric glia in the regulation of ion transport 

The enteric glial modulation of the nicotinic secretory response was a novel finding that 

further supports the role of enteric glia as an essential functional component of the ENS 

(Gulbransen and Sharkey 2012). Enteric glia work cooperatively with enteric neurons to 

regulate the nicotinic regulation of ion transport. The response to DMPP in the presence 

of  TTX or in tissue treated with the enteric glial metabolic inhibitor fluoroacetate exhibits 

a secretory response comparable to Phase I, but loses Phase II. This is consistent with 

the hypothesis that the response to DMPP is a concentration-dependent effect of nitric 

oxide release in which Phase I is dependent upon low concentrations of nitric oxide, 
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while Phase II requires higher concentrations. Losing either the NOS I or II component 

of nitric oxide release decreases the overall concentration of nitric oxide in the system 

and therefore only Phase I is stimulated. Additionally, the response following treatment 

with TTX is sensitive to NOS II inhibition with 1400W, while the response after 

fluoroacetate treatment is sensitive to NOS I inhibition with SMTC. This suggests that 

the NOS I response is mediated by enteric neurons, and the NOS II response is 

mediated by enteric glia. These findings will be further explored within the myenteric 

plexus in Chapter 4.  

 

3.5.6 Significance of the myenteric plexus regulating intestinal ion transport 

The myenteric plexus has often been ignored in the regulation of ion transport, as 

outlined above. However, our work suggests that the myenteric plexus plays an 

essential regulatory role in the nicotinic modulation of ion transport. This corresponds 

with data from several other studies, which also have suggested that the myenteric 

plexus may be important in the regulation of epithelial ion transport (Jodal et al. 1993, 

See et al. 1993, Rolfe et al. 1998). It not unexpected that the myenteric plexus would 

have a role in the regulation of ion transport, as the myenteric plexus and submucosal 

plexus have numerous interconnections, mucosal afferents make connections directly to 

the myenteric plexus, and myenteric plexus secretomotor neurons project to the 

mucosa, although they were not considered to play a significant role (Bornstein et al. 

1988, Jodal et al. 1993, Rolfe and Levin 1998, Vanner and MacNaughton 2004, 

Furness 2006, Hirota and McKay 2006).  Additionally, the sensory, secretory, and motor 

functions of the gut are integrated and occur in a synchronous manner (Read et al. 
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1977, Greenwood et al. 1987, Mellander et al. 2000). However, it is surprising that so 

many studies have ignored the potential role of the myenteric plexus in the regulation of 

intestinal ion transport. Our data suggest that some previously published work should 

be revisited.   

 

3.5.7 Contrast between neural and nicotinic regulation of ion transport 

One of the observations of this work was the differential response to EFS compared to 

nicotinic stimulation with carbachol and atropine or DMPP, as EFS has been well 

described to elicit a secretory response that involves the release of acetylcholine 

(Cooke et al. 1983, Cooke 1984, Kuwahara et al. 1987, Kuwahara et al. 1987, Javed 

and Cooke 1992). However, there are several explanations for this. First, acetylcholine 

acting on muscarinic receptors has been described as the primary regulatory 

mechanism of cholinergic ion transport, and appears to conceal the nicotinic modulation 

under physiological conditions (Tapper et al. 1978, Sayer et al. 2002, Green et al. 2004, 

Hirota and McKay 2006). The effects of carbachol alone supports this, as carbachol 

elicits a secretory response that is similar to the EFS response.  

 

It is puzzling that the EFS response is insensitive to NOS inhibition, while the nicotinic 

cholinergic responses are completely sensitive to NOS inhibition. I did not investigate 

the effect of NOS inhibition of carbachol alone, which in hindsight would have been a 

useful experiment. This was also not investigated in the control animals in previous 

work observing the effects of nitric oxide on ion transport during intestinal inflammation 

(Green et al. 2004), and therefore could be an area for future investigation to completely 
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understand the involvement of nitric oxide in the muscarinic regulation of intestinal ion 

transport. 

 

3.6 Conclusion 

In conclusion, I have observed a modulatory role for enteric glia and nitric oxide in the 

regulation of epithelial ion transport following nicotinic receptor stimulation. This effect is 

dependent upon the myenteric plexus. This is in contrast to electrically-evoked 

stimulation, which is regulated solely by enteric neurons without apparent contribution of 

nitric oxide or enteric glia, and does not appear to involve the myenteric plexus.  
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 Enteric glia and neurons produce and release nitric oxide within Chapter Four:

the myenteric plexus under physiological conditions 

4.1 Introduction 

Nitric oxide is a gaseous neurotransmitter that has diverse physiological and 

pathophysiological roles throughout the major organ systems, including the 

gastrointestinal (GI) tract (Moncada et al. 1991). Within the GI tract, nitric oxide has 

been functionally implicated in inhibitory neurotransmission, muscle relaxation, the 

regulation of mucosal blood flow, and the modulation of intestinal ion transport (Bult et 

al. 1990, Sanders and Ward 1992, Tepperman and Whittle 1992, Green et al. 2004, 

Shah et al. 2004). Nitric oxide is produced and released on demand by three nitric oxide 

synthase (NOS) isoforms, all three of which have been identified within the GI tract 

under physiological conditions. NOS I is found in enteric neurons (Bredt et al. 1990, 

Sang and Young 1996, Rao et al. 2008), NOS II is localized in enteric glia (Green et al. 

2004), and NOS III is found in the endothelial vasculature and in smooth muscle 

(Fischer et al. 1999, Grider and Murthy 2008). However, the activation of specific 

isoforms and the cellular sites of nitric oxide release are not well understood.   

 

This chapter will investigate the nature of nitric oxide production and release from the 

myenteric plexus under physiological conditions. The NOS isoforms that mediate nitric 

oxide release and their cellular localization will be described. 
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4.1.1 Electrically-evoked neurotransmission in the ENS 

Neurons have long been considered the primary cell type responsible for regulating the 

functions of the ENS within the GI tract (Furness 2006). More than 20 types of neurons 

have been identified within the ENS based on morphology, physiology, neurochemical 

coding, and projections to and from specific targets (Furness 2000, Furness 2006). 

Nitric oxide can modulate neuronal excitability, supressing slow excitatory post-synaptic 

potentials (EPSPs) that are observed in most enteric neurons (Tamura et al. 1993, 

Furness 2006). Nitric oxide also activates inhibitory enteric neurons, enhancing the 

descending inhibitory reflex (Yuan et al. 1995). Functionally, nitric oxide acts as an 

inhibitory non-adrenergic, non-cholinergic (NANC) neurotransmitter to regulate muscle 

relaxation in the circular and longitudinal muscle layers and can modulate the 

electrically-evoked secretory response (Bult et al. 1990, Sanders and Ward 1992, 

Tamura et al. 1993, Izzo et al. 1998, Reddix et al. 2000). 

 

4.1.2 Nicotinic cholinergic neurotransmission in the ENS   

Acetylcholine is the primary excitatory neurotransmitter of the ENS, and is synthesized 

in enteric neurons by choline acetyltransferase (ChAT) and transported by the vesicular 

ACh transporter (VAChT) to synaptic vesicles and released from enteric nerve terminals 

(Sang et al. 1998, Hirota and McKay 2006). Once released, acetylcholine functions 

through metabotropic (G-protein coupled) muscarinic receptors and ionotropic  (ligand-

gated cation channels) nicotinic receptors (Hirota and McKay 2006). The metabotropic 

receptors are further subdivided into groups M1-5, all of which have been identified in 

the mammalian GI tract in neurons and smooth muscle, although the M2 and M3 
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subtypes are the most abundantly expressed (Hirota and McKay 2006, Ehlert et al. 

2012). Nicotinic receptors are composed of five subunits, which can exist in 

homodimeric and heterodimeric combinations. The primary combinations in the 

peripheral nervous system include the α3, α5, α7, and β4 receptor subunits, all of which 

have been identified in neurons within the guinea pig and human ENS (Kirchgessner et 

al. 1998, Hirota and McKay 2006).  

 

Immunohistochemical staining of ChAT or VAChT has permitted the detection of 

cholinergic neurons throughout the myenteric and submucosal plexuses (Furness et al. 

1983, Sang and Young 1998). Cholinergic neurons are further divided into two major 

classes: neurons containing calretinin and substance P, and neurons containing NOS 

and vasoactive intestinal peptide (VIP). Nitric oxide can stimulate basal acetylcholine 

release and can inhibit the electrically-evoked release of acetylcholine in the myenteric 

plexus (Kilbinger et al. 1994, Hebeiss et al. 1996, Mang et al. 2002).  

 

Functionally, nitric oxide release has been implicated in the regulation of cholinergically-

mediated ion transport, as nitric oxide alters the cholinergic response from prosecretory 

to proabsorptive during intestinal inflammation (Green et al. 2004). Enteric glia, a long 

underappreciated cell type within the ENS, appear to be responsible for the NOS II-

mediated nitric oxide release that modulates this alteration in the cholinergically-

mediated regulation of intestinal ion transport. 
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4.1.3 Glutamate signalling in the ENS 

Glutamate is the major excitatory neurotransmitter of the central nervous system (CNS) 

and functions through the stimulation of metabotropic and ionotropic receptors. The 

metabotropic glutamate receptors, or mGluRs are further subdivided on the basis of 

DNA sequence homology, pharmacology, and second messenger coupling into Group I 

(mGluR1 & 5), Group II (mGluR3 & 3), and Group III (mGluR4-8) (Kew et al. 2005). 

Similarly, the ionotropic glutamate receptors are subdivided into three groups on the 

basis of the agonists used to originally identify them, and include NMDA receptors 

(NR1-3), AMPA receptors (GluR1-4), and kainate receptors (GluR5-7, KA-1 & -2) (Kew 

and Kemp 2005). 

 

In the ENS, enteric neurons express NMDA and AMPA glutamate receptors in the 

myenteric and submucosal plexuses while enteric glia have been shown to express 

NMDA, AMPA, kainate, and mGluR5 glutamate receptors (Liu et al. 1997, Kirchgessner 

2001, von Boyen et al. 2006, Nasser et al. 2007). Evidence for a role for glutamate in 

enteric neural signalling is controversial, as one major study has described extensive 

neuronal depolarization responses in myenteric neurons evoked by AMPA and NMDA 

glutamate receptor stimulation in the guinea pig (Liu et al. 1997), and two others have 

described no response to glutamatergic stimulation with glutamate, AMPA, NMDA, or 

kainate (Galligan et al. 1990, Ren et al. 2000), although a percentage of neurons did 

demonstrate a response to mGluR1 receptor stimulation in the submucosal and 

myenteric plexuses of the guinea pig (Ren et al. 2000). 
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Functionally, glutamate receptor ligands have been implicated in the modulation of GI 

motility, as glutamate can induce and enhance muscle contractions in a concentration-

dependent manner (Campbell et al. 1991, Wiley et al. 1991, Cosentino et al. 1995, 

Sinsky et al. 1998).  Limited evidence also supports a role for glutamate in the 

regulation of intestinal ion transport, as L-glutamine and L-asparagine (structurally 

similar to L-glutamine) have both been demonstrated to elicit secretion in the rat 

stomach and the piglet jejunum (Rhoads et al. 1995, Tsai et al. 1999). The role of 

glutamate appears linked to cholinergic regulation of GI function, as ionotropic 

glutamate receptors are expressed on enteric cholinergic neurons (Liu et al. 1997) and 

the activation of NMDA receptors enhances myenteric cholinergic release (Wiley et al. 

1991, Cosentino et al. 1995, Giaroni et al. 2003). Additionally, nitric oxide has been 

implicated in the glutamatergic regulation of GI function as glutamate enhances 

acetylcholine release from enteric neurons and was inhibited by nitric oxide synthase 

inhibitor L-NAME (Milusheva et al. 2005). However, the role of glutamate in stimulating 

nitric oxide production and release from the myenteric plexus is unknown. 

 

4.2 Aim 

The aim of these studies was to explore the production and release of nitric oxide within 

the myenteric plexus under physiological conditions. Prior to this work, 

immunohistochemical studies had identified that neurons contained the nitric oxide 

synthase I (NOS I, nNOS) enzyme, while enteric glia contained the nitric oxide synthase 

II (NOS II, iNOS) enzyme. However, the cellular sites of the production and release of 

nitric oxide had not been identified. Through the complementary techniques of nitric 
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oxide imaging and electrochemical detection of nitric oxide, I investigated nitric oxide 

production and release from enteric glia and neurons within the mouse colonic 

myenteric plexus under physiological conditions.  
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4.3 Methods 

4.3.1 Electrochemical Detection of Nitric Oxide  

In order to assess the release of nitric oxide from the myenteric plexus, electrochemical 

detection of nitric oxide was conducted using boron-doped diamond microelectrodes 

held at an oxidizing potential sufficient to detect nitric oxide, as described in Chapter 2, 

Section 2.7. Stimulants were bath applied for 20 seconds while inhibitors remained in 

the bath for the duration of the experiment.   

 

The primary advantage of this technique is the detection of nitric oxide release in real-

time. The primary limitation of this technique is that it provides only ganglionic resolution 

of nitric oxide release, and does not permit the cellular localization of nitric oxide 

release. Therefore this technique was complemented by nitric oxide imaging, which 

permits the cellular localization of nitric oxide release.  

 

4.3.2 Nitric Oxide Imaging 

Nitric oxide imaging was conducted on longitudinal muscle-myenteric plexus 

preparations using the nitric oxide sensitive dye DAR-4M AM, as described in Chapter 

2, Section 2.6. Stimulants were bath applied as specified while inhibitors remained in 

the bath for the duration of the experiment. LMMP preparations that were not loaded 

with dye displayed no discernible fluorescence when observed at the 

excitation/emission wavelength of nitric oxide sensitive dye DAR-4M AM of (560/607 

nm).   
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The primary advantage of this technique is that it provides the cellular localization of 

nitric oxide production. The major limitations of this technique are that the dye binds 

irreversibly to nitric oxide, thereby preventing repeated experiments on the same 

sample, and that the process does not occur in real-time.  

 

4.3.3 Fluoroacetate 

The involvement of enteric glia in the production and release of nitric oxide from the 

myenteric plexus was directly assessed using the glial metabolic poison fluoroacetate, 

and was applied as described in Chapter 2, Section 2.9.   

 

4.3.4 Drug Application 

Agonists included glutamate (10 µM), NMDA (10 µM), veratridine (10 µM), which opens 

voltage-gated sodium channels, the cholinergic agonist CCh (100 µM) in the presence 

or absence of muscarinic antagonist atropine (Atr; 1 µM), the nicotinic cholinergic 

agonist DMPP (10 µM), and the nitric oxide donor (Z )-1-[N -(3-aminopropyl)-N -(n-

propyl)amino] diazen-1-ium-1,2-diolate (PAPA NONOate; 100 µM). Veratridine was 

utilized instead of electrical field stimulation (EFS) because EFS would interfere with the 

electrode configuration during the electrochemical detection experiments. Antagonists 

included NMDA receptor antagonist CPP (100 µM), the nicotinic antagonist 

hexamethonium (100 µM), the pan-NOS inhibitor N5-(1-iminoethyl)-L-ornithine, 

dihydrochloride (L-NIO; 10µM), the NOS I inhibitor SMTC (10 µM), the NOS II inhibitor 

1400W (10 µM), and the potent neurotoxin TTX (300 nM).  

 



 

99 

4.3.5 Immunohistochemistry 

Whole-mount immunohistochemistry was performed to detect the percentage of NOS I-

immunoreactive neurons as well as the expression of the nicotinic α3 receptor subunit 

on neurons and enteric glia within the myenteric plexus, as described in Chapter 2, 

Section 2.5. 
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4.4 Results 

4.4.1 Neuronal activation with veratridine elicits nitric oxide release through NOS I 

activation  

4.4.1.1 Electrochemical detection of nitric oxide: Veratridine controls 

When the working electrode was positioned on the surface of a ganglion and stimulated 

with veratridine (10 µM), and held at a potential of 1.0V vs. Ag|AgCl, nitric oxide release 

was detected (589±12 pA; n=6). When veratridine was applied in combination with 

sodium channel blocker tetrodotoxin (TTX; 300 nM), no nitric oxide release was 

recorded (0±0 pA; n=4; P<0.001 vs. veratridine). When the working electrode was 

positioned away from the myenteric ganglia or placed over a non-ganglionic region, no 

signal was detected (Away from ganglia: 0±0 pA; n=4; Non-ganglionic region: 0±0 pA; 

n=4; P<0.001 vs. veratridine). When the electrode was held at voltages lower than 1.0 

V, no signal was detected (0±0 pA; n=4; P<0.001 vs. veratridine; Figure 4.1). 



 

101 

 

Figure 4.1. Veratridine controls 

Electrochemical detection of nitric oxide release by veratridine (Ver). When the working 

electrode was held on a ganglion at a potential of 1.0V vs. Ag|AgCl, veratridine (Ver) 

stimulated nitric oxide release, which was inhibited by tetrodotoxin (TTX). When the 

working electrode was positioned away from the myenteric ganglia, placed over a non-

ganglionic region, or when the electrode was held at voltages lower than 1.0 V, no 

signal was detected. Results are expressed as mean ± SEM. (n=4-6). ***P<0.001 vs. 

Ver 
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4.4.1.2 NOS I and II in the regulation of veratridine-induced nitric oxide release  

Veratridine (10 µM) induced nitric oxide release (589±12 pA; n=6) that was largely 

reduced by NOS I inhibitor SMTC (10 µM; 67±13 pA; n=6; P<0.001 vs. veratridine) and 

slightly reduced by NOS II inhibitor 1400W (10 µM; 516±23 pA; n=6; P<0.05 vs. 

veratridine). Together SMTC and 1400W almost completely inhibited the response to 

veratridine (12±2 pA; n=6; P<0.001 vs. veratridine; Figure 4.2).  

 

4.4.1.3 The effect of enteric glial metabolic inhibition on veratridine-induced nitric oxide 

release 

When tissues treated with fluoroacetate (FA; 5 mM; 60 minutes) were stimulated with 

veratridine, nitric oxide release (546±16 pA; n=5) was unchanged compared to 

veratridine alone (P>0.05 vs. veratridine [t-test]; Figure 4.3A). The response to 

veratridine following fluoroacetate treatment was inhibited by NOS I inhibitor SMTC 

(25±8 pA; n=5; P<0.001 vs. veratridine + FA) but unchanged by NOS II inhibitor 1400W 

(536±23 pA; n=5; P<0.001 vs. veratridine + FA). Veratridine in the presence of SMTC 

and 1400W was not different to SMTC alone following fluoroacetate treatment (11±1 

pA; n=3; P<0.001 vs. veratridine; P>0.05 vs. Ver + SMTC; Figure 4.3B).  
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Figure 4.2. Veratridine stimulates nitric oxide release from a NOS I source 

Electrochemical detection of veratridine (Ver) induced nitric oxide release was inhibited 

by SMTC and reduced by 1400W. Together, SMTC and 1400W inhibited the response 

to veratridine. Results are expressed as mean ± SEM. (n=6). *P<0.05, ***P<0.001 vs. 

Veratridine; ### P<0.001 vs. Veratridine + 1400W. 
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A.  

 

B.  

 

Figure 4.3. Enteric glial inhibition with fluoroacetate does not alter veratridine 

stimulated nitric oxide release 

Electrochemical detection of nitric oxide following fluoroacetate treatment. Preparations 

treated with fluoroacetate (FA; 5 mM; 60 minutes) were stimulated with veratridine 



 

105 

(Ver). A. Nitric oxide release in fluoroacetate-treated preparations was unchanged 

compared to veratridine alone. B. The response to veratridine following fluoroacetate 

treatment was inhibited by SMTC but unchanged by 1400W. Together SMTC and 

1400W inhibited the response to veratridine following fluoroacetate treatment. (n=5). 

Results are expressed as mean ± SEM. ***P<0.01 vs. Ver + FA 
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4.4.2 Glutamate stimulation results in the release of nitric oxide from neurons via 

NOS I activation and enteric glia via NOS II activation  

4.4.2.1 Electrochemical detection of nitric oxide release induced by glutamate 

Glutamate (10 µM) induced nitric oxide release (1163±13 pA; n=5) that was partially 

inhibited by the NMDA antagonist CPP (100 µM; 496±21 pA; n=3; P<0.001 vs. 

glutamate), by the NOS I antagonist SMTC (10 µM; 391±11 pA; n=3; P<0.001 vs. 

glutamate), and by the NOS II antagonist 1400W (10 µM; 598±27 pA; n=3; P<0.001 vs. 

glutamate). The pan-NOS antagonist L-NIO (10 µM) completely inhibited the glutamate-

mediated nitric oxide release (30±6 pA; n=3; P<0.001 vs. glutamate ± CPP, SMTC, and 

1400W; Figure 4.4A). 

 

In the NOS I-/- mouse, glutamate-induced nitric oxide release (551±13 pA; n=4) was 

reduced compared to glutamate-induced nitric oxide release in control animals (P<0.001 

vs. glutamate control [t-test]). The glutamatergic response was not inhibited by SMTC 

(521±30 pA; n=3; P>0.05 vs. glutamate in NOS I-/-), and was completely inhibited by 

1400W (123±5 pA; n=4; P<0.001 vs. glutamate in NOS I-/-) and L-NIO (8±0 pA; n=3; 

P<0.001 vs. glutamate in NOS I-/-; Figure 4.4B). 

 

In the NOS II-/- mouse, glutamate induced nitric oxide release (733±9 pA; n=3) that was 

significantly reduced compared to glutamate-induced nitric oxide release in control 

animals (P<0.001 vs. glutamate control [t-test]). The glutamatergic response was 

inhibited by SMTC (44±9 pA; n=3; P<0.001 vs. glutamate in NOS II-/-) and L-NIO (10±1 
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pA; n=3; P<0.001 vs. glutamate in NOS I-/-) and was reduced by 1400W (64517 pA; 

n=3; P<0.01 vs. glutamate in NOS I-/-; Figure 4.4C). 

 

4.4.2.2 Electrochemical detection of nitric oxide release induced by NMDA  

NMDA (10 µM) induced nitric oxide release (713±24 pA; n=4) that was inhibited by the 

NMDA antagonist CPP (100 µM; 8±2 pA; n=3; P<0.001 vs. NMDA control). The nitric 

oxide release induced by NMDA was reduced compared to control in the NOS I-/- mouse 

(616±14 pA; n=4; P<0.01 vs. NMDA control), and was inhibited by CPP (9±2 pA; n=3; 

P<0.001 vs. NMDA NOS I-/-) The nitric oxide release induced by NMDA was reduced in 

the NOS II-/- mouse compared to control (311±10 pA; n=3; P<0.001 vs. NMDA control), 

and was inhibited by CPP (13±1 pA; n=3; P<0.001 vs. NMDA NOS II-/-; Figure 4.5). 
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A. Control  

 

B. NOS I-/- mouse 
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C. NOS II-/- mouse 

   

Figure 4.4. Glutamate mediates nitric oxide release by stimulating NOS I and II 

Electrochemical detection of nitric oxide release stimulated by glutamate. A. Glutamate 

(Glu) stimulates nitric oxide release, which is partially sensitive to CPP, SMTC, and 

1400W, and completely sensitive to L-NIO. B. In the NOS I-/-  mouse, glutamate 

stimulates nitric oxide release, which is unchanged by SMTC, and inhibited by 1400W 

and L-NIO. C. In the NOS II-/- mouse, glutamate stimulates nitric oxide release, which is 

inhibited by SMTC and L-NIO, and reduced by 1400W. Results are expressed as mean 

± SEM. (n=3-5). **P<0.01, ***P<0.001 vs. Glu; ### P<0.001 vs. Glu + CPP; ^^^ 

P<0.001 vs. Glu + SMTC; &&& P<0.001 vs. Glu + 1400W 
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Figure 4.5. NMDA induces nitric oxide release in control, NOS I-/-, and NOS II-/-  

mice 

Electrochemical detection of nitric oxide release stimulated by NMDA in control, NOS I-/-  

and NOS II-/-  mice. NMDA stimulates nitric oxide release, which is inhibited by CPP. 

Results are expressed as mean ± SEM. (n=3). ** P<0.01; ***P<0.001 vs. NMDA; ### 

P<0.001 vs. NMDA NOS I-/-; ^^^ P<0.001 vs. NMDA NOS II-/- 
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4.4.2.3 Nitric oxide imaging controls: Nitric oxide donor PAPA NONOate 

When nitric oxide imaging was conducted on LMMP preparations loaded with DAR-4M 

AM, nitric oxide donor PAPA NONOate (100 µM) resulted in an increase in fluorescence 

in 97±2% (n=4) of all neurons and 97±3% (n=4) of all enteric glia (Figure 4.6). 
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Figure 4.6. Application of the nitric oxide donor PAPA NONOate causes an 

increase in fluorescence in neurons and enteric glia 

Nitric oxide imaging in LMMP preparations loaded with DAR-4M AM. PAPA NONOate 

resulted in an increase in fluorescence in neurons and enteric glia. Results are 

expressed as mean ± SEM. (n=4). 
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4.4.2.4 The cellular localization of glutamate-induced nitric oxide production 

When LMMP preparations were loaded with DAR-4M AM, no change in the %ΔF/F was 

noted in the absence of stimulation (n=4). Preparations stimulated with glutamate (100 

µM) elicited a 75% increase in %ΔF/F over control in neurons (n=6; P<0.01 vs. control) 

and a 50% increase in %ΔF/F over control in enteric glia (n=6; P<0.001 vs. control) that 

was blocked by pan-NOS inhibitor L-NAME (100 µM) in both cell types (neurons: n=6; 

P<0.01 vs. glutamate; enteric glia: n=6; P<0.001 vs. glutamate; both P>0.05 vs. 

control). The NMDA receptor antagonist CPP (100 µM) also blocked the glutamate-

induced increase in %ΔF/F (neurons: n=6; P<0.05 vs. glutamate; enteric glia: n=6; 

P<0.001 vs. glutamate; both P>0.05 vs. control; Figure 4.7A&B).  

 

Preparations stimulated with NMDA (10 µM) elicited a 45% increase in %ΔF/F over 

control in neurons (n=6; P<0.05 vs. control) and a 60% increase in %ΔF/F over control 

in enteric glia (n=6; P<0.001 vs. control) that was blocked by L-NAME in both cell types 

(neurons: n=6; P<0.05 vs. NMDA; enteric glia: n=6; P<0.001 vs. NMDA). CPP (100 µM) 

also blocked the glutamate-induced increase in %ΔF/F (neurons: n=6; P<0.05 vs. 

NMDA; enteric glia: n=6; P<0.001 vs. NMDA; both P>0.05 vs. control; Figure 4.7C&D). 
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A. Neurons 

 

B. Enteric Glia 
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C. Neurons 

 

D. Enteric Glia 
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Figure 4.7. Glutamate stimulates nitric oxide release from neurons and enteric 

glia within the myenteric plexus 

Glutamate stimulated a 75% increase in %ΔF/F over control in A. neurons and a 50% 

increase in %ΔF/F over control in B. enteric glia that was blocked by L-NAME and CPP.  

NMDA stimulated a 45% increase in %ΔF/F over control in C. neurons and a 60% 

increase in %ΔF/F over control in D. enteric glia that was blocked by L-NAME and CPP. 

Results are expressed as mean ± SEM. (n=6). 
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4.4.3 Nicotinic receptor stimulation of the myenteric plexus activates nitric oxide 

synthase I and II to release nitric oxide  

4.4.3.1 Electrochemical detection of nitric oxide: Nicotinic controls 

When the working electrode was positioned on the surface of a ganglion and stimulated 

with the cholinergic agonist carbachol (100 µM) in the presence of muscarinic 

antagonist atropine (1 µM) and held at a potential of 1.0V vs. Ag|AgCl, nitric oxide 

release was detected (824±13 pA; n=4). When the working electrode was positioned 

away from the myenteric ganglia or placed over a non-ganglionic region, no signal was 

detected (Away from ganglia: 0±0 pA; n=4; Non-ganglionic region: 0±0 pA; n=4; Figure 

4.8A&B). When the electrode was held at voltages lower than 1.0 V, no signal was 

detected (0±0 pA; n=4; Figure 4.8B). 
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A.  

  

B.  
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Figure 4.8. Electrochemical detection controls for carbachol in the presence of 

atropine.  

Electrochemical detection of the current recorded during carbachol (CCh) applications 

in the presence of atropine over an aganglionic portion of the plexus, when the 

electrode was removed from the tissue, and when the electrode is touching the tissue 

surface over a myenteric ganglion. A. Original recordings. CCh application = grey bar.  

B. The average peak current recorded during the application of CCh in the presence of 

atropine of the above controls, and when the voltage was held at an oxidizing potential 

of less than 1 V. Results are expressed as mean ± SEM. (n=4). ***P < 0.001 vs. CCh + 

Atr 
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4.4.3.2 Electrochemical detection of nitric oxide following stimulation with the cholinergic 

agonist carbachol  

The cholinergic agonist carbachol (CCh; 100 µM; 824±13 pA; n=4) elicited nitric oxide 

release from the myenteric plexus that was unaltered by muscarinic antagonist atropine 

(1 µM; 787±8 pA; n=4; P>0.05 vs. CCh). Carbachol-stimulated nitric oxide release was 

decreased in NOS I-/- mice (534±15 pA, n=4; P<0.001 vs. CCh control [t-test]) and NOS 

II-/- mice (397±19 pA; n=3; P<0.001 vs. CCh control [t-test]), and unchanged by the 

addition of atropine (NOS I-/-: 515±19 pA, n=4, P>0.05 vs. NOS I-/- CCh; NOS II-/-: 

414±11 pA, n=3, P>0.05 vs. NOS II-/- CCh). Subsequent experiments were conducted in 

atropine to prevent muscle movement during recordings.  

 

In control mice, the response to carbachol was completely blocked by the nicotinic 

antagonist hexamethonium (Hex; 100 µM; 5±1 pA; n=3; P<0.001 vs. CCh, & vs. CCh + 

Atr) and pan-NOS inhibitor L-NIO (10 µM; 8±1 pA; n=3; P<0.001 vs. CCh, & vs. CCh + 

Atr; P>0.05 vs. CCh + Hex), and partially inhibited by NOS I inhibitor SMTC (10 µM; 

568±12 pA; n=3; P<0.001 vs. CCh, & vs. CCh + Atr) and NOS II inhibitor 1400W (10 

µM; 277±14 pA; n=3; P<0.001 vs. CCh, & vs. CCh + Atr; Figure 4.9A).  

 

In NOS I-/- mice, the response to carbachol was completely blocked by hexamethonium 

(8±2 pA; n=3; P<0.001 vs. CCh, & vs. CCh + Atr), L-NIO (7±3 pA; n=3; P<0.001 vs. 

CCh, & vs. CCh + Atr; P>0.05 vs. CCh + Hex), and 1400W (12±1 pA; n=4; P<0.001 vs. 

CCh, & vs. CCh + Atr). SMTC had no effect on the response to CCh (518±10 pA; n=3; 

P<0.001 vs. CCh, & vs. CCh + Atr; Figure 4.9B). 
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In NOS II-/- mice, the response to carbachol was completely blocked by hexamethonium 

(9±3 pA; n=3; P<0.001 vs. CCh, & vs. CCh + Atr), L-NIO (9±1 pA; n=3; P<0.001 vs. 

CCh, & vs. CCh + Atr; P>0.05 vs. CCh + Hex), and SMTC (29±8 pA; n=3; P<0.001 vs. 

CCh, & vs. CCh + Atr). 1400W reduced the response to CCh (223±20 pA; n=3; P<0.001 

vs. CCh, & vs. CCh + Atr; Figure 4.9C). 
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A. Control mice 

 

B. NOS I-/- mice 
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C. NOS II-/- mice 

 

Figure 4.9. Cholinergic stimulation mediates nitric oxide release from the 

myenteric plexus from both NOS I and NOS II activation 

Electrochemical detection of nitric oxide release following cholinergic stimulation with 

carbachol in the presence and absence of atropine, hexamethonium, SMTC, 1400W, 

and L-NIO in A. control CD1 mice, B. NOS I-/- mice, and C. NOS II-/- mice. Results are 

expressed as mean ± SEM. (n=3-4). ***P<0.001 vs. CCh 
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4.4.3.3 Electrochemical detection of nitric oxide following nicotinic stimulation with 

DMPP 

Nicotinic cholinergic stimulation with DMPP (10 µM) elicited nitric oxide release from the 

myenteric plexus (984±34 pA; n=7) that was partially sensitive to inhibition by the NOS I 

inhibitor SMTC (10 µM; 633±16 pA; n=6) and the NOS II inhibitor 1400W (10 µM; 

328±11 pA; n=6), and was substantially inhibited by SMTC and 1400W together (11±1 

pA; n=5; Figure 4.10A).  

 

When tissues treated with fluoroacetate (5 mM; 60 minutes) were stimulated with 

DMPP, nitric oxide release from the myenteric plexus (504±8 pA; n=5) was diminished 

compared to DMPP alone (P<0.001 vs. DMPP [t-test]). The response was completely 

sensitive to inhibition by SMTC alone (29±9 pA; n=5; P<0.001 vs. DMPP + FA) or in 

combination with 1400W (9±1 pA; n=3; P<0.001 vs. DMPP + FA), and partially sensitive 

to inhibition by 1400W alone (436±25 pA; n=5; P<0.05 vs. DMPP + FA; Figure 4.10B).  

 

 

 

 

 

 

 

 

 



 

125 

A. Control 

 

B. Fluoroacetate 
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Figure 4.10. Nicotinic stimulation causes nitric oxide release from the myenteric 

plexus from both NOS I and NOS II activation 

Electrochemical detection of nitric oxide release following stimulation with DMPP I the 

presence and absence of SMTC and 1400W alone or in combination.  A. under control 

conditions (***P<0.001 vs. DMPP; ### P<0.001 vs. DMPP + SMTC; ^^^P<0.001 vs. 

DMPP + 1400W) or B. following the application of fluoroacetate (5 mM; 60 minutes; * 

P<0.05, ***P<0.001 vs. DMPP + FA). (n=3-7). Results are expressed as mean ± SEM.  
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4.4.4 The cellular localization of nitric oxide release from the myenteric plexus 

following nicotinic stimulation 

4.4.4.1 Nitric oxide imaging following stimulation with cholinergic agonist carbachol  

In LMMP preparations loaded with DAR-4M AM, no change in the %ΔF/F was noted in 

the absence of stimulation (n=5). The cholinergic agonist carbachol (10 µM) stimulated 

a 100% increase in %ΔF/F over control in neurons (n=6; P<0.001 vs. control) and a 

100% increase in %ΔF/F over control in enteric glia (n=6; P<0.001 vs. control) that was 

blocked in both cell types by the nicotinic antagonist hexamethonium (100 µM) 

(neurons: n=5; P<0.001 vs. CCh + Atr; enteric glia: n=4; P<0.001 vs. CCh + Atr; Figure 

4.11A-C). The pan-NOS inhibitor L-NAME also blocked the increase in %ΔF/F 

compared to carbachol in the presence of atropine in neurons and enteric glia (n=5; 

P<0.001 vs. CCh + Atr for both cell types).  
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A.  

 

B.  
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C. 

 

Figure 4.11. Nicotinic cholinergic mediated nitric oxide release from neurons and 

enteric glia 

Preparations were stimulated with carbachol (CCh) in the presence of atropine (Atr) in 

combination with hexamethonium (Hex) or L-NAME. A. Micrographs of colonic 

myenteric plexus loaded with DAR-4M AM preparations before and after stimulation 

with CCh + Atr in the presence and absence of Hex. Scale bar: 50 µM. B. The %ΔF/F 

for neurons 300 s post-stimulation with CCh in the presence of Atr. C. The %ΔF/F for 

enteric glia 300 s post-stimulation with CCh in the presence of Atr. (n=5-6). Results are 

expressed as mean ± SEM. ***P<0.001 vs. control; ###P<0.001 vs. CCh + Atr 
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4.4.4.2 Nitric oxide imaging following stimulation with nicotinic agonist DMPP  

In LMMP preparations loaded with DAR-4M AM, no change in the %ΔF/F was noted in 

the absence of stimulation (n=4). DMPP (10 µM) stimulated an increase in %ΔF/F in 

67±6% of neurons (n=6; P<0.001 vs. control) and 76±3% of enteric glia (n=6; P<0.001 

vs. control) that was blocked by hexamethonium (100 µM) in both cell types (neurons: 

7±3%, enteric glia: 8±3; n=4; P<0.001 vs. DMPP; Figure 4.12A-E). In neurons, the 

percentage of responding cells was reduced by NOS I inhibitor SMTC (10 µM; 45±6%; 

n=5; P<0.05 vs. DMPP), unchanged by NOS II inhibitor 1400W (10 µM; 49±3%; n=4; 

P>0.05 vs. DMPP), and completely inhibited by SMTC and 1400W together (10 µM; 

6±2%; n=4; P<0.001 vs. DMPP; Figure 12 B&C). In enteric glia, the percentage of 

responding cells was unchanged by SMTC (67±7%; n=5; P>0.05 vs. DMPP), reduced 

by 1400W (26±4%; n=4; P<0.05 vs. DMPP), and completely inhibited by SMTC and 

1400W together (4±3%; n=4; P<0.001 vs. DMPP; Figure 4.12D&E). 
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B.  

 

C.  
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D.  

 

E.  

 

Figure 4.12. The nicotinic agonist DMPP stimulates nitric oxide release by 

activating NOS I and NOS II  

Preparations were stimulated with the nicotinic agonist DMPP in combination with 

hexamethonium (Hex), SMTC, 1400W, or SMTC and 1400W together. 
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A. Micrographs of S100β-GFP colonic myenteric plexus comparing GFP labelling with 

DAR-4M AM-loaded preparations before and after stimulation with DMPP. Arrows 

indicate enteric glia demonstrating an increase in fluorescence following DMPP 

stimulation. Scale bar: 20 µM. B. The %ΔF/F for neurons 300s following DMPP 

application. C. The percentage of neurons responding at 300s following DMPP 

application. D. The %ΔF/F for neurons 300s following DMPP application. E. The 

percentage of enteric glia responding at 300s following DMPP application. Results are 

expressed as mean ± SEM. (n=4-6) *P<0.05, ***P<0.001 vs. control; #P<0.05; 

###P<0.001 vs. DMPP 
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4.4.4.3 Nicotinically-mediated nitric oxide production occurs by NOS I activation in 

neurons and NOS II activation in enteric glia 

The nitric oxide scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide 

(PTIO) was utilized in conjunction with DMPP stimulation to prevent nitric oxide 

movement from cells producing nitric oxide to those that did not, as nitric oxide is a 

gaseous neurotransmitter and can readily travel between cell membranes once 

released.  In LMMP preparations loaded with DAR-4M AM, DMPP (10 µM) in the 

presence of PTIO (100 µM) stimulated an increase in %ΔF/F in 44±3% of neurons (n=6; 

P<0.01 vs. DMPP) and 54±5% of enteric glia (n=6; P<0.01 vs. DMPP). In neurons, the 

percentage of responding cells was inhibited by PTIO in combination with NOS I 

inhibitor SMTC (10 µM; 8±0%; n=3; P<0.001 vs. DMPP + PTIO) and was unchanged by 

PTIO with NOS II inhibitor 1400W (10 µM; 49±6%; n=3; P>0.05 vs. DMPP + PTIO; 

Figure 4.13A). In enteric glia, the percentage of responding cells was unchanged by 

PTIO and SMTC (60±5%; n=3; P>0.05 vs. DMPP + PTIO) and inhibited by PTIO and 

1400W (9±2%; n=3; P<0.001 vs. DMPP + PTIO; Figure 4.13B). These data were 

supported using immunohistochemistry, where 37±5% of neurons were identified as 

NOS I immunoreactive (n=12) within the myenteric plexus, with no enteric glia 

immunoreactive for NOS I.   
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A.  

 

B.  
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Figure 4.13. Nicotinic stimulation stimulates nitric oxide release from NOS I in 

neurons and NOS II in enteric glia 

A. The percentage of neurons demonstrating an increase in fluorescence where the 

movement of nitric oxide is restricted within the ganglia using the  nitric oxide scavenger 

PTIO. B, The percentage of enteric glia demonstrating an increase in fluorescence in 

the presence of PTIO. (n = 3-5) ***P<0.001 vs. control; #P<0.05, ##P<0.01, 

###P<0.001 vs. DMPP 
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4.4.5 Enteric neurons and enteric glia express the nicotinic receptor subunit α3 

Co-localization of the nicotinic receptor α3 subunit was revealed  with the neuronal 

marker PGP 9.5 (Fig. 4.14A) and the enteric glial marker GFAP (Fig. 4.14B) in the 

myenteric plexus of the S100β-GFP mouse colon. Greater than 90% of neurons and 

enteric glia were immunoreactive for the nicotinic receptor α3 subunit.  
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Figure 4.14. Neurons and enteric glia in the myenteric plexus express the 

nicotinic α3 receptor subunit 

A. Confocal images demonstrating S100β-positive enteric glia (green), neuron-specific 

marker PGP 9.5 (blue), and α3 receptor (red). The overlay illustrates colocalization 

between neuron cell bodies and the α3 receptor subunit, and reveals additional α3 

labeling not in neurons. B, Confocal images demonstrating S100β-positive enteric glia 

(green), glial fibrillary acidic protein (GFAP, blue), and α3 receptor (red). The overlay 

demonstrates colocalization of the α3 receptor subunit with both the glial-specific S100 

protein and GFAP. Scale bar: 20 µm. 
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4.5 Discussion 

This study demonstrated that nitric oxide is released from neurons and enteric glia 

under physiological conditions from NOS I and NOS II activation, respectively. Nicotinic 

and glutamatergic stimulation activate both NOS I and II-mediated nitric oxide release, 

while veratridine elicits a NOS I specific response. These are the first data to show a 

potential role of glutamate in the release of nitric oxide in the ENS, as well as confirm 

the neuronal NOS I-mediated and enteric glial NOS II-mediated release of nitric oxide 

following glutamatergic or nicotinic stimulation. Additionally, the observation of the 

nicotinic receptor α3 subunit on enteric glia was a novel finding that suggests for the first 

time that enteric glia have the potential to be directly stimulated by nicotinic cholinergic 

stimulation. 

 

4.5.1 Electrically-evoked nitric oxide release is primarily mediated by NOS I 

activation 

Veratridine stimulates enteric neurons by opening sodium channels, causing neuronal 

depolarization. This causes the release of nitric oxide within the myenteric plexus 

primarily by the activation of NOS I, with minimal nitric oxide from NOS II activation. 

This effect was also demonstrated to be specific to neuronal depolarization, as the 

neurotoxin TTX prevented veratridine-stimulated nitric oxide release. The role of enteric 

glia in regulating this effect was explored using the glial metabolic poison fluoroacetate 

and was found to have no effect on the veratridine-stimulated nitric oxide release. 

However, it did eliminate the small component of NOS II-mediated release that was 

observed.  
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The specificity of the veratridine-stimulated response in activating only NOS I is an 

interesting observation. Neuronal depolarization releases multiple neurotransmitters 

from enteric neurons, including the neurotransmitters acetylcholine, substance P and 

other tachykinins, VIP, ATP, serotonin, and nitric oxide (Furness 2006). Nitric oxide 

release from NOS II by acetylcholine was shown in previous studies that implicated 

enteric glia as the source of NOS II (Green et al. 2004), and in our work, which directly 

demonstrated the involvement of enteric glia. However, when acetylcholine is released 

in conjunction with other neurotransmitters (by depolarization), it appears not to 

stimulate enteric glia. Alternately, other neurotransmitters might inhibit the enteric glial 

activation of NOS II-mediated nitric oxide release.  

 

4.5.2 Significance of glutamate-stimulated nitric oxide release within the 

myenteric plexus 

In the CNS, glutamate-stimulated nitric oxide release is well-documented, and nitric 

oxide modulates multiple CNS functions, including neuronal firing and excitability and 

long-term potentiation and long-term depression (Prast et al. 2001).  

While multiple glutamate receptor subtypes have been identified in the ENS, a 

functional role for glutamate has not been well established (Ren et al. 2000, Furness 

2006). I demonstrate glutamate-mediated nitric oxide release from NOS I activation in 

neurons and NOS II activation in enteric glia, as either NOS I or NOS II inhibition 

partially inhibits glutamate-mediated nitric oxide release, and together completely inhibit 

it. This was confirmed in NOS I and NOS II knockout mice, as glutamatergic nitric oxide 

release was observed in both, and the response in NOS I-/- mice was sensitive only to 
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NOS II inhibition, while the response in NOS II-/- mice was sensitive only to NOS I 

inhibition. Glutamate stimulation appears to be mediated primarily by NMDA receptor 

activation, as the effect is largely sensitive to the NMDA inhibitor CPP, and is largely 

reproduced by direct application of NMDA, the prototypical NMDA receptor agonist. 

Functional NMDA stimulation has also been implicated in the stimulation of 

acetylcholine release within the ENS, which can be blocked through the inhibition of 

nitric oxide (Milusheva et al. 2005). This suggests that glutamate-stimulated release of 

endogenous nitric oxide might modulate (enhance) glutamate-stimulated acetylcholine 

release within the ENS.  

 

Glutamate has also been implicated in excitotoxicity within the CNS, and astrocytes 

have been shown to mediate this phenomenon (Volterra and Meldolesi 2005). This has 

not been well explored within the ENS, but enteric glia have many similarities to 

astrocytes (Jessen and Mirsky 1983) and are known to express multiple glutamate 

receptor subtypes, as previously described (von Boyen et al. 2006). Glutamate receptor 

expression is altered in enteric glia during intestinal inflammation (Nasser et al. 2007) 

and now I have shown that enteric glia respond to glutamatergic stimulation with nitric 

oxide release. Nitric oxide is known to be involved in the pathophysiology of intestinal 

inflammation, although its role as cytoprotective or cytotoxic has been debated 

(Muscara and Wallace 1999, Kubes 2000). Indeed, NMDA receptor antagonist 

treatment has been shown to reduce NOS activation during colitis in the rat (Varga et al. 

2010). Therefore, glutamatergic stimulation of enteric glial nitric oxide may play a role in 
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intestinal inflammation through the regulation of nitric oxide production. This could be an 

interesting avenue for future investigation.  

 

4.5.3 Significance of nicotinic-stimulated nitric oxide release within the myenteric 

plexus 

Acetylcholine is the primary excitatory neurotransmitter within the ENS (Furness 2006), 

and has been implicated in the stimulation of nitric oxide release, which has been 

directly investigated using electrochemical detection of nitric oxide in the guinea pig 

ileum (Patel et al. 2008). Nicotine was demonstrated to release nitric oxide from the 

myenteric plexus, although the cell types involved in nitric oxide release were not 

investigated. Immunohistochemical data have suggested that, within the ENS, neurons 

are the sole source of NOS I and enteric glia are the sole source of NOS II (Salzman 

1995, Green et al. 2004). However, this has not been confirmed in live tissue.  

 

This was fully explored using electrochemical detection of nitric oxide. Nicotinic 

stimulation caused nitric oxide release that was sensitive to inhibition from both NOS I 

and NOS II activation, and the combined inhibition of NOS I and II inhibited myenteric 

nitric oxide release.  However, electrochemical detection only provides spatial 

localization to the level of the ganglia, and not individual cell types. Nitric oxide imaging 

was subsequently used to detect nitric oxide release from neurons and enteric glia 

within the myenteric plexus. Initial studies demonstrated that ~70% of neurons and 

~75% of enteric glia demonstrated an increase in fluorescence following nicotinic 

stimulation, suggesting that nitric oxide was being produced and released within the 
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myenteric plexus. However, nitric oxide is a gaseous molecule and once released, can 

travel from cells producing nitric oxide to any surrounding cells. As all cells within the 

ganglia were loaded with nitric oxide sensitive dye, it was impossible to determine which 

cells were producing nitric oxide, and which cells were passively receiving nitric oxide 

from surrounding cells. Therefore, the extracellular nitric oxide scavenger PTIO was 

utilized in conjunction with nicotinic stimulation.  Following the application of nicotinic 

stimulation in the presence of PTIO, ~40% of neurons and ~55% of enteric glia 

demonstrated an increase in fluorescence following nicotinic stimulation, which matched 

reasonably well with immunohistochemical data, which detected NOS I 

immunoreactivity in 37±5% of enteric neurons. NOS II immunoreactivity was not 

observed in our studies as no suitable NOS II antibodies were found for use in the ENS 

(I tested a number and none were found to be specific).  

 

Interestingly, nitric oxide has been implicated in the regulation of acetylcholine release 

within the ENS, as it can stimulate basal acetylcholine release and can inhibit the 

electrically-evoked release of acetylcholine in the myenteric plexus (Kilbinger and Wolf 

1994, Hebeiss and Kilbinger 1996, Mang et al. 2002). This suggests that a feedback 

loop may exist between nitric oxide and acetylcholine within the ENS, where the release 

of one controls the production of the other from the myenteric plexus.   
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4.5.4 Direct activation of enteric glia by nicotinic stimulation via the nicotinic 

receptor subunit α3  

When nicotinic stimulation was observed to elicit nitric oxide release from neurons and 

enteric glia, a major question was how this stimulation was achieved. Neurons are 

known to express nicotinic cholinergic receptors, in particular the α3 receptor subunit, 

which is the most abundant nicotinic receptor subunit and is expressed on almost all 

neurons within the guinea pig myenteric plexus (Kirchgessner and Liu 1998, Obaid et al. 

2005). However, the expression of nicotinic receptors on enteric glia has not been 

investigated, and it was unknown if enteric glia could be directly stimulated or if neurons 

released a neurotransmitter, which then stimulated enteric glial nitric oxide production. 

The expression of the α3 nicotinic receptor subunit was detected on enteric glia, 

suggesting that they can respond directly to nicotinic stimulation. However, this does not 

rule out the possibility of other neurotransmitters released by enteric neurons that could 

activate enteric glial nitric oxide release, and therefore this remains an area for future 

investigation.  

 

4.5.5 Physiological activation of NOS II-mediated nitric oxide release 

The physiological production and release of nitric oxide from NOS II is an interesting 

observation, as NOS II has been considered to be active only following induction by 

inflammatory mediators (Moncada et al. 1991). However, NOS II has been described as 

constitutively active in some tissues, including the lung, kidney, and CNS (Kobzik et al. 

1993, Mohaupt et al. 1994, Amitai 2010). Within the ENS,  
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 immunohistochemical data demonstrated low levels of NOS II expression under 

physiological conditions in enteric glia (Green et al. 2004). I confirmed that NOS II in 

enteric glia is constitutively active under physiological conditions. Additionally, NOS I 

and II both produce comparable levels of nitric oxide on a similar or even simultaneous 

time scale of activation, suggesting that NOS II is less active than NOS I, as NOS II is 

known to produce more nitric oxide during its activation than NOS I (Moncada et al. 

1991). 

 

4.6 Conclusion 

In conclusion, I have described the cellular localization of nitric oxide release from NOS 

I activation in neurons, and NOS II activation in enteric glia in the myenteric plexus 

activated by nicotinic or glutamatergic stimulation, and a neuronal NOS I-specific effect 

elicited by veratridine. This work suggests that nitric oxide can act as a mediator of bi-

directional neuronal-enteric glial communication within the myenteric plexus.  
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 The inhibition of NOS II-mediated nitric oxide release or the Chapter Five:

metabolic inhibition of enteric glia restores impaired epithelial ion transport 

during intestinal inflammation 

5.1 Introduction  

During intestinal inflammation, the enteric nervous system (ENS) is subject to significant 

alterations to neuronal and enteric glial morphology, including a decrease in neuronal 

numbers, alterations in neurochemical coding and neuronal excitability, and reactive 

gliosis and cytokine production from enteric glia (Ruhl et al. 2004, Lomax et al. 2006, 

Gulbransen and Sharkey 2012). Additionally, GI functions regulated by the ENS are 

altered, including the maintenance of barrier function, and the regulation of motility and 

epithelial ion transport. The dysregulation of GI functions contribute to the pathological 

features of intestinal inflammation, including malabsorption of water and nutrients, 

diarrhea, and weight loss, which can be fatal (Podolsky 1991, Podolsky 1991).   

This chapter will build on our previous findings related to the physiological role of enteric 

glia and nitric oxide in the regulation of intestinal ion transport, and investigate any 

alterations to the role of enteric glia and nitric oxide in the regulation of intestinal ion 

transport during colitis. 

 

5.1.1 Alterations to the regulation of epithelial ion transport during intestinal 

inflammation 

Electrogenic chloride secretion is an essential component in the regulation of water and 

ion balance, and is modulated under physiological conditions by the secretomotor reflex 

circuitry of the ENS (Vanner and MacNaughton 2004, Furness 2006). Secretory stimuli 
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elicit chloride secretion through the activation of chloride channels on epithelial cells 

(Barrett and Keely 2000). This process is dysregulated during intestinal inflammation, 

and the responses to physiological secretory stimuli are often blunted or completely 

absent (Hubel and Renquist 1990, Bell et al. 1995, Asfaha et al. 1999, Sanchez de 

Medina et al. 2002, Perez-Navarro et al. 2005, Hirota and McKay 2006, Martinez-

Augustin et al. 2009). 

 

Cholinergic stimulation elicits an increase in chloride secretion under physiological 

conditions that is mediated by muscarinic M3 receptors (Tapper et al. 1978, Hirota and 

McKay 2006). During intestinal inflammation, this response is blunted (Goldhill et al. 

1993, Asfaha et al. 1999), and in the mouse model of dextran sodium sulphate (DSS) 

colitis shifts to an inhibitory nicotinically-mediated response (Sayer et al. 2002, Green et 

al. 2004).  

 

Neuronal stimulation with electrical field stimulation (EFS) results in chloride secretory 

responses under physiological conditions, which partially involve acetylcholine release 

(Hubel et al. 1987, Kuwahara et al. 1989). The response to neuronal stimulation is lost 

during intestinal inflammation, and this hyporesponsiveness can persist even after 

active inflammation has resolved (Hubel and Renquist 1990, MacNaughton et al. 1998, 

Asfaha et al. 1999, Asfaha et al. 2001, Perez-Navarro et al. 2005).  
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5.1.2 Involvement of nitric oxide and enteric glia in the altered regulation of 

intestinal ion transport during intestinal inflammation 

During intestinal inflammation, the production of nitric oxide from nitric oxide synthase II 

(NOS II) is upregulated and has been implicated in the modulation of the inflammatory 

response in the GI tract; however, the exact nature of nitric oxide’s role in intestinal 

inflammation is controversial as studies have demonstrated cytotoxic or cytoprotective 

effects (Miller et al. 1993, Izzo et al. 1998, Muscara and Wallace 1999, Kubes 2000). 

The role of nitric oxide in the regulation of ion transport is similarly controversial, as 

nitric oxide has been demonstrated to have prosecretory and proabsorptive effects on 

chloride secretion in physiology and pathophysiology (Izzo et al. 1998, Mourad et al. 

1999). However, the dual nature of nitric oxide on chloride secretion may be partially 

explained as a concentration-dependent effect, as nitric oxide appears to be primarily 

proabsorptive at physiological concentrations and primarily prosecretory at higher 

concentrations (Mourad et al. 1996, Wapnir et al. 1997, Turvill et al. 1999). 

 

Nitric oxide has also been implicated in the hyposecretory response to neural 

stimulation during intestinal inflammation, as the inhibition of NOS II reversed the 

hyposecretory response associated with experimentally-induced colitis (MacNaughton 

et al. 1998, Asfaha et al. 1999). Additionally, nitric oxide was implicated in the 

dysregulation of the cholinergic secretory response experimentally-induced colitis in 

mice (Green et al. 2004). During intestinal inflammation, the cholinergic secretory 

response was altered from a prosecretory muscarinic effect to a proabsorptive nicotinic 

effect, and this ‘switch’ was blocked by NOS II inhibition. Based on the 
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immunohistochemical localization of NOS II solely in enteric glial cells, this study 

implicated enteric glia in the dysregulation of epithelial ion transport during intestinal 

inflammation (Green et al. 2004). This discovery shed new light onto previous work that 

implicated nitric oxide in the dysregulation of intestinal ion transport, suggesting that 

enteric glial cells might play a role in the dysregulation of intestinal ion transport. 

However, these data have only indirectly implicated enteric glia, and the role of enteric 

glia in the dysregulation of intestinal ion transport during intestinal inflammation is not 

well understood.  

 

5.2 Aim  

Following the discovery of the role of enteric glia in the physiological modulation of ion 

transport through nitric oxide, I wanted to explore this regulatory pathway during 

intestinal inflammation. The role of nitric oxide and enteric glia in the regulation of ion 

transport following intestinal inflammation is not well established. I utilized the Ussing 

chamber apparatus to measure the roles of nitric oxide and enteric glia in the regulation 

of epithelial ion transport during intestinal inflammation. 
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5.3 Methods 

5.3.1  Models of Intestinal Inflammation: DSS, TNBS, and IL 10-/- mice 

The three models of intestinal inflammation used in these studies are described in detail 

in Chapter 2, Section 2.3. The extent of intestinal inflammation was assessed using 

previously established criteria (see Chapter 2, Section 2.3.4).  

 

5.3.2 Measurement of Electrogenic Ion Transport 

In order to assess epithelial ion transport following intestinal inflammation, full-wall 

thickness tissues from TNBS-treated, DSS-treated, and IL10-/- mice or their respective 

controls were mounted in Ussing chambers and stimulated under voltage-clamp 

conditions as described in Chapter 2, Section 2.8. The resulting change in short-circuit 

current (ΔISC) was taken as a measure of electrogenic epithelial ion transport.  

Working with inflamed tissue from models of colitis results in several technical 

limitations that should be discussed. TNBS-treated animals develop ulcerations within 

the colon, particularly in the distal half or third of the colon as a result of the intra-rectally 

delivered preparation. Ulcerations would impact the surface area over which any 

secretory response would be measured, and therefore care was taken to ensure that 

ulcerations were not present on the portion of tissue measured. The DSS model of 

colitis causes shortening of the colon to approximately 5-6 cm. As the segment of colon 

selected is the 2.5 cm distal of the mid-line, in DSS treated animals this usually 

represented the entire distal portion of the colon. 
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5.3.3 Fluoroacetate 

The involvement of enteric glia in the regulation of intestinal ion transport during colitis 

was directly assessed using the glial metabolic poison fluoroacetate, which was applied 

as described in Chapter 2, Section 2.9. 

 

5.3.4 Drug Application 

Agonists included nicotinic cholinergic agonist DMPP (10 µM), the cGMP agonist 8-

bromo cGMP (100 µM), substance P (100 µM), and vasoactive intestinal peptide (VIP; 

100 nM). Tissues were also stimulated with electrical field stimulation (50 V, 10 Hz, 5 

sec).  Antagonists included nicotinic antagonist hexamethonium (100 µM), NOS I 

inhibitor SMTC (10 µM), NOS II inhibitor 1400W (10 µM), and potent neurotoxin 

tetrodotoxin (TTX; 300 nM). The involvement of specific ions was assessed using 

chloride-free Krebs buffer (described in Chapter 2, Section 2.8). At the conclusion of 

each experiment, tissues were challenged with potent secretagogue forskolin (10 µM) to 

assess tissue viability. It should be noted that in the case of experiments involving drug 

application, the drug(s) cannot be washed out of the Ussing chamber; therefore 

forskolin was applied with the drugs in the bath.  

 

Additionally, the TNBS model of colitis causes colonic edema and thickening of the 

tissue, which may impact the delivery of drugs intended to stimulate the mucosa, in 

particular the epithelial secretagogue forskolin. Therefore, forskolin was added 

mucosally in these preparations. 
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5.3.5 Data Analysis 

All data are presented as mean ± standard error of the mean (SEM) and compared 

using one-way ANOVA followed by post hoc pair-wise comparisons with Tukey’s test 

(unless otherwise specified). P<0.05 was accepted as a level of statistically significant 

difference. 
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5.4 Results 

5.4.1 Weight loss and colonic injury during colitis 

Weight loss and colonic injury damage scores were assessed in animals with TNBS 

colitis at three days post-treatment, in animals with DSS colitis at seven days post-

treatment, and in IL10-/- animals at approximately 16-20 weeks of age, at which point 

enterocolitis is established (Gomes-Santos et al. 2012). Animals with TNBS colitis lost 

7±2% (n=40) of their body weight compared to saline controls (+4±2%; n=40). Animals 

with DSS lost 12±1% (n=40) of their body weight compared to controls (+5±1%; n=40). 

IL10-/- mice had no discernible difference in body weight (32±3 g; n=6) compared to 

their 129SvEv controls (27±4 g; n=6; P>0.05 [t-test]). Shortening of the colon was also 

noted in TNBS colitis (7±0 cm; n=40) and DSS colitis  (6±0 cm; n=40) compared to 

controls (saline: 9±0 cm; control: 8.5±0 cm; n=40; P<0.001 vs. respective model of 

inflammation [t-test]), but not in IL10-/- mice (8±1 cm; n=6) compared to 129SvEv 

controls (8±1 cm; n=6; P>0.05 [t-test]). Both TNBS and DSS colitis induced increased 

macroscopic damage scores compared to their respective controls (n=40; P<0.001; 

Figure 5.1).  



 

155 

 

Figure 5.1. Severity of colonic damage in control and inflamed mice 

The severity of colon damage from mice 3 days post-TNBS administration, 7 days post-

DSS administration, and IL10-/- mice at 16-20 weeks, compared to their respective 

controls. Results are expressed as mean ± SEM. (n=40). ***P<0.001 vs. saline control; 

###P<0.001 vs. control, ^^^P<0.001 vs. 129SvEv 
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5.4.2 Basal transport parameters 

Basal transport parameters, including the short-circuit current (ISC) and the conductance 

(G), which is a measure of the transepithelial integrity, (pre & post experiment) in the 

distal colon of animals with TNBS, DSS, or IL10-/- colitis were not different compared to 

those for their respective controls (n=10; P>0.05; Table 5.1).  

 

Treatment 

Group 

Short-circuit current 

(ISC; µA/cm2) 

Conductance  

(G; mS/cm2; pre-

experiment) 

Conductance  

(G; mS/cm2; post-

experiment) 

Saline Control 18±4 10±1 15±4 

TNBS Colitis 6±2 16±4 17±5 

Control 12±4 14±3 24±6 

DSS Colitis 5±2 14±2 19±2 

129SvEv 12±2 10±2 14±2 

IL10-/- Colitis 15±1 9±1 11±1 

 

Table 5.1. Basal electrical parameters of the colonic epithelium in control and 

inflamed mice 

The basal transport parameters for distal colon from mice 3 days post-TNBS 

administration and 7 days post-DSS administration compared to their respective 

controls. (n=10).  
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5.4.3 Nicotinic receptor -mediated epithelial ion transport is reduced during 

intestinal inflammation, and is dependent on nitric oxide  

5.4.3.1 DMPP stimulation in the DSS model of colitis 

The physiological response to nicotinic stimulation with DMPP (10 µM) was a biphasic 

ΔISC (Phase I: 49±9 µA/cm2, n=4; Phase II: 43±6 µA/cm2, n=4). The ΔISC from DMPP 

was abolished by hexamethonium (Hex; 100 µM) under control conditions (0±0 µA/cm2; 

n=3; P<0.01 vs. DMPP control [t-test]). In tissues from animals with DSS colitis, the 

biphasic secretory response persisted, but the magnitude of each phase was greatly 

diminished (Phase I: 14±4 µA/cm2, n=4; Phase II: 14±7 µA/cm2, n=4; P<0.01 vs. 

corresponding phase under control conditions). Phase I and II following DSS colitis 

were significantly different from each other (P<0.01; Figure 5.2). The response to DMPP 

following the induction of DSS colitis was blocked by hexamethonium (0±0 µA/cm2; 

n=3). NOS I and II inhibition using SMTC (10 µM) and 1400W (10 µM), respectively, 

alone or together completely inhibited the remaining secretory response to DMPP (n=3 

each; P<0.001 vs. DMPP Phase I Control; Figure 5.2).  
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Figure 5.2: DSS colitis alters the secretory response to a nicotinic stimulation 

Tissues mounted in Ussing chambers stimulated with DMPP demonstrated a biphasic 

ΔISC under control conditions that was altered during intestinal inflammation during DSS 

colitis, and inhibited by NOS I or II inhibition using SMTC and 1400W respectively alone 

or in combination. Results are expressed as mean ± SEM. (n=4) 

* P<0.05, *** <0.001 vs. DMPP control Phase I, # <0.05 vs. DMPP colitis Phase I 
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5.4.3.2 DMPP stimulation following enteric glia ablation with fluoroacetate following DSS 

colitis 

Following the induction of DSS colitis, tissues treated with glial metabolic poison 

fluoroacetate (5 mM) demonstrated a monophasic ΔISC to DMPP (27±4 µA/cm2; n=3), 

which was partially reduced by 1400W (12±1 µA/cm2; n=5; P<0.001 vs. DMPP DSS FA) 

and completely abolished by SMTC alone (1±1 µA/cm2; n=6; P<0.001 vs. DMPP DSS 

FA, <0.001vs. 1400W) or in combination with 1400W (0±1 µA/cm2; n=3; P<0.001 vs. 

DMPP DSS FA, <0.001vs. 1400W; Figure 5.3). The monophasic ΔISC to DMPP 

following DSS and fluoroacetate treatment was not different compared to Phase I of 

either the control or DSS colitic response to DMPP (P>0.05; t-test). 
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Figure 5.3: Fluoroacetate enhances Phase I of the secretory response to DMPP 

while inhibiting Phase II 

Tissues from animals with DSS colitis treated with fluoroacetate demonstrated a 

monophasic ΔISC to DMPP stimulation that was reduced by 1400W and completely 

abolished by SMTC alone or in combination with 1400W. Results are expressed as 

mean ± SEM. (n=3-6). *** P<0.001 vs. DMPP, ### P<0.001 

 

 

 

 

 



 

161 

5.4.3.3 Assessment of the role of epithelial chloride secretion following a nicotinic 

stimulus on electrogenic ion transport 

When experiments were conducted in a chloride-free media, nicotinic stimulation 

elicited no ΔISC under control conditions in the absence (0±1 µA/cm2; n=3) or presence 

of fluoroacetate (-2±1 µA/cm2; n=4), or following DSS colitis, again in the absence (-1±2 

µA/cm2; n=3) or presence of fluoroacetate (0±0 µA/cm2; n=4).  

 

5.4.3.4 cAMP stimulation following DSS colitis in the presence and absence of 

fluoroacetate 

The addition of cAMP secretagogue forskolin (10 µM) resulted in a ΔISC under control 

conditions (67±16 µA/cm2; n=6), which was unaltered by fluoroacetate treatment (68±12 

µA/cm2; n=3; P>0.05). The forskolin-induced ΔISC was reduced following DSS colitis in 

the absence (13±7 µA/cm2; n=6; P<0.05 vs. forskolin control) and presence of 

fluoroacetate (29±7 µA/cm2; n=5; P<0.05 vs. forskolin control; Figure 5.4). 
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Figure 5.4: Forskolin responses are reduced following intestinal inflammation, 

but unaltered by fluoroacetate treatment 

Control tissues exhibited a robust ΔISC to forskolin that was unchanged by fluoroacetate. 

Following the induction of DSS colitis, the ΔISC to forskolin was greatly reduced, and 

was unchanged by fluoroacetate. Results are expressed as mean ± SEM. (n=3-5). 

* P<0.05 vs. FSK Control 
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5.4.4 Neurally-mediated epithelial ion transport is impaired during intestinal 

inflammation in three mouse models of colitis  

Tissue mounted in Ussing chambers stimulated with electrical field stimulation (EFS; 

20Hz, 5V, 3 sec) exhibited an increase in the ΔISC in saline-treated control animals 

(46±8 µA/cm2; n=12), which was virtually abolished in TNBS colitis (6±2 µA/cm2; n=12; 

P<0.001 vs. EFS control; Figure 5.5A).  Similarly, EFS induced an increase in the ΔISC 

in control mice (40±5 µA/cm2; n=16), which was substantially reduced in the DSS model 

of colitis (3±1 µA/cm2; n=20; P<0.001 vs. EFS control; Figure 5.5B). EFS induced an 

increase in ΔISC in control 129Sv/Ev mice (67±4 µA/cm2; n=3), which was substantially 

reduced in IL10-/- colitis (9±1 µA/cm2; n=3; P<0.001 vs. EFS control; Figure 5.5C). 
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 A. TNBS Colitis 

 

B. DSS Colitis 

 

C. IL-10-/- model of colitis 
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Figure 5.5: Colitis ablates the neuronal secretory response 

The ΔISC to EFS was measured in three mouse models of colitis. A. EFS elicited a ΔISC 

in saline control mice that was absent following TNBS colitis (n=12). B. EFS elicited a 

ΔISC in control mice that was absent following DSS colitis (n=20). C. EFS elicited a ΔISC 

in 129Sv/Ev control mice that was absent in the IL10-/- mouse model of colitis (n=3). 

Results are expressed as mean ± SEM. ***P<0.001 vs. respective control 
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5.4.5 The inhibition of nitric oxide release from enteric glia partially restores ion 

transport during intestinal inflammation 

In TNBS colitis, EFS elicited a very small ΔISC (4±1 µA/cm2; n=12). This was unchanged 

by NOS I inhibition with SMTC (0±0 µA/cm2; n=4; P>0.05 vs. vehicle). Following NOS II 

inhibition with 1400W in the absence (25±3 µA/cm2; n=11; P<0.001 vs. vehicle, <0.001 

vs. saline control [t-test]) or presence of SMTC (15±1 µA/cm2; n=4; P<0.05 vs. vehicle, 

<0.001 vs. saline control [t-test]), EFS elicited a more substantial ΔISC (Figure 5.6A). 

 

In DSS colitis, EFS elicited a very small a ΔISC (3±1 µA/cm2; n=6). This was unchanged 

by NOS I inhibition with SMTC 2±2 µA/cm2; n=3; P>0.05 vs. vehicle). Following NOS II 

inhibition with 1400W in the absence (18±3 µA/cm2; n=6; P<0.001 vs. vehicle; <0.01 vs. 

control [t-test]) or presence of SMTC (22±3 µA/cm2; n=6; P<0.001 vs. vehicle; <0.001 

vs. control [t-test]) EFS elicited a ΔISC (Figure 5.6B). 
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A. TNBS Colitis 

 

B. DSS Colitis 

 

Figure 5.6: Neuronal stimulation is partially restored by NOS II inhibition in TNBS 

and DSS colitis 

The influence of nitric oxide from specific NOS isoforms in the ΔISC to EFS was 

evaluated using NOS I inhibitor SMTC and NOS II inhibitor 1400W. A. During TNBS 



 

168 

colitis, EFS did not elicit a ΔISC, which was unaltered by SMTC. EFS elicited a ΔISC 

when applied with 1400W alone or in combination with SMTC. B. EFS did not elicit a 

ΔISC following DSS colitis, which was unchanged by SMTC. EFS elicited a ΔISC when 

applied with 1400W alone or in combination with SMTC. Results are expressed as 

mean ± SEM. (n=6-12). *P<0.05, ***P<0.001 vs. vehicle 
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5.4.6 The metabolic inhibition of enteric glia partially restores ion transport during 

intestinal inflammation 

Fluoroacetate treatment restored the reduced secretory response to EFS during TNBS 

colitis alone (34±4 µA/cm2; n=10; P<0.001 vs. TNBS vehicle, >0.05 vs. saline control [t-

test]), and when combined with NOS II inhibition using 1400W (53±7 µA/cm2; n=6; 

P<0.001 vs. vehicle; <0.05 vs. FA, <0.001 vs. 1400W, >0.05 vs. saline control [t-test]; 

Figure 5.7A). 

 

Fluoroacetate treatment partially restored the reduced secretory response to EFS 

during DSS colitis (25±4 µA/cm2; n=17; P<0.001 vs. DSS vehicle, <0.05 vs. control [t-

test]).). When combined with NOS II inhibition, fluoroacetate and 1400W completely 

restored the secretory response during DSS colitis (39±7 µA/cm2; n=6; P<0.001 vs. 

vehicle, >0.05 vs. control [t-test]; Figure 5.7B). 

 

Fluoroacetate treatment did not alter the secretory response to EFS in 129Sv/Ev control 

mice (76±14 µA/cm2; n=3; P>0.05 vs. 129 Sv/Ev vehicle). Fluoroacetate restored the 

reduced secretory response to EFS in the IL-10-/- mouse model of colitis (41±7 µA/cm2; 

n=3; P<0.01 vs. IL-10-/- vehicle, >0.05 vs. 129 Sv/Ev vehicle; Figure 5.7C). 
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A. TNBS Colitis 

 

B. DSS Colitis 
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C. IL10-/- model of colitis 

 

Figure 5.7. Enteric glia inhibition restores the secretory response to neuronal 

stimulation in three models of colitis 

Tissues treated with fluoroacetate were mounted in Ussing chambers and the secretory 

response to EFS was measured. A. Fluoroacetate treatment restored the secretory 

response to EFS during TNBS colitis alone (n=10) and in the presence of 1400W (n=6). 

B. Fluoroacetate treatment partially restored the secretory response to EFS during DSS 

colitis (n=17) and completely restored the response when combined with NOS II 

inhibition (n=6). * P<0.05, ** P<0.01, ***P<0.001 vs. vehicle; & P<0.05 vs. FA; ### 

P<0.001 vs. 1400W. C. Fluoroacetate treatment did not alter the secretory response to 

EFS in 129Sv/Ev control mice (n=3) but restored the secretory response to EFS in the 

IL-10-/- mouse model of colitis (n=3). Results are expressed as mean ± SEM. ** P<0.01 

vs. 129Sv/Ev vehicle; ## P<0.01 vs. 129 Sv/Ev FA 



 

172 

5.4.7 The restored component of ion transport during intestinal inflammation is 

neurally-mediated (TTX sensitive) chloride secretion 

5.4.7.1 Assessment of the role of epithelial chloride secretion following a neural-specific 

stimulus on electrogenic ion transport 

When experiments were conducted in chloride-free media, no secretory responses to 

electrical field stimulation were noted under any conditions, including: control (vehicle: 

0±0 µA/cm2; n=3; FA: 0±1 µA/cm2; n=4), DSS colitis (vehicle: 1±2 µA/cm2; n=3; FA: 2±2 

µA/cm2; n=4), saline control (vehicle: 0±1 µA/cm2; n=3; FA: 2±1 µA/cm2; n=3), and 

TNBS colitis (vehicle: 2±2 µA/cm2; n=4; FA: 2±1 µA/cm2; n=3; Figure 5.8). 

 

5.4.7.2 Assessment of the role of neuronal depolarization in regulating electrically-

evoked electrogenic ion transport 

TTX (300 nM) prevented any secretory response following a neural stimulation from 

control (0±2 µA/cm2; n=4) and saline control tissue (0±2 µA/cm2; n=4), as well as the 

restored responses following fluoroacetate treatment in TNBS colitis (2±1 µA/cm2; n=4) 

and DSS colitis (1±0 µA/cm2; n=3; Figure 5.9). 
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Figure 5.8: Neuronal stimulation does not elicit a secretory response in chloride-

free media 

Neuronal stimulation failed to elicit a ΔISC in chloride-free media under control, DSS 

colitis, saline control, or TNBS colitis conditions (n=3-4). Results are expressed as 

mean ± SEM. 
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Figure 5.9: Neuronal stimulation is inhibited by TTX 

Neuronal stimulation in response to EFS failed to elicit a secretory response in the 

presence of TTX under control and saline control conditions, and following the 

restoration of the secretory response with fluoroacetate in TNBS and DSS colitis. 

Results are expressed as mean ± SEM. (n=4) 
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5.4.8 Mechanism of restored chloride secretion following intestinal inflammation  

5.4.8.1  The role of cAMP in mediating ion transport 

The mechanism through which chloride secretion is regulated at the level of the 

intestinal epithelium involves the activation of cAMP, which in turn stimulates the 

primary chloride secretory channel, CFTR (Barrett and Keely 2000). Because the 

restored secretory response was demonstrated to be a chloride-sensitive mechanism, I 

first tested forskolin because it is a potent stimulator of cAMP.   

 

Under control conditions, forskolin elicited a secretory response (saline control: 92±12 

µA/cm2; n=13; control: 101±17 µA/cm2; n=8; 129Sv/Ev: 111±11 µA/cm2; n=3) that was 

unchanged by fluoroacetate in all conditions (saline control: 120±23 µA/cm2; n=3; 

control: 106±20 µA/cm2; n=8; 129Sv/Ev: 80±20 µA/cm2; n=3). During TNBS colitis, the 

forskolin response was decreased (25±13 µA/cm2; n=18; P<0.001 vs. saline control) 

and unchanged by fluoroacetate (13±5 µA/cm2; n=12; P>0.05 vs. TNBS colitis; Figure 

5.10A). During DSS colitis, the forskolin response was decreased (43±6 µA/cm2; n=12; 

P<0.01 vs. control) and unchanged by fluoroacetate (24±2 µA/cm2; n=7; P>0.05 vs. 

DSS colitis; Figure 5.10B). In the IL-10-/- model of colitis, the forskolin response was 

decreased (40±7 µA/cm2; n=3; P<0.01 vs. 129Sv/Ev control) and unchanged by 

fluoroacetate (47±19 µA/cm2; n=3; P>0.05 vs. IL-10-/-; Figure 5.10C). 
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A. TNBS Colitis 

 

B. DSS Colitis 
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C. IL-10-/- model of colitis 

 

Figure 5.10: cAMP does not mediate the restored response to EFS following 

fluoroacetate 

cAMP stimulation with forskolin elicited a secretory response that was reduced by 

intestinal inflammation but unchanged by fluoroacetate in TNBS colitis (A; n=3-18), DSS 

colitis (B; n=7-12), and the IL-10-/- model of colitis (C; n=3). Results are expressed as 

mean ± SEM. 

* P<0.05, ** P<0.01, ***P<0.001 vs. respective FSK control 
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5.4.8.2 The role of cGMP in mediating ion transport 

Because the response to FSK was not restored, I then assessed the role of cGMP 

because cGMP can also regulate the CFTR channel (Barrett and Keely 2000). cGMP 

stimulation via 8-bromo cGMP (100 µM) did not elicit a secretory response in controls 

(saline control: 5±2 µA/cm2; n=4; control: 1±1 µA/cm2; n=3) and was unchanged by 

fluoroacetate (saline control: 5±3 µA/cm2; n=3; control: 2±1 µA/cm2; n=3). During TNBS 

colitis, the absence of a response to 8-bromo cGMP was not altered compared to 

control (1±1 µA/cm2; n=3; P>0.05 vs. saline control) and unchanged by fluoroacetate 

(2±3 µA/cm2; n=3; P>0.05 vs. TNBS colitis).  

 

During DSS colitis, the absence of a response to 8-bromo cGMP was not altered 

compared to control (1±1 µA/cm2; n=4; P>0.05 vs. control) and unchanged by 

fluoroacetate (2±1 µA/cm2; n=4; P>0.05 vs. DSS colitis; Figure 5.11). 
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Figure 5.11. cGMP does not mediate the restored response to EFS following 

fluoroacetate 

cGMP stimulation with 8-bromo cGMP elicited a minimal ΔISC that was unchanged by 

intestinal inflammation and fluoroacetate, Results are expressed as mean ± SEM. (n=3-

4). 
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5.4.8.3  The role of substance P in mediating ion transport 

I then assessed the role of substance P since it has been implicated in the regulation of 

intestinal ion transport, and is known to be a mediator of intestinal inflammation (Barrett 

and Keely 2000, Koon et al. 2006). Substance P (100 µM) elicited a secretory response 

in controls (saline control: 6.5±3 µA/cm2; n=3; control: 10±3 µA/cm2; n=5) that was 

enhanced by fluoroacetate treatment (saline control: 21±5 µA/cm2; n=3; control: 20±5 

µA/cm2; n=5). During TNBS colitis, substance P elicited a secretory response (4±1 

µA/cm2; n=3; P>0.05 vs. saline control), while fluoroacetate treated tissues did not (0±1 

µA/cm2; n=3; P<0.05 vs. saline control + FA). During DSS colitis, substance P did not 

elicit a secretory response (0±0 µA/cm2; n=3; P<0.01 vs. control + FA) and this was not 

altered by fluoroacetate (2±3 µA/cm2; n=3; P>0.05 vs. DSS colitis; Figure 5.12). 
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Figure 5.12. Substance P does not mediate the restored response to EFS 

following fluoroacetate 

The secretory response to substance P under control conditions was enhanced by 

fluoroacetate. During TNBS colitis, Substance P elicited a secretory response, while 

fluoroacetate treated tissues did not, while during DSS colitis, Substance P did not elicit 

a secretory response in the presence or absence of fluoroacetate treatment. Results are 

expressed as mean ± SEM. (n=3-5). *P<0.05 vs. saline control SP + FA; ##P<0.01 vs. 

control SP + FA 
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5.4.8.4 The role of VIP in mediating ion transport 

Finally, I assessed the role of vasoactive intestinal peptide (VIP) because VIP 

colocalized with nitric oxide and has been linked to nitric oxide release within the ENS 

(Costa et al. 1992, Furness et al. 1992, Daniel et al. 1994, Li et al. 1995, Allescher et al. 

1996). VIP (100 nM) elicited a robust secretory response in controls (saline control: 

63±7 µA/cm2; n=6; control: 71±8 µA/cm2; n=9) that was unchanged by fluoroacetate 

treatment (saline control: 58±14 µA/cm2; n=5; control: 64±9 µA/cm2; n=9). During TNBS 

colitis, VIP elicited a small secretory response (7±1 µA/cm2; n=6) and a moderate 

secretory response following fluoroacetate treatment (40±5 µA/cm2; n=5; P>0.05 vs. 

VIP control; P<0.05 vs. TNBS). During DSS colitis, VIP elicited a small secretory 

response (2±1 µA/cm2; n=9; P<0.001 vs. VIP control) and a moderate secretory 

response following fluoroacetate treatment (33±5 µA/cm2; n=9; P>0.05 vs. VIP control; 

P<0.05 vs. DSS; Figure 5.13). 
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A. TNBS Colitis 

  

B. DSS Colitis 

 

Figure 5.13. VIP may mediate the restored response to EFS following 

fluoroacetate 

The secretory response to VIP under control conditions was partially restored by 

fluoroacetate. A. During TNBS colitis, the secretory response to VIP was greatly 

reduced and this response was restored by fluoroacetate treatment. B. During DSS 
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colitis, the VIP secretory response was greatly reduced, and this response was partially 

restored by fluoroacetate treatment. Results are expressed as mean ± SEM. (n=5-9). 

***P<0.001 vs. VIP control, # P<0.05  
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5.5 Discussion 

The aim of this chapter was to explore the role of nitric oxide and enteric glia in the 

regulation of epithelial ion transport during intestinal inflammation. I have demonstrated 

that during intestinal inflammation, the responses to both nicotinic and neuronal 

stimulation are greatly reduced, and that these alterations are mediated by nitric oxide 

and enteric glia. These data suggest that enteric glial release of nitric oxide has an 

inhibitory role on ion transport during intestinal inflammation. 

 

5.5.1 Nicotinically-mediated ion transport during intestinal inflammation 

 Alterations to the cholinergic regulation of intestinal ion transport during intestinal 

inflammation have previously been described, in particular highlighting the ‘switch’ from 

muscarinic to nicotinic regulation of ion transport. Nitric oxide from NOS II appeared to 

mediate this switch, and enteric glia were suggested to be involved as they have been 

identified immunohistochemically as the sole source of NOS II within the ENS (Sayer et 

al. 2002, Green et al. 2004). Our electrochemical detection and nitric oxide imaging data 

in Chapter 4 confirm that enteric glia produce and release nitric oxide from NOS II. 

However, the role of enteric glia in the nicotinic regulation of epithelial ion transport 

during intestinal inflammation has not been directly investigated. In these studies I 

observed a diminished biphasic secretory response in inflamed tissue stimulated with 

the nicotinic cholinergic agonist DMPP that was dependent upon nitric oxide release 

from both NOS I and NOS II. This response was sensitive to nicotinic receptor inhibition 

with hexamethonium and was mediated by chloride secretion, as no change in ISC was 

noted during experiments conducted in chloride-free media. The inflamed colon has 
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been shown to be hyposecretory in responses to nicotinic and other stimuli compared to 

control (Green et al. 2004, Hirota and McKay 2006, Martinez-Augustin et al. 2009), 

therefore, a reduced response to nicotinic stimulation was not unexpected. However, it 

was unexpected that the biphasic nature of the response persisted. Under physiological 

conditions, the biphasic response was driven by nitric oxide released from NOS I and II 

activation in neurons and enteric glia, respectively, in a concentration-dependent 

manner (Chapter 3). The persistence of the biphasic response suggests a concentration 

gradient of nitric oxide release over time. As NOS II expression is upregulated in enteric 

glia during inflammation (Miampamba and Sharkey 1999, Sayer et al. 2002, Green et al. 

2004), I could expect more nitric oxide release from enteric glia (investigated in Chapter 

6). However, the inhibition of either NOS I or NOS II alone or in combination resulted in 

the complete inhibition of the nicotinic response during intestinal inflammation. This 

suggests nitric oxide release from both isoforms regulates the response to DMPP during 

colitis, and either are sufficient to eliminate the nicotinic secretory response.  

 

When the role of enteric glia was directly investigated using fluoroacetate, Phase I of 

the nicotinic response during DSS colitis was not altered compared to control or when 

compared to Phase I of the response during DSS colitis, while Phase II was completely 

lost. The response was partially sensitive to inhibition by NOS I and completely 

sensitive to NOS II alone or in combination with NOS II inhibition. It was unexpected to 

observe a further reduction of the nicotinic response to NOS II inhibition following 

fluoroacetate treatment, as nitric oxide release from NOS II is considered to be a glial-

specific response based on immunohistochemical data (Green et al. 2004). This 
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suggests an additional source of NOS II-mediated nitric oxide release stimulated by 

DMPP within the tissue during intestinal inflammation. Macrophages produce nitric 

oxide during intestinal inflammation and could be a potential source of nitric oxide 

release contributing to the modulation of intestinal ion transport (MacMicking et al. 

1997). Indeed, macrophages express nicotinic receptors of the α7 subtype, and could 

be activated directly by nicotinic stimulation (Wessler et al. 2008, Pohanka et al. 2011). 

This could be an area of future investigation. 

 

Given the expression of NOS II in enteric glia, it was interesting that the nicotinic 

response following enteric glial inhibition was distinctly different compared to NOS II 

inhibition alone, as the inhibition of enteric glia blocks Phase II, while NOS II inhibition 

blocks both Phase I and II. This suggests that the inhibition of enteric glia may modulate 

the nicotinic Phase II response during colitis through a mechanism other than nitric 

oxide release, or that another glial population is responsible for the inhibitory phase II. 

The Phase II inhibition of enteric glia corresponds with previous indirect observations on 

the role of enteric glia on ion transport during intestinal inflammation, where inhibiting 

NOS II production reversed the pro-absorptive response to cholinergic stimulation with 

carbachol, and demonstrated a small secretory response in DSS colitis (Green et al. 

2004). The primary difference between those data and our observations is that the 

stimulation in the previous work would activate both muscarinic and nicotinic receptors, 

whereas our work solely activated nicotinic receptors with the specific nicotinic agonist 

DMPP.  
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5.5.2 Neurally-mediated epithelial ion transport following enteric glial and nitric 

oxide inhibition 

During intestinal inflammation, myself and others have noted that secretory response to 

electrically-evoked stimulation with electrical field stimulation (EFS) is absent but can be 

restored with NOS II inhibition (MacNaughton et al. 1998, Asfaha et al. 1999). In mice 

with TNBS colitis, it was shown that inhibiting the release of nitric oxide partially 

restored physiological ion transport following a neural specific stimulus (MacNaughton 

et al. 1998). It was speculated that nitric oxide had an inhibitory effect on chloride 

secretion at the level of the intestinal epithelium. I confirmed this result in two models of 

colitis using NOS II inhibition, while NOS I inhibition had no effect. Because the NOS II 

enzyme has been localized in enteric glia (Green et al. 2004), this indirectly implicated 

enteric glia. In order to more directly study the role of enteric glia, I inhibited their 

metabolism using fluoroacetate in three models of colitis and found a similar result. The 

inhibition of neuronal depolarization using TTX or conducting experiments in chloride-

free media inhibited the restored response following NOS II inhibition or fluoroacetate 

treatment, suggesting that the restored EFS response is neurally-mediated chloride 

secretion. These data suggest that enteric glia and nitric oxide from a NOS II source 

inhibit neurally-mediated epithelial ion transport following intestinal inflammation.  

 

5.5.3 Additive restoration of the neurally-mediated epithelial secretory response 

with the combined inhibition of enteric glia and NOS II during colitis 

Another interesting observation was the additive effect of dual inhibition of NOS II and 

enteric glia in colitis, as both alone partially restore chloride secretion in response to a 
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neural stimulus, but together completely restore it. This is despite the complete 

inhibition of enteric glial nitric oxide release from the myenteric plexus following the 

combined inhibition of NOS II and enteric glia (see Chapters 4 & 6). This suggests that 

there may be an additional source of NOS II-mediated nitric oxide release, such as 

macrophages contributing to the modulation of intestinal ion transport (MacMicking et al. 

1997). Additionally, other glial populations are present in the gut such as mucosal glia, 

which contribute to barrier function (Gulbransen and Sharkey 2012). Because our ion 

transport studies were conducted in full-thickness tissue that was fluoroacetate-treated, 

these glial cells may also have been influenced by fluoroacetate treatment. However, I 

do not have yet have an adequate way to isolate them within the preparation. An 

interesting area of future study would be to observe the effect of fluoroacetate on this 

population of glial cells to determine what, if any, role it is having on intestinal ion 

transport, as well as their primary functions of epithelial barrier maintenance and 

antigen presentation (Bush et al. 1998, Cabarrocas et al. 2003).  

 

5.5.4 Similarities between models of colitis 

The similar involvement of enteric glia and nitric oxide in the three different models of 

colitis was an unexpected result. The chemical models, TNBS and DSS colitis, are both 

characterized by epithelial damage with similar macroscopic damage scores, although 

they have significant differences in the manifestation of the macroscopic damage, 

including differences in location, bleeding, ulcers, and shortening of the colon. 

Additionally, they are both acute models of colitis. The damage observed in the genetic 

IL10-/- model is intrinsic but also appears to have intestinal ion transport inhibited by 
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enteric glia, and represents a more chronic inflammatory model. This suggests that the 

enteric glial regulation of intestinal ion transport via nitric oxide is conserved across 

multiple models, and may warrant further study in other animal models and in human 

patients. 

 

5.5.5 The mechanism of the restored secretory response 

A major question emerging from these studies involves the mechanism by which 

epithelial ion transport is restored by fluoroacetate in colitis. Given the gaseous nature 

of nitric oxide, once released it could rapidly move from the cell of production to any 

surrounding cells, as demonstrated in Chapter 4. Therefore nitric oxide released from 

enteric glia could act on surrounding neurons and enteric glia to modulate their activity 

or suppress neurotransmitter release. In the central nervous system, nitric oxide is 

recognized as a modulator of neurotransmission, including the regulation of neuronal 

excitability and neurotransmitter release (Prast and Philippu 2001). Within the ENS, 

nitric oxide acts to mediate non-adrenergic, non-cholinergic (NANC) neurotransmission 

(Sanders and Ward 1992), and modulates the motor reflex pathways that regulate 

longitudinal and circular muscle function by decreasing acetylcholine release from 

enteric neurons under physiological conditions (Hebeiss and Kilbinger 1996, Smith et al. 

1998). 

 

The nitric oxide-dependent modulation of ion transport could also be regulated at the 

level of the intestinal epithelium. Following fluoroacetate treatment, the restored 

response is mediated by chloride secretion, as evidenced by the studies in chloride-free 
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media. Chloride secretion is stimulated in epithelial cells primarily by cAMP acting on 

CFTR chloride channels (Barrett and Keely 2000). The response to cAMP secretagogue 

forskolin was blunted during intestinal inflammation but unaffected by fluoroacetate 

treatment in all three models of colitis. Because this mechanism is impaired, it 

suggested an additional mechanism by which chloride secretion is regulated that could 

be enhanced by fluoroacetate. I first considered cGMP, which regulates epithelial ion 

transport by stimulating CFTR chloride channels (French et al. 1995, Vaandrager et al. 

1998, Barrett and Keely 2000). However, cGMP stimulation via 8-bromo cGMP elicited 

virtually no secretory response under control or inflamed conditions in the presence or 

absence of fluoroacetate.  

 

I also investigated the role of substance P, which has been implicated in intestinal 

inflammation (Miller et al. 1993, Perner et al. 2001) and known to modulate ion transport 

by acting on nerve endings and mast cells (Wershil et al. 1998, Frieling et al. 1999, 

Barrett and Keely 2000). I found that substance P elicited modest secretory responses 

and that these responses were enhanced by fluoroacetate treatment under control 

conditions, but during colitis substance P failed to elicit secretory responses in the 

presence and absence of fluoroacetate treatment, suggesting that substance P is not 

involved in the modulation of restored ion transport response by fluoroacetate.  

 

Finally, I investigated the effects of vasoactive intestinal peptide (VIP), which is a known 

stimulator of ion transport (Cooke 2000). The response to VIP is partially restored 

following fluoroacetate treatment during colitis. This could be the mechanism that 
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permits the restored secretory response to electrically-evoked stimulation during colitis. 

VIP can act as a non-adrenergic non-cholinergic (NANC) inhibitory transmitter within the 

ENS, similarly to nitric oxide (Fujimiya et al. 2000, Mourad et al. 2003); indeed, VIP 

colocalizes with the NOS I enzyme within the myenteric plexus (Costa et al. 1992, 

Furness et al. 1992, Li et al. 1995). Nitric oxide can stimulate VIP release through the 

application of nitric oxide donors, and NOS inhibitors can block VIP release (Daniel et 

al. 1994, Allescher et al. 1996). Therefore VIP could be altered by NOS II inhibition or 

the metabolic inhibition of enteric glia, leading to the restoration of the electrically-

evoked secretory response during colitis, and this is an avenue for future investigation.  

 

5.6 Conclusion 

In conclusion, I have observed a modulatory role for enteric glia and nitric oxide in the 

regulation of epithelial ion transport during intestinal inflammation following electrically-

evoked and nicotinic stimulation. The inhibition of NOS II-mediated nitric oxide 

production and the metabolic inhibition of enteric glia reveals an inhibitory role for both 

nitric oxide and enteric glia on epithelial ion transport during intestinal inflammation.  

 

 

 

 

 



 

193 

 Intestinal inflammation alters enteric glial production and release of Chapter Six:

nitric oxide in the myenteric plexus 

6.1 Introduction 

Changes to both neurons and enteric glia within the enteric nervous system (ENS) 

during intestinal inflammation have been well-documented (Ruhl et al. 2004, Lomax et 

al. 2006, Gulbransen and Sharkey 2012). Both neurons and enteric glia are activated 

during intestinal inflammation through the action of inflammatory mediators, suggesting 

that they may respond to inflammatory mediators, including nitric oxide (Miampamba et 

al. 1999, Sharkey et al. 2001). The upregulation of nitric oxide has been implicated in 

inflammatory disorders of the gastrointestinal (GI) tract (Boughton-Smith et al. 1993, 

Middleton et al. 1993, Mourad et al. 1999); however, the role of nitric oxide is 

controversial, as some groups have described nitric oxide as cytoprotective, while 

others have observed cytotoxic effects of nitric oxide during intestinal inflammation 

(Miller et al. 1993, Izzo et al. 1998, Muscara and Wallace 1999, Kubes 2000). The 

expression of nitric oxide synthase (NOS) II is upregulated during intestinal 

inflammation, and has been localized immunohistochemically solely within enteric glia in 

myenteric plexus (Green et al. 2004). The regulation of ion transport is modulated in 

part by nitric oxide release from a NOS II source during intestinal inflammation 

(MacNaughton et al. 1998, Green et al. 2004). However, the activation of NOS I, and 

the release of nitric oxide have not been directly investigated during intestinal 

inflammation. Additionally, the role of enteric glia in the regulation of nitric oxide release 

during intestinal inflammation has not been investigated.  
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This chapter will investigate the nature of nitric oxide production and release from the 

myenteric plexus during intestinal inflammation. The alterations to nitric oxide 

production and the cellular localization of nitric oxide release will be described. 

 

6.2 Aim  

The aim of these studies was to explore how the production and release of nitric oxide 

from enteric glia is altered during intestinal inflammation. Through the electrochemical 

detection of nitric oxide, I investigated the NOS isoforms that contribute to nitric oxide 

production and release, as well as the cellular sources of nitric oxide release the mouse 

colonic myenteric plexus using mouse models of colitis.  
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6.3 Methods 

6.3.1 Models of Intestinal Inflammation: DSS, TNBS, and IL 10-/- mice 

The three models of intestinal inflammation used in these studies are described in detail 

in Chapter 2, Section 2.3. The extent of intestinal inflammation was assessed using 

previously established criteria (see Chapter 2, Section 2.3.1). 

 

6.3.2 Electrochemical Detection of Nitric Oxide 

In order to understand the nature of nitric oxide release from enteric neurons and 

enteric glia, electrochemical detection of real-time nitric oxide release was conducted. 

Due to technical limitations imposed by the severity of damage following intestinal 

inflammation, the submucosal plexus could not be adequately dissected; however, the 

myenteric plexus could be successfully removed. The submucosal plexus has long 

been considered the primary plexus responsible for the regulation of intestinal ion 

transport. However, myself and others have provided evidence to suggest that 

myenteric plexus also may play a role in the regulation of epithelial ion transport (Jodal 

et al. 1993, See and Bass 1993, Rolfe and Levin 1998). 

 

6.3.3 Nitric Oxide Imaging  

Previous work investigating the production and release of nitric oxide under 

physiological conditions (Chapter 4) utilized nitric oxide imaging to determine the 

cellular localization of nitric oxide release within the myenteric plexus. This technique 

was attempted in the TNBS and DSS mouse models of colitis. However, inflamed 

tissues had a substantial background fluorescence in the longitudinal muscle that made 



 

196 

distinguishing the myenteric plexus ganglia extremely difficult. Additionally, basal nitric 

oxide production in these tissues was significantly higher than in control tissues. 

Because the nitric oxide sensitive dyes bind irreversibly to any nitric oxide in the system, 

as discussed in the General Methods (Chapter 2), distinguishing basal and stimulated 

nitric oxide production was impossible. Therefore, I was unable to successfully use this 

method to investigate the cellular sites of nitric oxide production during intestinal 

inflammation. 

 

6.3.4 Fluoroacetate 

The involvement of enteric glia in the production and release of nitric oxide from the 

myenteric plexus during colitis was directly assessed using the glial metabolic poison 

fluoroacetate, which was applied as described in Chapter 2, Section 2.9.   

 

6.3.5 Drug Application 

Agonists included veratridine (10 µM), which opens voltage-gated sodium channels and 

the nicotinic cholinergic agonist DMPP (10 µM). Veratridine was utilized instead of 

electrical field stimulation (EFS) because EFS would interfere with the electrode 

configuration during the electrochemical detection experiments. Antagonists included 

the nicotinic antagonist hexamethonium (100 µM), the NOS I inhibitor SMTC (10 µM), 

the NOS II inhibitor 1400W (10 µM), and tetrodotoxin (TTX; 300 nM).  
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6.3.6 Data Analysis 

All data are presented as mean ± standard error of the mean (SEM) and compared 

using one-way ANOVA followed by post hoc pair-wise comparisons with Tukey’s test 

(unless otherwise specified). P<0.05 was accepted as a level of statistically significant 

difference. 
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6.4 Results  

6.4.1 Weight loss and colonic injury during colitis 

Weight loss and colonic injury damage scores were assessed in animals with TNBS 

colitis at three days post-treatment and in animals with DSS colitis at seven days post-

treatment. Animals with TNBS colitis lost 10±1% (n=15) of their body weight compared 

to saline controls (+2±1%; n=10). Animals with DSS lost 13±2% (n=15) of their body 

weight compared to controls (+3±1%; n=10). Shortening of the colon was also noted in 

TNBS colitis (7±0 cm; n=15) and DSS colitis  (6±0 cm; n=10) compared to controls 

(saline: 9±0 cm; control: 9±0 cm; n=10; P<0.001 vs. respective model of inflammation [t-

test]). Both TNBS and DSS colitis induced increased macroscopic damage scores 

compared to their respective controls (n=15; P<0.001; Figure 6.1).  
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Figure 6.1. Severity of colonic damage in control and inflamed mice 

The severity of colon damage from mice 3 days post-TNBS administration and 7 days 

post-DSS administration compared to their respective controls. Results are expressed 

as mean ± SEM. (n=15). ***P<0.001 vs. saline control; ###P<0.001 vs. control 
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6.4.2 During colitis, nicotinically-mediated nitric oxide release is increased 

compared to control, with a greater contribution from NOS II activation  

6.4.2.1 Electrochemical detection of nitric oxide release induced by DMPP during colitis 

Nitric oxide release stimulated by the nicotinic agonist DMPP (10 µM) during TNBS 

colitis (1417±76 pA; n=6) and DSS colitis (1151±29 pA; n=6) was increased compared 

to DMPP stimulation in their respective controls (P<0.001). During TNBS colitis, DMPP-

stimulated nitric oxide release was reduced by the NOS I inhibitor SMTC (10 µM; 

1041±46 pA; n=6; P<0.001 vs. DMPP TNBS), which was also different from the amount 

of inhibition caused by DMPP and SMTC under control conditions (P<0.001 vs. DMPP + 

SMTC control).  The NOS II inhibitor 1400W (10 µM) also reduced nitric oxide release 

(259±28 pA; n=6; P<0.001 vs. DMPP TNBS) but this was not different from the degree 

of inhibition caused by DMPP and 1400W under control conditions (P>0.05 vs. DMPP + 

1400W control). Nitric oxide release during TNBS colitis was completely sensitive to 

SMTC and 1400W together (14±1 pA; n=6; P<0.001 vs. DMPP TNBS; P>0.05 vs. 

DMPP + SMTC + 1400W control; Figure 6.2A).  

 

Similarly, during DSS colitis, SMTC reduced the DMPP-stimulated nitric oxide release 

(858±24 pA; n=6; P<0.001 vs. DMPP TNBS), which was also different from the amount 

of inhibition caused by DMPP and SMTC under control conditions (P<0.001 vs. DMPP + 

SMTC control). 1400W also reduced nitric oxide release (270±27 pA; n=6; P<0.001 vs. 

DMPP TNBS) but was not different from the amount of inhibition noted by DMPP and 

1400W under control conditions (P>0.05 vs. DMPP + 1400W control). Nitric oxide 

release during DSS colitis was completely sensitive to SMTC and 1400W together 
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(13±1 pA; n=3; P<0.001 vs. DMPP TNBS; P>0.05 vs. DMPP + SMTC + 1400W control; 

Figure 6.2B). 
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A.  

 

B.  
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Figure 6.2. Nitric oxide release stimulated by nicotinic agonist DMPP is increased 

during colitis due to greater NOS II activation 

DMPP elicits increased nitric oxide release from the myenteric plexus compared to 

control from the myenteric plexus during A. TNBS colitis, and B. DSS colitis. Results are 

expressed as mean ± SEM. (n=3-6). ***P<0.001, ### P<0.001 vs. DMPP Colitis 
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6.4.2.2 The effect of metabolic inhibition of enteric glia on nitric oxide release following 

DMPP stimulation during colitis 

When LMPP preparations from animals with TNBS colitis were treated with 

fluoroacetate (FA; 5 mM; 60 minutes) and stimulated with DMPP, nitric oxide release 

(618±19 pA; n=6) was increased compared to DMPP stimulation following fluoroacetate 

in control (P<0.01), but decreased compared to DMPP stimulation without fluoroacetate 

treatment in TNBS colitis [P<0.001; t-test]). The response to DMPP following 

fluoroacetate treatment was reduced by SMTC (230±36 pA; n=6; P<0.001 vs. TNBS 

DMPP + FA; P<0.01 vs. DMPP + FA + SMTC) and by 1400W (259±33 pA; n=6; 

P<0.001 vs. TNBS DMPP + FA; P<0.01 vs. DMPP + FA + 1400W). Together SMTC and 

1400W completely inhibited the response to DMPP following fluoroacetate treatment 

(16±1 pA; n=3; P<0.001 vs. TNBS DMPP + FA; Figure 6.3A).  

 

During DSS colitis, fluoroacetate treated tissues demonstrated decreased nitric oxide 

release following DMPP stimulation (381±19 pA; n=6) compared to control (P<0.05) and 

compared to DMPP stimulation without fluoroacetate treatment in DSS colitis [P<0.001; 

t-test]). The response to DMPP following fluoroacetate treatment was completely 

inhibited by SMTC (59±11 pA; n=6; P<0.001 vs. DSS DMPP + FA; P>0.05 vs. DMPP + 

FA + SMTC) and increased by 1400W (445±10 pA; n=6; P<0.01 vs. DSS DMPP + FA; 

P<0.001 vs. DMPP + FA + 1400W). Together SMTC and 1400W inhibited the response 

to veratridine following fluoroacetate treatment (11±0 pA; n=3; P<0.001 vs. DSS DMPP 

+ FA; Figure 6.3B).  
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A.  

 

B.  
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Figure 6.3. Enteric glial metabolic inhibition reduces nitric oxide production in 

response to nicotinic stimulation with DMPP 

Fluoroacetate reduces the NOS II mediated component of nitric oxide release from the 

myenteric plexus following stimulation with DMPP in A. TNBS colitis, and B. DSS colitis. 

Results are expressed as mean ± SEM. (n=3-6). * P<0.05, ***P<0.001, ##P<0.01, 

###P<0.001 vs. DMPP + FA Colitis 
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6.4.3 During colitis, veratridine stimulates more nitric oxide release compared to 

control, with a greater contribution from NOS II activation 

6.4.3.1 Electrochemical detection of nitric oxide release induced by veratridine during 

colitis 

Nitric oxide release stimulated with veratridine (10 µM), during TNBS colitis (853±52 pA; 

n=6) and during DSS colitis (728±27 pA; n=6) were increased compared to veratridine 

stimulation in their respective controls (TNBS colitis: P<0.05; DSS colitis: P<0.001). 

During TNBS colitis, veratridine-stimulated nitric oxide release was partially inhibited by 

the NOS I inhibitor SMTC (10 µM; 349±21 pA; n=6; P<0.001 vs. Ver TNBS), which was 

also different from the amount of inhibition noted by veratridine and SMTC under control 

conditions (P<0.01 vs. Ver + SMTC control).  The NOS II inhibitor 1400W (10 µM) also 

inhibited nitric oxide release (318±30 pA; n=6; P<0.001 vs. Ver TNBS), which was also 

different from the amount of inhibition noted by veratridine and 1400W under control 

conditions (P<0.05 vs. Ver + 1400W control). Nitric oxide release during TNBS colitis 

was completely sensitive to SMTC and 1400W together (9±1 pA; n=3; P<0.001 vs. Ver 

TNBS; P>0.05 vs. Ver + SMTC + 1400W control; Figure 6.4A).  

 

During DSS colitis, veratridine-stimulated nitric oxide release was partially inhibited by 

SMTC (198±19 pA; n=6; P<0.001 vs. Ver DSS), and different from veratridine and 

SMTC under control conditions (P<0.001 vs. Ver + SMTC control). 1400W inhibited 

nitric oxide release (409±20 pA; n=6; P<0.001 vs. Ver DSS), which was also different 

from the amount of inhibition noted by veratridine and 1400W under control conditions 

(P<0.01 vs. Ver + 1400W control). Nitric oxide release during DSS colitis was 
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completely sensitive to SMTC and 1400W together (10±1 pA; n=3; P<0.001 vs. Ver 

DSS; P>0.05 vs. Ver + SMTC + 1400W control; Figure 6.4B). 
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A.  

 

B.  

 

Figure 6.4. Nitric oxide release mediated by neuronal stimulation with veratridine 

is increased during colitis due to greater NOS II activation 

Veratridine (Ver) stimulates increased nitric oxide release from the myenteric plexus 

compared to control from the myenteric plexus during A. TNBS colitis, and B. DSS 

colitis. Results are expressed as mean ± SEM. (n=3-6). *P<0.05, **P<0.01, ***P<0.001, 

### P<0.001 vs. Colitis 
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6.4.3.2 The effect of metabolic inhibition of enteric glia on nitric oxide release following 

veratridine stimulation during colitis 

When LMPP preparations from animals with TNBS colitis were treated with 

fluoroacetate (FA; 5 mM; 60 minutes) and stimulated with veratridine, nitric oxide 

release (402±18 pA; n=6) was decreased compared to veratridine stimulation following 

fluoroacetate in control (P<0.01) and compared to veratridine stimulation without 

fluoroacetate treatment in TNBS colitis [P<0.001; t-test]). The response to veratridine 

following fluoroacetate treatment was completely inhibited by SMTC (23±1 pA; n=6; 

P<0.001 vs. TNBS Ver + FA; P>0.05 vs. Ver + FA + SMTC), and unchanged by 1400W 

(256±23 pA; n=6; P>0.05 vs. TNBS Ver + FA; P<0.01 vs. Ver + FA + 1400W). Together 

SMTC and 1400W completely inhibited the response to veratridine following 

fluoroacetate treatment (13±1 pA; n=3; P<0.001 vs. TNBS Ver + FA; Figure 6.5A).  

 

During DSS colitis, fluoroacetate treated tissues stimulated with veratridine 

demonstrated decreased nitric oxide release (412±19 pA; n=6) compared to control 

(P<0.01) and compared to veratridine stimulation without fluoroacetate treatment in 

DSS colitis [P<0.001; t-test]). The response to veratridine following fluoroacetate 

treatment was completely inhibited by SMTC (14±2 pA; n=6; P<0.001 vs. DSS 

veratridine + FA; P>0.05 vs. Ver + FA + SMTC) and unchanged by 1400W (409±22 pA; 

n=6; P>0.05 vs. DSS Ver + FA; P>0.05 vs. Ver + FA+ 1400W). Together SMTC and 

1400W inhibited the response to veratridine following fluoroacetate treatment (13±1 pA; 

n=3; P<0.001 vs. DSS Ver + FA; Figure 6.5B).  
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A. 

  

B.  

 

Figure 6.5. Enteric glial metabolic inhibition reduces nitric oxide production in 

response to neuronal stimulation with veratridine 

Fluoroacetate reduces the NOS II mediated component of nitric oxide release from the 

myenteric plexus following stimulation with veratridine in A. TNBS colitis, and B. DSS 

colitis. Results are expressed as mean ± SEM. (n=3-6). **P<0.01, ###P<0.001 vs. 

DMPP + FA Colitis 
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6.5 Discussion 

This study demonstrated that nitric oxide released from a NOS II source is upregulated 

during intestinal inflammation, and that the metabolic inhibition of enteric glia can inhibit 

the NOS II-mediated component of enhanced nitric oxide release in intestinal 

inflammation. This corresponds with immunohistochemical data that enteric glia contain 

NOS II, and confirms that the increased production of nitric oxide from the NOS II 

isoform occurs through both neural and nicotinic receptor stimulation of enteric glia.  

 

6.5.1 Significance of the stimulation of increased production of nitric oxide from 

enteric glial NOS II during intestinal inflammation 

During intestinal inflammation, neurons and enteric glia undergo activation by 

inflammatory mediators, and enteric neurons become hyperexcitable (Miampamba and 

Sharkey 1999, Sharkey and Kroese 2001, Linden et al. 2003). However, intestinal ion 

transport is hyporesponsive to secretory stimuli, including the cAMP secretagogue 

IBMX, acetylcholine, and neuronal stimulation with electrical field stimulation (Goldhill et 

al. 1993, Bell et al. 1995, MacNaughton et al. 1998, Asfaha et al. 1999, Sayer et al. 

2002, Green et al. 2004, Perez-Navarro et al. 2005). I observed that when neurons and 

enteric glia were stimulated by neuronal depolarization or nicotinic stimulation, they 

produced nitric oxide from the NOS I and II isoforms, respectively, with a larger portion 

of the nitric oxide release from NOS II activation. This is in contrast to physiological 

conditions, where neuronal stimulation caused nitric oxide release from a neuronal NOS 

I source, while NOS II did not appear to be involved, while nicotinic stimulation involved 
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a comparable release of nitric oxide from neuronal NOS I activation and enteric glial 

NOS II activation.  

 

Additionally, the amount of nitric oxide release was increased compared to control in 

both TNBS and DSS colitis. The upregulation of NOS II during intestinal inflammation 

has been well established (Miampamba and Sharkey 1999, Green et al. 2004, Cirillo et 

al. 2011).  I demonstrated that neuronal and nicotinic stimulation resulted in a higher 

amount of nitric oxide release compared to control due to increased NOS II-activation 

within the myenteric plexus. Because enteric glia are known to be the sole source of 

NOS II within the ENS, a role for enteric glia in the regulation of epithelial ion transport 

during intestinal inflammation was postulated (Green et al. 2004) although the evidence 

was indirect. Therefore, I utilized the glial metabolic poison fluoroacetate to more 

directly investigate the role of enteric glia in the regulation of intestinal ion transport, and 

discovered that the NOS II-mediated component is completely sensitive to fluoroacetate 

inhibition in TNBS and DSS colitis. 

 

When these data are compared with the observations in Chapter 5, in which nitric oxide 

release has an inhibitory effect on ion transport, a possible role for the increased nitric 

oxide release from the myenteric plexus is revealed. Nitric oxide is a known inhibitory 

neurotransmitter within the ENS, and has been suggested to suppress excitation of 

enteric neurons under physiological conditions in a dose-dependent manner (Tamura et 

al. 1993, Yuan et al. 1995). Therefore, the pathophysiological release of high 
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concentrations of nitric oxide could inhibit secretomotor reflexes during intestinal 

inflammation, and inhibiting nitric oxide release can reverse it, as shown in Chapter 5.  

 

6.6 Conclusion 

In conclusion, I have observed that neuronal and nicotinic stimulation of the myenteric 

plexus during intestinal inflammation elicits increased nitric oxide release compared to 

control. The increased nitric oxide is due to the upregulation of NOS II, which can be 

inhibited by the metabolic inhibition of enteric glia. Therefore, enteric glial nitric oxide 

may contribute to the dysregulation of the GI tract during intestinal inflammation. 
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 General Discussion Chapter Seven:

The experiments conducted within this thesis were specifically designed to test the 

general hypothesis that nitric oxide and enteric glia play a role in the regulation of 

intestinal ion transport under physiological conditions, and that this regulation is altered 

following intestinal inflammation. I have extended previous observations that implicated 

enteric glia, nitric oxide, and the myenteric plexus in the regulation of epithelial ion 

transport to improve our understanding of enteric physiology in health and disease. 

 

7.1 The physiological regulation of epithelial ion transport by enteric neurons and 

enteric glia within the myenteric plexus 

In these studies, I have demonstrated that under physiological conditions, nicotinic 

stimulation activates NOS I and II, releasing nitric oxide that regulates nicotinically-

mediated ion transport. The cellular sites of nitric oxide release were confirmed to be 

from NOS I activation in enteric neurons and NOS II activation in enteric glia. This was 

the first complete description of the cellular sites and NOS isoforms involved in nitric 

oxide production and release from the myenteric plexus. Additionally, I identified the 

expression of the nicotinic cholinergic α3 subunit on neurons and enteric glia, which 

confirmed previous descriptions of this receptor subunit on enteric neurons (Hirota and 

McKay 2006), and for the first time identified this receptor subunit on enteric glia. 

Enteric glia were directly implicated in the regulation of nicotinically-mediated ion 

transport through the use of glial metabolic poison fluoroacetate, which eliminated the 

proabsorptive Phase II component of nicotinically-mediated ion transport. Fluoroacetate 

was demonstrated to inhibit NOS II-mediated nitric oxide release, and therefore this 
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may be a concentration-dependent effect, as I also described a dual prosecretory and 

proabsorptive secretory effect of nitric oxide that occurs in a concentration-dependent 

manner. This physiological effect of nitric oxide on ion transport has been noted by 

other groups, and similarly to our findings, nitric oxide at lower concentrations appears 

to be primarily prosecretory, while at higher concentrations appears to be primarily 

proabsorptive (Mourad et al. 1996, Wapnir et al. 1997). Taken together, these data 

reveal yet another important functional role for enteric glia within the ENS.  

  

I also identified an essential role for the myenteric plexus in the physiological regulation 

of nicotinic ion transport. The myenteric plexus appears to be essential in returning the 

nicotinically-evoked response to baseline and initiating the pro-absorptive Phase II.  

Interestingly, the myenteric plexus did not appear to be involved in the electrically-

evoked stimulation of ion transport under physiological conditions, confirming the 

findings of early studies that utilized this observation to establish the dogma that the 

submucosal plexus is the sole neural plexus involved in the mediation of epithelial ion 

transport (Cooke et al. 1983, Cooke 1984, Carey et al. 1985). Additionally, I confirmed 

previous observations that enteric glia do not appear to contribute to the electrically-

evoked regulation of ion transport under physiological conditions (Nasser et al. 2006). 

 

I also investigated the role of glutamate in the regulation of ion transport under 

physiological conditions, and found that glutamate can stimulate nitric oxide release 

from NOS I and NOS II in neurons and enteric glia, respectively. The glutamate 

mediated nitric oxide release was a novel finding, and could be an avenue for future 
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investigation, including the functional role of glutamate-mediated nitric oxide release. 

Indeed, a previous study has linked between glutamate, nitric oxide, and acetylcholine, 

where glutamatergic stimulation can elicit acetylcholine release, which in turn can be 

modulated by nitric oxide (Milusheva et al. 2005). It would be very interesting to explore 

links between these observations related to glutamate with my data describing the nitric 

oxide-mediated regulation of nicotinic cholinergic regulation of ion transport. 

 

The major findings from this work contribute to a deeper understanding of the model of 

nicotinically-mediated ion transport proposed by Green and colleagues (Green et al. 

2004); see Chapter 1, Figure 1.2). The nicotinic activation of neurons and enteric glia 

within the myenteric plexus stimulates nitric oxide release from NOS I in enteric neurons 

and NOS II in enteric glia. Nitric oxide acts to modulate chloride secretion at the level of 

the intestinal epithelium (Figure 7.1).  Additionally, the glutamatergic activation of NOS I 

and II has been demonstrated; however it has not been added to the model because 

the mechanism of NOS I and II activation and the role of glutamate in stimulation ion 

transport have not been explored.  
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Figure 7.1. Nicotinically-mediated nitric oxide signalling within the myenteric 

plexus modulates epithelial ion transport under physiological conditions 

Nicotinic stimulation activates nicotinic receptors on neurons and enteric glia, 

stimulating NOS I in neurons and NOS II in enteric glia to release nitric oxide, which 

then acts to stimulate chloride transport across the intestinal epithelium. The red arrows 

indicate the ability for nitric oxide to have both prosecretory and proabsorptive effects of 

epithelial chloride secretion. The mechanism by which nitric oxide from the myenteric 

plexus mediates epithelial chloride transport remains to be determined.  
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7.2 The dysregulation of epithelial ion transport by enteric glia within the 

myenteric plexus during intestinal inflammation 

Following the discoveries related to the physiological role of nitric oxide and enteric glia, 

I wanted to explore their role in the regulation of intestinal ion transport during intestinal 

inflammation. I described that under pathophysiological conditions, the epithelium is 

hyporesponsive to nicotinic and electrically-evoked stimulation. This correlates with 

increased nitric oxide release from the myenteric plexus, primarily from the upregulation 

of NOS II-mediated nitric oxide release from enteric glia.  

 

The nicotinic response, which is a reduced biphasic response compared to control, 

appears to be equally sensitive to NOS I and NOS II inhibition. This suggests that the 

nicotinic response is still dependent upon nitric oxide release from both isoforms. The 

involvement of enteric glia is demonstrated through their metabolic inhibition, which 

enhances the prosecretory Phase I and eliminates the proabsorptive Phase II portion of 

the nicotinic response.  

 

The electrically-evoked response is greatly reduced during intestinal inflammation, but 

through the inhibition of NOS II-mediated nitric oxide release, can be partially restored. 

These data confirmed previous observations made by MacNaughton and colleagues 

(MacNaughton et al. 1998), which also suggested that nitric oxide release from a NOS II 

source inhibits the electrically-evoked secretory response during intestinal inflammation. 

I then extended these observations to include the role of enteric glia by observing the 

effects of enteric glial metabolic inhibition, which also restored the electrically-evoked 
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secretory response during intestinal inflammation. This suggests that under pathological 

conditions, enteric glial release nitric oxide, which inhibits ion transport. The inhibition of 

NOS II-mediated nitric oxide release or the inhibition of enteric glia with fluoroacetate, 

which prevents enteric glial nitric oxide release, restores ion transport. This is in contrast 

to the electrically-evoked response under physiological conditions, which is independent 

of enteric glial or NOS II-mediated nitric oxide regulation.  

 

Following these discoveries, the model of intestinal ion transport was extended to 

include observations on nitric oxide on the regulation of electrically-evoked stimulation 

during intestinal inflammation (Figure 7.2).  

 

However, an important limitation of these data that must be mentioned is the localization 

of NOS II. During inflammation, NOS II expression is upregulated in neutrotrophils, 

macrophages, and mast cells (McCall et al. 1989, Bissonnette et al. 1991, Kroncke et 

al. 1991). Within the GI tract, nitric oxide production from NOS II activation has been 

identified within these inflammatory cell types, as well as within the intestinal epithelium, 

enteric glia, and in some cases within enteric neurons (Seago et al. 1995, Miampamba 

and Sharkey 1999, Vannucchi et al. 2002, Green et al. 2004). This identification has 

been conducted with immunohistochemistry. While I conducted NOS I 

immunohistochemistry, localizing NOS I expression in enteric neurons, NOS II 

immunohistochemistry was hampered by a lack of viable antibodies. Therefore, my 

evidence for NOS I in enteric neurons and NOS II in enteric glia has been obtained from 

the nitric oxide imaging experiments, which localize NOS I-mediated nitric oxide release 
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from neurons and NOS II-mediated nitric oxide release from enteric glia. As I was 

unable to successfully perform nitric oxide imaging in inflamed tissue, it is possible that 

cells other than enteric glia release nitric oxide during intestinal inflammation. This is an 

area that warrants further investigation, in particular through immunohistochemistry 

should better antibodies be available.  
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Figure 7.2. Electrically-evoked stimulation of intestinal ion transport is inhibited 

by nitric oxide released from NOS II activation in enteric glia  

During intestinal inflammation, neuronal stimulation activates nitric oxide release from 

NOS I activation in neurons and NOS II activation in enteric glia, although the 

mechanism of enteric glial stimulation is unknown. Nitric oxide inhibits epithelial ion 

transport. Inhibition of nitric oxide from NOS II or the metabolic inhibition of enteric glia 

reverses this effect.  
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7.3 Future Directions 

The experiments conducted as part of this thesis have identified several major 

questions that could direct future work.  

 

First, what is the mechanism by which nitric oxide from the myenteric plexus signals to 

the intestinal epithelium? Several options exist, including the modulation of secretory 

pathways within the myenteric plexus that signal to the epithelium, communication with 

the submucosal plexus to modulate secretory pathways that then signal to the 

epithelium, or the direct stimulation of nitric oxide released from the myenteric plexus on 

the mucosa. The last option is the least likely, as nitric oxide has a short biological half-

life of approximately 5 seconds (Archer 1993, Hakim et al. 1996) and would likely be 

unable to reach the mucosal epithelium in a sufficient concentration to have any 

modulatory effect. Therefore modulation of myenteric or submucosal signalling to the 

mucosa are more likely candidates. However, the neurotransmitters and cell types 

involved in this signalling pathway remain to be elucidated. Enteric glia located within 

the mucosa are a potential target, as they have been implicated in the regulation of 

intestinal barrier function and could thereby regulate the mucosal microenvironment and 

the epithelial responses to stimulation. So far this cell population has been difficult to 

study, as there is currently no way to reliably isolate them within the gut. However, as 

glial cell heterogeneity is explored, it may be revealed that these enteric glia can be 

targeted and therefore directly studied to observe their functional role, if any, in the 

regulation of intestinal ion transport.  
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Additionally, nitric oxide signalling could be considered from another angle.  

Under physiological conditions, nitric oxide exerts its effects primarily through the 

activation of soluble guanylate cyclase (sGC) to produce cGMP, which then activates 

protein kinase G (PKG) to modify downstream signaling cascades through 

phosphorylation (Denninger et al. 1999). However, there is evidence to suggest that 

nitric oxide can also exert effects through cGMP-independent pathways under 

physiological and pathophysiological conditions, in particular through the nitrosylation of 

cysteine residues in target proteins (Jaffrey et al. 2001, Hess et al. 2005). This post-

translational modification has been described in the GI tract, as the small S-nitrosothiol 

(SNO) S-nitrosoglutathione (GSNO) can regulate epithelial barrier integrity during 

jejuno-ileitis (Savidge et al. 2007). Enteric glia were determined to be the source of 

GSNO, suggesting a novel role for enteric glia in the regulation of epithelial barrier 

function (Savidge et al. 2007). 

 

I utilized fluoroacetate to assess the role of enteric glia in the regulation of intestinal ion 

transport; however, an alternate role for fluoroacetate as an inhibitor of nitric oxide 

release from NOS II activation could also explain my results.  Additionally, the lack of a 

cGMP-mediated effect on ion transport under physiological or pathophysiological 

conditions suggests that an alternate pathway for nitric oxide regulation of ion transport 

may exist. Therefore, the role of SNOs in the regulation of ion transport should be 

assessed. This could be accomplished using N-ethylmaleimide (NEM), which is a non-

specific cysteine thiol blocker (Crankshaw et al. 2001, Matsushita et al. 2003). NEM 

would prevent the nitric oxide-mediated nitrosylation of proteins, so if the effects of nitric 
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oxide are mediated by protein nitrosylation, they should be inhibited by NEM. This could 

be an interesting avenue for future investigation. 

 

Second, what is the mechanism of the restored ion transport during intestinal 

inflammation? Preliminary experiments suggested a role for vasoactive intestinal 

peptide (VIP) in the restoration of the secretory response to electrical field stimulation 

following enteric glial metabolic inhibition. VIP is a known secretagogue that has been 

functionally linked to nitric oxide release within the ENS (Cooke 2000, Mourad et al. 

2003). VIP expression has also been shown to colocalize with NOS immunoreactive 

enteric neurons and both nitric oxide and VIP act as non-adrenergic, non-cholinergic 

inhibitory neurotransmitters within the ENS (Costa et al. 1992, Furness et al. 1992, Li et 

al. 1995, Fujimiya and Inui 2000, Mourad et al. 2003). The role of VIP in the regulation 

of the impaired epithelial secretory response to electrically-evoked stimulation should be 

explored.  

 

Third, what are the functional consequences of impaired chloride secretion for the 

organism? In addition to the regulation of water and ion balance, chloride secretion has 

also been suggested as a mechanism of host defence, as epithelial chloride secretion 

may clear antigenic material away from the epithelium, limit bacterial colonization of the 

epithelial surface, and dilute toxins present within the lumen (Barrett and Keely 2000, 

Asfaha et al. 2001). It has been demonstrated that impaired chloride secretion can 

persist beyond active inflammation, and that this can lead to  increased bacterial 

translocation in vivo (Asfaha et al. 2001). Additionally, the increased bacterial 
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translocation can be prevented by inhibition with treatment using NOS II inhibitors in 

vivo (Asfaha et al. 2001). In light of the discovery demonstrating that enteric glial NOS 

II-mediated nitric oxide production and release modulates epithelial 

hyporesponsiveness to chloride secretion during intestinal inflammation, it would be 

interesting to observe the in vivo effects of enteric glial inhibition during colitis.     

 

Fourth, what are the clinical consequences for my findings? The observation that nitric 

oxide and enteric glia from the myenteric plexus regulate ion transport under 

physiological and pathophysiological conditions could have clinical implications. The 

impairment of ion transport is well-characterized as a major contributor to the diarrhea 

noted in patients with IBD. My work may suggest a novel mechanism by which the 

human gut is regulated under physiological conditions and dysregulated during 

intestinal inflammation through nitric oxide and enteric glia. This is supported by 

previous evidence that implicates both nitric oxide and enteric glia in the 

pathophysiology of IBD. Numerous studies have described increased nitric oxide 

production from NOS II upregulation in the GI tract of patients with IBD, although 

similarly to animal models, some conflicting studies have found no evidence for 

upregulated nitric oxide (Cross et al. 2003). Therefore, the role of nitric oxide in the 

pathophysiology of IBD is poorly understood. Enteric glia have also been implicated in 

IBD pathology. Human cultured enteric glia react to inflammatory stimuli with the 

upregulation of nitric oxide production and the enteroglial derived S100β protein (Cirillo 

et al. 2011). S100β has also been shown to be upregulated in patients with ulcerative 
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colitis, which modulates nitric oxide production (Cirillo et al. 2009). It would be 

interesting to further investigate my findings in human samples.  

 

Additionally, my work suggests that both nitric oxide or enteric glia could be important 

therapeutic targets in the treatment of gastrointestinal diseases such as IBD. Again, 

these findings should be tested in human samples to further explore their clinical 

relevance. 

 

 

7.4 Conclusion 

In this thesis, I have demonstrated a novel functional role for nitric oxide and enteric glia 

in the regulation of intestinal ion transport under physiological conditions. This effect 

involves nicotinic stimulation of nitric oxide release from NOS I in neurons and NOS II in 

enteric glia, and is dependent on the myenteric plexus. Additionally, I have described a 

novel functional role for nitric oxide and enteric glia in the dysregulation of intestinal ion 

transport under pathophysiological conditions, where electrically-evoked ion transport is 

inhibited by nitric oxide released from enteric glia. The inhibition of either NOS II-

mediated nitric oxide or enteric glial metabolism reverses this effect. In conclusion, the 

data presented in this thesis makes new contributions to the fields of enteric physiology, 

extending the understanding of the role of nitric oxide and enteric glia in health and 

disease. 
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