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Abstract 

Inflammatory bowel disease (IBD) alters neuronal regulation of the 

gastrointestinal (GI) tract. The superior mesenteric ganglia (SMG) contain sympathetic 

neurons that modulate GI functions such, as motility and blood flow. IBD reduces the 

release of noradrenaline (NA), a sympathetic neurotransmitter.  We hypothesized that the 

reduction in NA release is due to inhibition of voltage-gated calcium current (ICa), as 

calcium (Ca2+) influx is a critical regulator of neurotransmitter (NT) release.  We also 

hypothesized that tumor necrosis factor α (TNFα), a proinflammatory cytokine elevated 

during inflammatory bowel disease (IBD), can also inhibit the ICa of SMG neurons. 

Therefore, we compared ICa amplitude in neurons from normal mice and mice with 

dextran sulphate sodium (DSS; 5% w/v)-induced colitis.  Neurons dissociated from the 

SMG were cultured overnight and changes to ICa were investigated using 

electrophysiological, Ca2+ imaging and PCR techniques. The release of tritium-labeled 

NA from colon and jejunum of control and DSS colitis mice was measured as an assay of 

sympathetic nerve terminal function.  Colitis significantly reduced ICa of SMG neurons 

by selectively inhibiting ω-Conotoxin GVIA (300 nM)-sensitive N-type Ca2+ channels.  

Depolarization-induced Ca2+ influx, as measured with Fura 2-AM, was also reduced by 

colitis.  This was accompanied by a reduction in mRNA encoding the N-type channel 

alpha subunit (CaV 2.2) and a rightward shift in the voltage dependence of activation of 

ICa.  Colitis reduced the NA release from the colon and jejunum compared to controls.   

Depolarization-induced release of tritiated-NA was inhibited by ω-Conotoxin GVIA (300 
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nM). These results suggest that the changes in VGCC observed at the cell bodies of SMG 

neurons were also occurring at the nerve terminals during colitis.   

Similar electrophysiological, Ca2+ imaging and PCR techniques were performed 

using isolated SMG neurons incubated overnight in TNFα (1nM). TNFα decreased ICa 

and depolarization-induced Ca2+ influx in SMG neurons. Similar to DSS-induced colitis, 

the reduction in ICa was limited to N-type Ca2+ channels.  Inhibition of N-type voltage 

gated calcium channels (VGCC) by TNFα was not accompanied by a change in CaV2.2 

mRNA.  Preincubation of neurons with SC 514 (20μM) and Bay 11 7082 (1µM), 

inhibitors of nuclear factor kappa B (NF-κB) signaling, prevented the reduction in ICa by 

TNFα. Preincubation with the p38 MAPK inhibitor, PD 169316 (30µM), recovered a 

smaller portion of the reduction in Ca2+ influx caused by TNFα. These data suggest that 

DSS colitis and TNFα inhibit N-type VGCC ICa in sympathetic neurons and identify a 

novel role for NF-κB and p38 MAPK in the regulation of neurotransmitter release. These 

findings also suggest that DSS colitis inhibits NA release by altering sympathetic N-type 

VGCC in the colon and jejunum.     
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Chapter 1 Introduction 

 Understanding the underlying neuronal control systems of a specific organ is 

critical when trying to identify the factors that might contribute to diseases of that organ. 

The gastrointestinal (GI) tract is an example of a physiological system whose function is 

influenced by a series of neuronal networks, one of which is the sympathetic branch of 

the autonomic nervous system  (Szurszewski & Miller, 1994; Lundgren, 2000; Quinson 

et al., 2001; Lomax et al., 2007).  A series of prevertebral ganglia, which contain 

postganglionic sympathetic neurons, innervate different regions of the GI tract and thus 

control various physiological functions (Szurszewski & Miller, 1994; Miolan & Niel, 

1996; Ekblad et al., 2000). In the disease state of inflammatory bowel disease (IBD), 

normal functions such as intestinal motility and blood flow become less regulated 

resulting in some of the symptoms associated with the disease (Reddy et al., 1991; Deniz 

et al., 2004). Several laboratories have investigated the function of neurons that innervate 

the GI tract during disease (Linden et al., 2003; Stewart et al., 2003; Lomax et al., 2005). 

One hypothesis is that alteration in the communication between neurons and their 

respective targets may contribute to the observed symptoms in the diseased state (Lomax 

et al., 2005; Krauter et al., 2007). 

Entry of extracellular calcium ions (Ca2+) into nerve terminals causes the release 

of neurotransmitters (NTs) and is critical to synaptic transmission (Rusakov, 2006). A 

class of voltage-gated calcium channels (VGCC) is the principal source of Ca2+ entry into 
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neurons. Studies have shown that inflammatory mediators associated with IBD can alter 

the function of VGCC present in cells (Soliven & Albert, 1992; Kinoshita et al., 2003). 

One important sympathetic nervous system (SNS) prevertebral ganglion that has not been 

investigated in this regard is the superior mesenteric ganglia (SMG). Tumor necrosis 

factor α (TNFα), the predominant cytokine that is elevated during states of inflammation, 

has not been studied in terms of its effects on the VGCC expressed by sympathetic 

neurons of the SMG. Evidence of changes in the properties of VGCC caused by 

inflammatory mediators associated with IBD or by IBD itself in specific sympathetic 

neurons innervating the GI tract could lead to a better understanding of the symptoms of 

the disease. 

1.1 Sympathetic regulation of the GI tract 

 The GI tract is an area of the body that is exposed to rapid changes in pH, 

osmolarity, and nutrient content and volume of contents. These signals initiate neuronal 

reflexes that modulate function of the GI tract. This can affect a number of the GI tracts 

basic physiological characteristics such as motility, secretion and blood flow 

(Szurszewski & Miller, 1994; Miolan & Niel, 1996). However, the mere presence of 

these stimuli is not enough to directly affect these functions. Networks must be present to 

interpret these signals and produce appropriate responses. The neuronal circuits that are 

associated with the GI tract make it a unique mammalian organ system in that it receives 

inputs from the central nervous system (CNS) but is also regulated by a specialized 

network known as the enteric nervous system (ENS), whose cell bodies reside in the wall 
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of the gut (Hansen, 2003; Furness et al., 2004).  The ENS forms many reflex pathways 

that have the capacity to function independently of CNS control (Furness et al., 2004; 

Lomax et al., 2006).  Although the ENS is a nervous system that regulates GI function, it 

is not the only such system involved. The SNS is an important contributor to the 

functional control of the GI tract and has been shown to regulate motility, secretion and 

immune function in the intestine (Lundgren, 2000). It is also important to note that the 

SNS itself also innervates the ENS which is regulated by preganglionic and 

postganglionic inputs, indicating a level of integration between the different neuronal 

networks (Wood et al., 1999).                          

The sympathetic innervation of the GI tract consists of grouped ganglia, which are 

located in the regions associated with the abdominal aorta. These ganglia are integral 

parts of efferent sympathetic pathways that originate at different regions of the brain 

centers and pass through the intermediolateral column of the spinal cord where they 

synapse with preganglionic cell bodies within the spinal cord (Furness, 2006). Nerve 

fibers of these preganglionic cell bodies then travel out of the spinal column and synapse 

with postganglionic ganglia. Postganglionic sympathetic axons travel out of the 

prevertebral ganglia and enter the gut through the mesenteric-serosal interface (Furness, 

2006). These sympathetic nerve fibers terminate in the myenteric and submucosal 

plexuses where they directly innervate blood vessels of the epithelium and regulate ENS 

control of vascular tone and secretion. In terms of regulating blood flow under normal 

conditions, noradrenaline (NA) released from sympathetic nerve terminals stimulates α1 
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adrenoceptors expressed on smooth muscle cells causing vasoconstriction (Strosberg, 

1993). This sympathetic vasoconstriction is also mediated by ATP released from similar 

sympathetic nerve terminals that activate the ionotropic P2X1 receptors expressed by 

vascular smooth muscle cells in the GI tract. The SNS control of motility is mediated by 

another class of adrenoceptors (α2) expressed by neurons located in the myenteric and 

submucosal plexus. Stimulation of these receptors by released noradrenaline has an 

inhibitory effect on the coordination of GI motility by the enteric nervous system. 

1.1.1 SNS Ganglia 

 There are four specific prevertebral ganglia that are important to GI innervation 

and function in mammals, which are termed the celiac, superior mesenteric, inferior 

mesenteric and pelvic-hypogastric ganglia, respectively (Simmons, 1985). They contain 

cell bodies of postganglionic neurons. Originally thought of as relay stations that simply 

passed a signal from one point in the reflex arc to another, these ganglia are now more 

commonly thought of as integration sites that contribute to GI function (Szurszewski & 

Miller, 1994; Miolan & Niel, 1996; Gibbins et al., 2000). Prevertebral ganglia constantly 

receive information from a number of inputs and must convert these signals to the 

appropriate outputs (Figure 1). Also present are the axon terminals of the cell bodies 

located in the spinal column (preganglionic neurons) and intestinofugal enteric neurons, 

synapses of dorsal root ganglion cells and of neurons located in adjacent prevertebral 

ganglia, and nerve fibers that pass through the ganglion without making synapses within 

it (Gibbins et al., 2000). Work has been done to map out the complex connections 
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associated with some of these ganglia. It has been shown that they receive afferent 

signaling from the GI tract directly (via intestinofugal enteric neurons) and from axon 

collaterals of primary afferent fibers (Szurszewski et al., 2002). Aside from these 

connections the ganglia also receive excitatory or inhibitory inputs from each other and 

preganglionic inputs, revealing the integrative nature of the system (King & Szurszewski, 

1989).  
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Figure 1. The connectivity of the SMG to surrounding nervous system  

Sympathetic nerves (solid lines) originate from spinal cord regions, and other postganglionic 
sympathetic nerves originate from other neighboring prevertebral ganglia (i.e. celiac ganglia, CG; 
inferior mesenteric ganglia, IMG). Afferents (dashed lines) from the colon send collateral 
branches into the SMG and other prevertebral ganglia and also to the spinal cord itself. The 
output from the SMG will enter the colon and activate neurons in the myenteric plexus, 
submucosal plexus or innervate colonic blood vessels (not shown). Also depicted is a population 
of extrinsic sensory neurons, which are spinal afferent neurons that originate from the dorsal root 
ganglia (DRG). (Modified from Miolan & Niel, 1996) 
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The celiac ganglion is the largest of the prevertebral ganglia and is located at the 

junction of the celiac artery and the abdominal aorta. The principal ganglion cells of the 

celiac ganglion innervate the stomach and upper small intestine (Simmons, 1985). The 

SMG is identified by its location beneath the aorta near the superior mesenteric artery, 

and has been shown to have connections to both the celiac, via short nerve bundles, and 

inferior mesenteric ganglia, via the intermesenteric nerve (Simmons, 1985). The SMG is 

thought to mainly innervate the lower small intestine and the upper large intestine; 

retrograde labeling from these regions of the gut has shown a large number of the SMG 

neurons projecting to these regions (Quinson et al., 2001).  The inferior mesenteric 

ganglion (IMG), located near the inferior mesenteric artery, is comprised of two distinct 

lobes that are connected by short fibers. Nerve cells of the IMG innervate the more anal 

regions of the distal colon (Messenger & Furness, 1993). Finally, the pelvic-hypogastric 

ganglion is located in the connective tissue of the pelvic cavity close to the internal 

genitalia, bladder, and the rectum (Baader & Herrmann, 2003). This ganglion is termed a 

mixed ganglion because it receives synaptic inputs from both sympathetic and 

parasympathetic preganglionic pathways (Baader & Herrmann, 2003).  

The prevertebral ganglia are enclosed by a layer of connective tissue that forms a 

barrier to diffusion of large molecules. Aside from neurons, they also contain chromaffin 

cells, mast cells, Schwann cells, fibroblasts, and satellite (glial) cells (Simmons, 1985). 

Another important structural feature of these ganglia are their fenestrated capillaries 

which permit the access of circulating macromolecules such as cytokines to the neurons 
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within (Szurszewski & Miller, 1994). Neurons within prevertebral ganglia are unipolar, 

containing one axon, and have numerous dendrites. These dendrites are present 

throughout each ganglion and form complex networks with the dendrites of neighboring 

ganglion cells (Gibbins & Morris, 2006).  

1.1.2 Neurochemical Characterization of Prevertebral Ganglion cells 

 The ultimate effect a neuron can exert on its target region or organ depends on the 

type of neurotransmitter (NT) it releases at the terminating synapse and also on the types 

of receptors its target expresses. A great deal of research has been invested in trying to 

elucidate what neurons transmit which NTs, and the distribution of their specific 

receptors in the surrounding environment. Two of the critical NTs released by 

sympathetic nerve endings are noradrenaline (NA) and neuropeptide Y (NPY)  (Straub et 

al., 2006). NA is a NT associated with the SNS and CNS where it is released from 

noradrenergic neurons during synaptic transmission. NA acts via α1 adrenoceptors 

expressed on blood vessels of the GI tract to cause vasoconstriction (Strosberg, 1993). In 

contrast, sympathetic stimulation of α2 adrenoceptors expressed on the enteric nerves that 

modulate gut motility and secretion inhibits NT release (Blandizzi et al., 1993; Stebbing 

et al., 2001). Another class of adrenoceptors that is expressed in the GI tract are termed β 

adrenoceptors, which play an important role in mediating smooth muscle relaxation 

(Tanaka et al., 2005). NPY is a 36 amino acid peptide NT found in the brain and 

autonomic nervous system. It augments the vasoconstrictor effects of noradrenergic 
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neurons, acting upon a rhodopsin-like G-protein coupled receptor (GPCR). (Pheng & 

Regoli, 2000).  

 Adenosine-5’- triphosphate (ATP) and related purines are another group of 

important  NTs of sympathetic neurons (Westfall et al., 2002). Activity-dependent release 

of ATP from synapses activates P2 purinergic receptors. Two classes of P2 receptors that 

have been shown to affect GI function are the P2X and P2Y families. P2X receptors are 

multimeric ATP-gated cation channels expressed by neuronal and non-neuronal cells, 

including sensory nerve endings, enteric neurons, smooth muscle cells and lymphocytes 

in the GI tract (Norenberg & Illes, 2000; Kennedy, 2005). P2Y receptors are GPCRs that 

are stimulated by nucleotides (Abbracchio et al., 2006). ATP released in the GI tract 

activates P2X receptors on sensory nerve endings to stimulate motor reflexes and to 

transmit nociceptive signals (Roberts et al., 2006). An important finding has been that 

NA and ATP are locally recycled at the synapse, whereas peptide NTs pass along the 

length of the sympathetic axon to the terminals. Experiments involving high frequency 

stimulation of these neurons has revealed a depletion of the peptide NTs, compared to 

NA which is relatively resistant to depletion (Lundberg et al., 1989). 

1.2 Calcium Channels and Synaptic Transmission 

 The primary way in which neurons communicate with each other is through 

chemical synaptic transmission, simply defined as the event where a presynaptic nerve 

terminal secretes a certain combination of NTs that act on postsynaptic targets to elicit a 

specific response (Sudhof, 2004). The chain of events that occurs in the presynaptic 
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neuron before NT release must be tightly coordinated in order to translate a certain 

stimulus into the release of the appropriate signal to the next cell. Initially, an action 

potential invades the presynaptic nerve terminal, which leads to a depolarization of the 

presynaptic membrane (Jackson, 1995). This depolarization affects a wide category of 

voltage-sensitive ion channels, such as Na+, Ca2+, K+, nonselective cation and Cl- 

channels (Jackson & Cunnane, 2001). The most critical of these ion channels in NT 

release are voltage-gated Ca2+ channels (VGCC). In the resting state, the internal Ca2+ 

concentration of a cell is tightly regulated and kept at a relatively low level (~ 0.1 μmol/l) 

some four orders of magnitude lower than the extracellular concentration. Upon 

depolarization, VGCC open and Ca2+ ions enter into the nerve terminal, markedly 

increasing the internal Ca2+ concentration (Jackson, 1995). In addition to the entry 

through VGCC, Ca2+ can be liberated from internal stores which also contributes to the 

rise in internal Ca2+ concentration (Ogden & Khodakhah, 1996). The rise in intracellular 

Ca2+ leads to various interactions with Ca2+ sensing proteins, including synaptotagmin 

(Leitzell, 2007). The characteristic C2 domains of synaptotagmin play an important role 

in the Ca2+ regulation of exocytosis (Zimmerberg et al., 2006). The interaction between 

Ca2+ and Ca2+ sensing proteins leads to the activation of synaptic vesicle proteins in the 

nerve terminal. The proteins facilitate the interaction between the synaptic vesicle, which 

houses the NTs, and the plasma membrane, leading to the release of stored NTs into the 

synaptic cleft (Lledo, 1997). A great deal of effort has gone into describing the molecules 

that allow synaptic vesicles to interact with the plasma membrane. Among those 
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discovered are SNARE proteins, which are present on both vesicular and plasma 

membranes. The vesicular SNARE, or v-SNARE, is a molecule known as VAMP, or 

synaptobrevin (Zimmerberg et al., 2006). Its counterparts on the plasma membrane are 

syntaxin and SNAP-25; these molecules are called t-SNAREs. VAMP, syntaxin, and 

SNAP-25 bind tightly together and cause a synaptic vesicle to dock on the plasma 

membrane. Syntaxin has also been shown to play a role in the regulation of VGCC at 

presynaptic nerve terminals. Ca2+-activated synaptotagmin can bind t-SNAREs and insert 

itself into the plasma membrane. This insertion appears to be essential for vesicular and 

plasma membranes to come together (Zimmerberg et al., 2006). The NT then diffuses to 

the postsynaptic membrane where it can then interact with its designated receptors and 

thus initiate a series of cellular responses depending on which internal signaling cascades 

are turned on. The components of the NT release process can then be recycled and 

prepared for future transmission events.  

1.2.1 Voltage-gated Calcium Channels 

 Although there are many types of ion channels present on the membranes of 

presynaptic terminals, a great deal of work has been invested in trying to understand the 

complexity and regulation of the Ca2+ channel family (Mori et al., 1996). As discussed 

above, the entry of Ca2+ into nerve terminals is critical to synaptic transmission. Thus the 

internal concentration of Ca2+ is tightly regulated by a number of cellular mechanisms. 

Aside from transmitter release, Ca2+ has effects on neurite outgrowth, gene expression, 

and receptor clustering (Catterall et al., 2005; Tedford & Zamponi, 2006). VGCC are the 
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principal route of entry for Ca2+ into nerve endings, and the fact that Ca2+ is integral in 

such a range of cellular pathways and functions is also reflected in the diversity and 

specificity of these channels. The family of Ca2+ channels expressed on the surface of 

neurons can be sub-divided in terms of their molecular composition, functional properties 

and pharmacological sensitivity (Catterall et al., 2005).  

 VGCC have been classified into T, L, N, P, Q, and R types (Catterall et al., 2005). 

The T-type Ca2+ channels have been termed the low voltage-activated (LVA) family 

because they have been shown to activate at relatively negative potentials in the range of 

-70 to -50 mV (Klockner et al., 1999). The family termed the high-voltage activated 

(HVA) channels activate at more positive membrane potentials, from approximately -50 

mV to +10 mV (L, N, P, Q, and R type) (Catterall, 2000). HVA Ca2+ channels are 

distinguished in terms of their specialized cellular functions and locations on the cell 

surface membrane. For example immunocytochemical studies showed that L-type 

channels were generally located in the cell bodies of neurons, where it is suggested they 

contribute to regulating Ca2+-dependent enzymes and gene expression (Hell et al., 1993). 

In comparison N and P/Q-type Ca2+ channels appear to be expressed in presynaptic 

terminals, where they regulate NT release (Wheeler et al., 1994). More recently R-type 

calcium channels have been shown to be expressed on the dendrites of some neurons, and 

may also play a role in NT release (Wu et al., 1998). Although there have been a number 

of studies to characterize the overall distribution of Ca2+ channels throughout the various 
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neurons of the nervous system, there are still a number of components of the SNS that 

need to be investigated. 

 The molecular structure of the different VGCC is the primary level of distinction 

that is used to classify them. Structurally the channels are composed of four distinct 

subunits (termed α1, α2-δ, β, γ) (Catterall, 2000). The α1 subunit can act without further 

subunits as a functional Ca2+ channel, displaying permeation, activation and inactivation 

characteristics (Catterall, 2000). The α1 subunit consists of four homologous domains 

each containing six transmembrane helices (termed S1-S6), as well as a pore-loop motif. 

The remaining three subunits have been shown to play modulatory roles in terms of the 

activation and inactivation of the α1 subunit, as well as targeting it to the cell membrane 

(Arikkath & Campbell, 2003). A number of genes encoding the various subunits have 

been identified, and have also been used as a tool for classifying the various channels 

(Catterall et al., 2005).  

 The regulation of these VGCC varies between the subtypes and has been shown 

to be dependent on a number of factors including the expression of specific G proteins 

(Zamponi & Snutch, 1998b; Tedford & Zamponi, 2006). For example P/Q type and N 

type channels are inhibited by pertussis toxin (PTX)-sensitive G proteins, Gi/o, and the 

PTX-insensitive G protein Gz (Shapiro et al., 1994; Jeong & Ikeda, 1998). These studies 

showed that specific G protein subunits can directly modulate Ca2+ channel function. The 

intracellular loop connecting domains I and II of the Ca2+ channel α1 subunit, as well as 

the C-terminus, have been shown to be involved in Gβγ binding and channel modulation 
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(De et al., 1997). Gβγ is a G-protein subunit that acts as an intracellular signal 

transduction molecule when it is dissociated from another G-protein subunit termed Gα 

(Clapham & Neer, 1997). The activation of different GPCRs such as α2-adrenoceptors 

which liberate G-proteins can also indirectly modulate the activity of VGCC (Bian & 

Galligan, 2007).  This variability in G-protein interaction supports the notion that VGCC 

subtypes are differentially regulated. 

  Work performed by Diener and Schaufele (2005) is an important example of 

experiments designed to characterize VGCC expressed by enteric neurons. In rat 

myenteric neurons the Ca2+ current was characterized by blocking with a variety of 

channel inhibitors in order to determine what subtypes of VGCC were contributing to the 

overall Ca2+ influx (Schaufele & Diener, 2005). However, nothing is currently known 

about the VGCC of the sympathetic innervation of the GI tract. The Ca2+ channels 

expressed on these neurons are of interest because of the extensive innervation by the 

SNS of regions of the GI tract, and its role in controlling GI functions. 

 The ability to interfere with the conductance of one channel subtype through the 

use of a pharmacological agent can allow for the isolation of specific Ca2+ channels, thus 

highlighting their respective contributions to the overall influx of Ca2+ into a cell. 

Although the accessory subunits can have a modulatory effect on the pharmacological 

characteristics of a Ca2+ channel, it is the α1 subunit that dictates the channels overall 

pharmacological profile (Catterall et al., 2005). Certain species of snakes, scorpions, 

spiders, and cone snails produce venoms that contain natural peptide blockers of voltage-
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gated and ligand-gated ion channels(Catterall et al., 2005) . Peptide toxins, termed 

conotoxins, isolated from marine snails are some of the most specific inhibitors of VGCC 

(Cruz & Olivera, 1986). One of the conotoxins used to block Ca2+ channels is ω-

Conotoxin GVIA, which is isolated from the fish-hunting sea snail, Conus geographus. 

This peptide is a specific irreversible blocker for the N-type Ca2+ channel (Boland et al., 

1994). Agatoxins (venom of funnel web spiders) are another class of neurotoxins that 

function through their inhibition of specific Ca2+ channels. For example, ω-agatoxin IVA 

has been shown to be specific for P and Q-type Ca2+ channels (Mintz et al., 1992; Sather 

et al., 1993). In addition, synthetic compounds are used for pharmacological dissection of 

Ca2+ currents. To block the L-type Ca2+ channels researchers have used chemical 

compounds known as dihydropyridines (DHP), of which nifedipine is a commonly used 

example (Catterall et al., 2005).  

1.3 Inflammatory Bowel Disease & associated cytokines 

 IBD refers to a number of inflammatory conditions of the GI tract such as 

ulcerative colitis, Crohn's disease, lymphocytic colitis, infective colitis and Behcet’s 

syndrome (Shih & Targan, 2008). IBD afflicts a large number of people around the world 

with a prevalence rate of approximately 0.4% (Loftus, Jr., 2004). Ulcerative colitis and 

Crohn’s disease are the main forms of the disease.  Although these two forms of the 

disease have some features in common, there are important differences, including the 

areas of the bowel that are inflamed. Ulcerative colitis is an inflammatory disease of the 

large intestine in which the inner lining (mucosa) of the colon becomes inflamed and 
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develops ulcers. Ulcerative colitis is often most severe in the rectal area, which can cause 

frequent diarrhea (Thoreson & Cullen, 2007). Crohn’s disease most commonly affects the 

distal part of the small intestine and portions of the large intestine, although it can occur 

in any region of the digestive tract. Crohn's disease causes inflammation that extends 

deeper into the layers of the intestinal wall than ulcerative colitis. Crohn's disease 

generally tends to involve the entire bowel wall, whereas ulcerative colitis affects only 

the lining of the bowel (Thoreson & Cullen, 2007). Both types of IBD can be identified 

by a number of common symptoms, one of which is a deregulation of GI contraction and 

motility, pain and diarrhea. Much of the current research into IBD has been aimed at 

finding the underlying cellular and neurological systems that are associated with the 

control of these functions, and how they are altered in IBD. 

  Research has focused on recognizing what specific inflammatory mediators are 

associated with IBD (Monteleone et al., 2006; Fantini et al., 2007). Inflammatory 

mediators are defined as soluble, diffusible molecules that act locally at the site of tissue 

damage and infection as well as at more distant sites. In-vitro immune cell culture assays, 

and improved immunoassays for the detection of pro-inflammatory cytokines, have 

identified several mediators that are differentially expressed in IBD. Some of the 

associated cytokines are tumor necrosis factor α (TNFα), interferon γ (IFN γ), and 

interleukin 2 and 12 (IL2/12) (Komatsu et al., 2001; Bouma & Strober, 2003). Clinical 

strategies have focused on developing selective inhibitors of these molecules such as 

antibodies as therapeutic agents for IBD (Nakamura et al., 2006).   
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 Researchers have begun to characterize the effects of some of these mediators on 

specific cellular responses. For example Wood et al (1999) examined the effects of two 

cytokines associated with Crohn’s disease (IL-1β and IL-6) on neurons of the ENS. The 

results showed a general hyperexcitability of the neurons treated with the mediators (Xia 

et al., 1999). Specifically, the treated neurons showed depolarization of the membrane 

potential, decreased membrane conductance, and increased discharge of action potentials. 

Although a number of neuronal classes have been studied in a similar way, there is a total 

lack of knowledge as to the effect of IBD related factors on sympathetic neurons 

associated with the GI tract.  

 Although there have been studies based on the notion that inflammatory 

mediators can alter channel function, there is still a great deal of work needed to 

determine the effects of some of these signals on sympathetic neurons from prevertebral 

ganglia that innervate and control the GI tract. Previous studies have shown significant 

decreases in NA release from the GI tract during inflammation (Swain et al., 1991; 

Jacobson et al., 1995; Blandizzi et al., 2003); however, it is not known whether this is 

due to changes in Ca2+ channels of neurons in the SMG due to inflammation. Since ICa is 

a critical factor for regulating NT release, it is important to study this current and 

determine if it is altered during inflammation. Any variation in presynaptic Ca2+ channel 

expression or function could alter NT release from neurons regulating the GI tract, and 

thus possibly contribute to the symptoms of IBD.      
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1.4 TNFα 

 TNFα is a cytokine that is part of a structurally-related family of molecules 

including lymphotoxin α and β, and Fas ligand (Holtmann et al., 2002). TNFα is 

produced by a range of cell types in two main forms; a trans-membrane bound form and a 

soluble form. The soluble form is produced by cleavage of the trans-membrane bound 

form by the metalloprotease TNF alpha converting enzyme (Black et al., 1997). There are 

two known receptors of TNFα termed TNF receptor 1 (TNFR1), which is expressed in a 

number of cell types and can interact with both the membrane-bound form and soluble 

forms of TNFα, and TNF receptor 2 (TNFR2), which is expressed mainly in immune 

cells and is activated by the membrane-bound form of TNFα (Thoma et al., 1990; Grell et 

al., 1995; Holtmann et al., 2002; Chen & Goeddel, 2002).  

Following stimulation with TNFα the receptors initiate a variety of intracellular 

signaling pathways that lead to changes in cellular function such as gene transcription or 

apoptosis depending on which pathway is initiated. Of these various signaling 

mechanisms the nuclear factor-kappa B (NF-κB) dependent pathway is one of the better 

understood in terms of TNFα stimulation in cells (Baldwin, Jr., 1996). The interaction 

between TNFα and TNFR1 leads to the recruitment of various intracellular proteins that 

contribute to signaling cascades.  

Aside from being an integral part of the TNFα signaling pathway, NF-κB is 

involved in similar pathways for other inflammatory cytokines. The activation of NF-κB 

mediates the expression for a number of genes such as those for cytokines and proteins 

that regulate cell survival and proliferation. In an unstimulated cell, NF-κB is maintained 
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in an inactive state by inhibitory IκB proteins (Baldwin, Jr., 1996). Following cytokine 

stimulation, such as by TNFα, IκB proteins are phosphorylated by IκB kinase (IKK) 

which leads to the proteins eventual degradation (Ghosh & Baltimore, 1990). Removal of 

IκB results in the activated NF-κB, which is free to translocate to the nucleus and exert its 

various effects on gene transcription (Ghosh et al., 1998) (Figure 2). 

Another pathway that is initiated by TNFα involves the mitogen associated 

protein kinase pathway (MAPK) (Schieven, 2005). MAPK are a conserved family of 

enzymes that translate an external stimulus, such as that from TNFα, into a coordinated 

cellular response. The MAPK have been shown to regulate cellular activities, such as 

gene expression, mitosis, differentiation, and cell survival/apoptosis. p38 MAPK is one 

of the important classes of MAPK that can be activated by TNFα and has shown 

promising results as a possible target for the treatment of inflammation (Schindler et al., 

2007) (Figure 2). 
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Figure 2 TNFα signaling and the initiation of the NF-κB and p38 MAPK signaling cascade. 

Activation of the TNF receptor TNFR1 with TNFα leads to the recruitment of downstream 
molecules termed TRADD (TNF Receptor-Associated Death Domain), TRAF2 (TNF-R 
Associated Factor 2), RIP (Receptor Interacting Protein), and FADD (Fas-Associated Death 
Domain). This leads to the activation of NF-κB and AP-1 transcription factors, and also 
apoptosis. SC514, a selective Iκ kinase (IKK-2) inhibitor, and Bay 11 7082, an inhibitor of 
cytokine-inducible IκB phosphorylation, can block any downstream activation of NF-κB. PD 
169316 is a selective inhibitor of p38 MAPK (Modified from Holtmann et al., 2002). 
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The ability to study pathways initiated by TNFα has relied on a range of specific 

compounds that are able to inhibit individual components of the signaling cascade. One 

such compound that has been used in this regard is termed SC 514, a selective Iκ kinase 

(IKK-2) inhibitor (Kishore et al., 2003). Bay 11 7082, an irreversible inhibitor of 

cytokine-inducible IκB phosphorylation, has also contributed to studying the NF-κB 

signaling cascade (Pierce et al., 1997). Similarly, compounds such as PD 169316, a 

specific p38 MAPK inhibitor, have allowed for the investigation of another important 

signaling pathway initiated by TNFα.  By inhibiting pathways at various junctions there 

is an effective block of the downstream effects of NF-κB and MAPK activation on gene 

transcription (Figure 2). 

1.4.1 TNFα levels in circulation 

IBD is associated with elevated levels of circulating TNFα. Komatsu et al (2001) 

reported that cytokine levels were increased in the serum of individuals of either active 

form of IBD, ulcerative colitis and Crohns’ disease. In both disease groups there was a 

significant increase as compared to healthy donors (Ulcerative colitis= 9.46 ng/L, 

Crohn’s disease = 14 ng/L, healthy donors = 0.02 ng/L) (Komatsu et al., 2001). Elevated 

circulating levels of TNFα are also observed in stroke and rheumatoid arthritis (Zaremba 

& Losy, 2001; Edrees et al., 2005). 

1.5 Animal models of IBD 

A number of studies investigating IBD have focused on observing the effects of 

IBD related cytokines, such as TNFα, on specific cellular functions in isolation. 
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However, IBD is not due to the effect of one cytokine on its own but rather the combined 

effects of a range of inflammatory factors all presenting at different time points in the 

progression of the disease. For these reasons, it has been critical to the understanding of 

IBD that a number of animal models have been developed to study its pathogenesis 

(Mizoguchi & Mizoguchi, 2008). IBD itself is characterized by factors including 

intestinal inflammation and structural deficiencies to the mucosal tissue. Important 

factors of any animal model that are used to mimic IBD in humans include morphological 

changes to the GI tract, inflammation, symptoms and visible characteristic changes and 

pathophysiology (Mizoguchi & Mizoguchi, 2008). Aside from these factors it has been 

critical in the understanding of IBD to develop animal models that reflect the complex 

cytokine profile that is associated with the disease. These models are adequate in 

mimicking the particular cytokines that are associated with IBD in terms of concentration 

and expression (De et al., 1999). One particular model that has been used is the oral 

administration of 5% dextran sulfate sodium (DSS) in the drinking water of mice which 

can lead to both acute and chronic forms of colitis (Okayasu et al., 1990). The 

development of such models has allowed researchers to investigate the changes in GI 

function during different states of IBD. For example, a number of research groups have 

utilized these animal models of IBD to investigate the changes in NT release during IBD 

in different regions of the GI tract (Swain et al., 1991; Collins et al., 1992; Blandizzi et 

al., 2003). Other research involving different animal models has focused on the changes 

to the electrophysiological properties of the innervation of the gut during disease. Such 
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studies have shown an increase in the excitability of myenteric neurons during and 

following states of inflammation (Krauter et al., 2007). Other similar studies have shown 

a hyperexcitability during IBD of specific nociceptive neurons that innervate the gut and 

are important in pain sensation (Kayssi et al., 2007). The use of such models has greatly 

enhanced the understanding of the functional changes associated with IBD. 

1.6 Hypothesis 

 Based on the knowledge of the symptoms of IBD and the importance of the SNS 

in regulating GI function, I hypothesized that there is a change in the characteristics of 

sympathetic neurons during inflammation. Specifically, I hypothesize that inflammation 

inhibits VGCC of sympathetic neurons and that this change will alter NT release. To test 

my hypotheses, I examined the effects of experimentally-induced colitis and the 

inflammatory mediator TNFα on ICa of SMG neurons and the effect of colitis on NT 

release from the colon. To accomplish this, electrophysiological, Ca2+ imaging, RT-PCR, 

and tritium-labeled NA release techniques were utilized.  
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Chapter 2 Methods 

2.1 DSS model of IBD 

Three-week-old male CD-1 mice (25-35 g) were fed with regular mouse chow and 

were housed in a temperature-, humidity-, and light-controlled room. A mouse model of 

colitis was induced using dextran sodium sulfate (DSS, molecular weight= 36 000- 50 

000, MP Biomedicals) in accordance with previous reports. Control mice were allowed 

ad libitum access to regular drinking water for 7 days. DSS mice received ad libitum 

access to a 5% DSS solution of drinking water, for 5 days, followed by a two-day period 

with regular drinking water. The DSS-treated mice were monitored daily for signs of 

distress, altered feeding/drinking habits, loose and/or bloody stool, and weight loss.  

2.2 Assessment of inflammation 

 Segments of proximal colon from control and DSS mice were dissected, flash 

frozen in an Eppendorf tube in liquid nitrogen and stored at -80oC for 7 – 14 days until 

myeloperoxidase (MPO) activity assays were performed to assess neutrophil infiltration 

(McCafferty et al., 1997).  Values are expressed as units of MPO activity per gram of 

tissue sample, where one unit of MPO is defined as that which degrades 1 µmol of 

hydrogen peroxide per minute. 
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2.3 Isolation of SMG Neurons 

 All reagents used in this study were obtained from Sigma Aldrich, St. Louis, MO, 

USA, except when noted otherwise.  The methods used for dissociating neurons were 

adapted from Lamas et al. (1997) (Lamas et al., 1997). Male CD1 mice were deeply 

anaesthetized by isoflurane inhalation and euthanized by cervical dislocation in 

accordance with the principles and guidelines of the Canadian Council on Animal care 

and Queen’s University Animal Care Committee.  Following a laparotomy, SMG was 

quickly removed and placed in Hank’s buffered salt solution (HBSS; Invitrogen, 

Carlsbad, CA, USA) maintained at 37°C. The ganglia were then washed with HBSS three 

times before being enzymatically dissociated by incubation for 25 minutes in collagenase 

(Type 1A) and bovine serum albumin (BSA; 6 mg/mL), and 15 minutes in trypsin (Type 

XII-S) and BSA (6 mg/mL)-containing HBSS.  In order to neutralize the enzymatic 

activity of trypsin, 10 % fetal calf serum (FCS; Invitrogen) was added. Single neurons 

were isolated by trituration through a series of fire-polished Pasteur pipettes of decreasing 

diameter.  Following trituration, the cell suspension was centrifuged at 600 rpm for 5 

minutes and the supernatant was discarded.  Dissociated neurons were plated on laminin-

coated (10 µg/ml) glass cover slips and maintained overnight at 37 °C and 5% CO2 in 

Leibowitz medium supplemented with: 24 mM NaHCO3, 10 %FCS, 38 mM D-glucose, 2 

mM L-glutamine, 5000 IU penicillin/ streptomycin, 50 ng/ml nerve growth factor (NGF).  
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2.4 Perforated-patch voltage clamping of dissociated neurons  

 All experiments were performed at room temperature (22 °C).  Perforated-patch 

pipettes were fabricated from borosilicate glass capillaries (Warner Instruments, Hamden, 

CT) and had resistances between 2 and 4 MΩ when filled with internal solution of the 

following composition (mM): 120 CsCl (non-selective K+ channel blocker), 1 MgCl2, 4 

MgATP, 0.3 NaGTP, 10 EGTA, 10 HEPES, pH adjusted to 7.2 with CsOH. To achieve 

perforated patch configuration, pipettes were backfilled with internal solution containing 

amphotericin-B (50 μg/ ml, Sigma).  After an acceptable access resistance (8-15 MΩ) 

was stably acquired, the cell membrane capacitance and series resistance were 

electronically compensated. Voltage-clamp recording was performed using a Multiclamp 

700B amplifier and data were acquired for analysis using a Digidata 1440A analogue to 

digital converter, and pClamp 10.1 software (all from MDS analytical technologies, 

Mississauga, Ontario, Canada). 

2.5 Ca2+ Currents 

 Currents through VGCC were recorded using extracellular solution consisting of 

(in mM): 140 tetraethylammonium (TEA)-Cl (K+ channel blocker), 2 MgCl2, 5 BaCl2, 10 

glucose, 10 HEPES (pH adjusted to 7.4 with TEA-OH).  The perforated-patch current, 

carried by Ba2+ through Ca2+ channels (ICa), was elicited by a series of command 

potentials from -60 to +35 mV for 100 ms in 5 mV steps (10 s intervals) from a holding 

potential of  -100 mV. Ba2+ was used as the charge carrier instead of Ca2+ to avoid Ca2+-

mediated inactivation of VGCC and thus ensure large responses to the applied voltage 
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steps. Series resistances were compensated 80 – 85 %.  The amplitude of inward currents 

was normalized to cell capacitance.  To study the effects of specific Ca2+ channel 

blockers, the membrane potential was stepped to 0 mV from a holding potential of -100 

mV for 100 ms to elicit ICa every 10 seconds before and during superfusion of 

antagonists.  The steady-state inactivation of VGCCs was obtained by depolarizing cells 

to a series of prepulse potentials from -100 to +20 mV for 500 ms followed by a 

command potential to 0 mV for 150 ms.  Activation and inactivation curves were fitted to 

a single Boltzmann function of the form: G/Gmax = 1/(1 + exp[V50 – Vm/k]), where G is 

conductance, Vm is membrane voltage, k is the slope factor, and Gmax is maximal 

conductance.  

2.6 Drug Application 

 ω-Conotoxin GVIA and ω-Conotoxin MVIIC were obtained from Tocris 

(Ellisville, MO, USA).  Neurons were superfused with 300 nM ω-Conotoxin GVIA (N-

type channel blocker), 10 µM Nifedipine (L-type channel blocker) and 300 nM ω-

Conotoxin MVIIC (N, P/Q type channel blocker).  In order to determine the contribution 

of P/Q type channels to the total current, N-type channels were initially blocked with ω-

Conotoxin GVIA, followed by superfusion of ω-Conotoxin MVIIC. The difference in 

inhibition caused by these two blockers was taken as an estimate of P/Q type current.  In 

all cases, current inhibition was allowed to reach a steady state before measuring the 

extent of current inhibition. These inhibitors were used in the same manner with neurons 
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from mice with DSS colitis to investigate the change in contribution of channel subtypes 

to current during colitis. 

2.7 Ca2+ Imaging 

 For intracellular calcium ([Ca2+
 ]I) measurements, isolated SMG neurons were 

incubated with 2 μM Fura-2 acetoxymethylester (AM; dissolved in DMSO; Invitrogen) 

for 30 min at 37 °C and subsequently washed for 20 minutes with saline solution to 

remove the excess extracellular Fura-2 AM and to allow for intracellular de-esterification 

of the fluorophore. The ECF was composed of (in mM): 140 NaCl, 10 HEPES, 10 

Glucose, 5 KCl, 2 CaCl2, 1 MgCl2, pH adjusted to 7.4 with NaOH. Coverslips were 

mounted in a recording chamber and superfused with ECF at room temperature.  [Ca2+]I 

changes were measured using ImageMaster 5.0 software. Fura-2 AM loaded cells were 

illuminated at 340 nm and 380 nm every second for 10 min using a DeltaRamV high 

speed random access monochromator (Photon Technology International). Regions of 

interest (ROI) were defined within the cytoplasm of neurons, from which the averaged 

pixel intensity within the ROI was calculated. One ROI was selected per neuron.  Paired 

f340:f380 fluorescence ratios of each ROI were calculated every second. [Ca2+]I was 

measured as the ratio of the fluorescence signals obtained at 405 nm following excitation 

at 340 and 380 nm.  To depolarize neurons and activate VGCC, neurons were superfused 

with saline solution containing 70 mM K+ for 1 minute followed by washout. The high 

K+ saline solution was composed of (in mM): 75 NaCl, 10 HEPES, 10 Glucose, 70 KCl, 

2 CaCl2, 1 MgCl2, pH adjusted to 7.4 with NaOH. To compare changes in [Ca2+ ]I during 
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depolarizations between cell populations, the peak change in f340:f380 was expressed as 

percent change of the baseline fluorescence prior to depolarization. These imaging 

experiments were performed on populations of control neurons and neurons from mice 

that received DSS. 

2.8 Reverse transcriptase PCR 

RNA was extracted using the Trizol method (Invitrogen) from ganglia of mice 

from either control mice or mice with colitis for the detection of CaV 2.2 and TNFR1 

mRNA. Expression was normalized to the housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (GAPDH). cDNA was reverse transcribed from 1 µg of total 

RNA using Expand reverse transcriptase (Roche, Canada) using Oligo (dT) 12-18 Primer 

(Invitrogen, Canada).  The gene segments in Table 1 were then amplified by PCR at an 

annealing temperature of 60 ºC, for 30 (GAPDH) or 35 (CaV2.2) cycles and a final 

elongation at 72 ºC for 10 min. 

 

Primer  Sequence (5’-3’) 

GAPDH,NM_008084 

350bp 

F 

R

GTGTTCCTACCCCCAATGTG 

TGTGAGGGAGATGCTCAGTG 

TNFR1,NM_011609 

228bp 

F 

R

TCACCCACAGGGAGTAGGGCA 

GCCTGGCGGCGCCGCACGCCG 

CaV2.2, NM_001042528 F GTGCAGTTGGGTCTCCATTT 
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204bp R GCCGCTGAGGCTGATTATAG 

Table 1 Mouse primers used in this study 

2.9 NA release from colon tissue 

 An additional group of DSS mice and untreated controls were used to assess the 

effects of colitis on the NT release from the nerve endings of sympathetic neurons 

innervating the colon. After the treatment period mice were sacrificed and segments of 

the colon were excised and placed in bubbled Krebs solution containing (in mmol/L): 

NaCl, 126; KCl, 5; NaH2PO4 , 2.5; MgCl2, 1.2; CaCl2, 2.5; glucose, 11; NaHCO3, 25; 

bubbled with 95% O2 and 5% CO2. The Krebs solution also contained pargylline 

(0.03mmol/L), a monoamine oxidase inhibitor. Colons from each animal were opened 

along their longitudinal axis by a cut along the midline and pinned open in a Sylgard® - 

lined petri dish. After opening the colon the mucosa was carefully removed using fine 

forceps. The tissue preparation was performed using freshly bubbled Krebs solution. 

After separating the mucosa from the tissue, the remaining segments were divided into 

two equal parts and placed in fresh Krebs to be washed for 10 minutes. The release 

experiments were performed using Corning 6 X 4 culture well plates where the tissue 

samples were transferred from one well to another containing a specific condition. 

Following the initial wash phase the tissues were incubated in wells containing 1-[7,8-3H] 

Noradrenaline (0.2 µmol/L, 42 Ci/mmol, Amersham) for 60 minutes at 37ºC. After the 

incubation phase the tissues were washed 3 times using normal Krebs at 37ºC. To 

stimulate the release of the tritium-labeled NA the tissues were transferred into wells 
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containing high K+ Krebs solution in order to depolarize the nerve terminal endings 

(Figure 3).  

 

 

 

Figure 3. NA release experiments. 

Schematic representation of the stimulated NA release experiments from colon tissue.  
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The high K+ Krebs contained (in mmol/L): NaCl, 61; KCl, 70; NaH2PO4 , 2.5; MgCl2, 

1.2; CaCl2, 2.5; glucose, 11; NaHCO3, 25; pargylline, 0.03. The initial time point 

measured was 5 minutes after the introduction into the high K+ Krebs. Further time points 

were measured every ten minutes. Fractions of supernatant (250µl) were collected from 

the representative wells at the corresponding time points and added to 2 mls of 

scintillation fluid (Biodegradable Counting Scintillation fluid, Amersham) and the tritium 

amounts were measured using Bioscan liquid scintillation counter (Plate Chameleon, 

model 425-104 multi-label counter, Bioscan Inc.). In parallel to the tissue stimulated with 

high K+ tissue samples were also measured for leakage of tritium-labeled NA in the 

absence of the high K+ stimulation in order to observe any leakage from tissues. 

Following the stimulation experiments the tissues were blotted dry and weighed to 

determine the amount of tissue. Following this step the samples were then solubilized 

with 1 ml Soluene-350 tissue solubilizer (Packard Bioscience) and neutralized with 50 µl 

glacial acetic acid. The solubilized tissue was then added to 3 ml scintillating fluid and 

the samples were analyzed to determine the total residual tritium content in each tissue 

sample. 

The released tritium (counts per minute; CPM) was represented as the difference in 

release between the final wash period and the time point of interest as a percent of the 
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total amount of tritium in the specific tissue. This experiment was repeated in tissues 

from both control and DSS mice. 

Following the experiments to investigate the change in NA release during DSS 

induced colitis, further release studies were performed to assess the inhibition of 

stimulated NA release in the presence of the specific N-type channel blocker ω- 

Conotoxin GVIA (300 nM) from colon tissue samples. The experiments paralleled the 

earlier studies but included 20 minute incubation in Krebs solution containing ω-

Conotoxin GVIA prior to the stimulation with high K+ Krebs solution. The release of NA 

was measured in colonic tissue from both control and DSS-induced colitis mice and the 

change in percent release caused by ω-Conotoxin GVIA was observed. These studies 

were critical to parallel the changes seen at the neurons cell body in VGCC observed in 

the electrophysiological studies to what was occurring at the nerve terminals endings in 

the colonic tissue.  

In order to fully assess the changes in release of NA caused by DSS-induced colitis it 

was important to investigate whether similar changes were occurring in areas distant from 

the site of inflammation but similar in the fact that they are sympathetically innervated. In 

order to evaluate this phenomenon we performed NA release experiments with tissue 

samples from the jejunum. Release from the jejunum of both control and DSS-induced 

colitis mice was measured and compared as described earlier. MPO measurements were 

taken from both the colon and jejunum. 
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2.10 TNFα incubation of SMG neurons 

Following our experiments using isolated SMG neurons from DSS-induced colitis 

mice we focused the next phase of experiments on the effects of the inflammatory 

cytokine TNFα on the VGCC of SMG neurons. All of the electrophysiological, Ca2+ 

imaging and RT-PCR techniques were used to compare control neurons and neurons 

incubated in TNFα (Note: the high K+ saline solution used to depolarize neurons during 

Ca2+ imaging experiments was composed of (in mM): 100 NaCl, 10 HEPES, 10 Glucose, 

40 KCl, 2 CaCl2, 1 MgCl2, pH adjusted to 7.4 with NaOH. The 70 mM K+ solution used 

in the imaging studies of DSS neurons was used since this concentration was needed for 

the NA release studies). To study the effects of TNFα, neurons were incubated overnight 

in media containing 1 nM (17 pg/ml) recombinant mouse TNFα (PeproTech, Rocky Hill, 

NJ, USA).  

2.11 Involvement of NF-κB and p38 MAPK pathway 

 Non membrane-bound TNFα has been shown to signal through TNFR1 (Grell, 

1995). There are a number of intracellular pathways that are activated through this 

interaction which eventually result in the functional changes associated with elevated 

levels of TNFα (Baud & Karin, 2001). An important cell signaling pathway that is 

activated during inflammation is the nuclear factor κB (NF-κB) pathway.  To determine 

whether activation of NF-κB signaling downstream of TNFR1 activation inhibited 

VGCC, neurons were pretreated with the selective Iκ kinase (IKK-2) inhibitor SC 514 

(20 μM) or Bay 11 7082 (1 uM, Calbiochem), an inhibitor of cytokine-induced IκB-α 
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phosphorylation, for 2 hours prior to and throughout the application of the cytokine.  

Inhibition of IKK-2 blocks the downstream effects of the NF-κB pathway on gene 

transcription. Control neurons were pretreated with the vehicle (0.1% DMSO) for 2 hours 

prior to and during TNFα incubation. Furthermore, we investigated the role of the p38 

MAPK pathway by preincubating the neurons with PD 169316 (30 µM, Calbiochem) a 

specific inhibitor of the kinase. Parallel studies were done on neurons treated just with the 

inhibitors in order to control for any potential effect these compounds may have had on 

voltage-gated Ca2+ influx on their own. Following overnight incubation, ICa or 

intracellular Ca2+ transients were measured.  

2.12 Trypan blue experiments 

In order to assess the effects of the TNFα treatments on the viability of the 

dissociated SMG neurons, trypan blue exclusion experiments were performed on 

populations of treated and control neurons. The trypan blue exclusion assay is based on 

the ability of viable cells to exclude the dye from their cytoplasm.  A total of ten 

coverslips from 4 mice, each containing at least 100 neurons, were incubated overnight in 

either control media (n = 5 coverslips) or TNFα (n = 5 coverslips). Trypan blue (0.2 %) 

was added to individual coverslips and, after 5 minutes, the coverslips were examined 

and cell counts were performed. The number of viable cells was calculated as percent of 

the total cell population. 
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2.13 Analysis 

Electrophysiological analysis was performed using Clampfit 10 (MDS analytical 

technologies).  Data analysis was performed using GraphPad Prism 5. Summary values 

are expressed as the mean ± standard error of the mean (SEM). If the data were normally 

distributed, paired or unpaired Student’s t-tests were used to evaluate the differences 

between two populations, while a standard one-way analysis of variance (ANOVA) with 

Dunnett’s post-hoc test was used to test for differences between multiple populations. 

When comparing data expressed as percentages, a Mann-Whitney test was used to test for 

differences between two populations, while a Kruskal-Wallis ANOVA and Dunn’s post-

hoc test were used to test for differences between multiple populations. Statistical 

significance was reached when P < 0.05.  
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Chapter 3: Results Part I 

3.1 MPO activity is increased in tissue samples from DSS-induced colitis mice. 

In order to quantitatively measure the level of inflammation that was induced by 

the treatment of DSS we performed tissue myeloperoxidase (MPO) activity assays on 

colonic tissue from both groups. MPO activity is a reflection of neutrophil infiltration and 

is a common assessment used to quantify levels of inflammation on specific tissue 

regions. Colon tissue samples taken from the DSS treatment group showed a significant 

increase in MPO activity as compared to control tissue (Control MPO units= 0.27 +/- 

0.08; DSS MPO units= 3.68 +/- 1.28; n=6 for both groups, P=0.02, unpaired Student’s t-

test) (Figure 4). Similar MPO assays were done on tissue samples from all DSS treated 

mice and control mice for all animals used for the electrophysiological and Ca2+ imaging 

experiments to ensure that the levels of inflammation in the treatment groups were 

consistently elevated when compared to control groups (data not shown). 

3.2 Characterization of ICa in SMG neurons 

Initial experiments utilized electrophysiological techniques to characterize the 

VGCC of isolated SMG neurons from control mice. Depolarizing SMG neurons from a 

holding potential of -100 mV activated characteristic inward ICa (Figure 5A).   The 

current activated at approximately -35 mV with peak current at -10 mV (68 +/-3 pA/pF; n 

= 19 neurons; Figure 5B). In order to identify which VGCC subtypes contributed to ICa, 

neurons were depolarized every 10 seconds to 0 mV before and during the superfusion of 

subtype-specific channel blockers. Figure 5C summarizes the percentage current  
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Figure 4. MPO activity scores from colons of control and DSS mice.  

(*P<0.05, unpaired Student’s t-test) 
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inhibition caused by the compounds. The greatest inhibition was caused by ω-Conotoxin 

GVIA (300 nM) which amounted to 60.6 +/- 5.8 % (n = 11). Application of nifedipine 

(10 µM), an L-type channel blocker, resulted in a 21 +/- 6 % (n = 17) reduction in the 

current. The reduction caused by ω-Conotoxin MVIIC, a blocker of N, P/Q type channels 

(56.4 +/- 5.9%; n = 12) did not significantly differ (Kruskal Wallis test followed by 

Dunn’s multiple comparison test) from the inhibition caused by the specific N-type 

channel blocker, which suggests an absence or small contribution of P/Q channel 

subtypes to the overall current. Consistent with this, the combination of ω-Conotoxin 

GVIA and nifedipine abolished ICa. 

3.3 DSS-induced colitis reduced Ca2+ currents 

 After characterizing the ICa in control SMG neurons similar electrophysiological 

experiments were performed on isolated SMG neurons from DSS colitis mice and 

compared to control neurons (Figure 6A). Interestingly, the neurons stimulated from DSS 

colitis mice showed a dramatic reduction in overall voltage gated Ca2+ current. The 

current-voltage relationship curve (Figure 6B) shows Ca2+ current from the treatment 

group activating at approximately -25mV and having a maximum current amplitude of -

29.3 +/- 2.4 pA/pF (n=19). The voltage gated Ca2+ currents from the DSS group were 

decreased approximately 50% as compared to the currents from the control neurons. The 

decrease in current was significant in comparison to the control group over a voltage 

range of -20 to +5mV (2-way ANOVA with Bonferroni’s post hoc test). 
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Figure 5 ICa of SMG neurons 

A. Example of perforated-patch Ca2+ currents from isolated SMG neurons with Ba2+ acting as the 
charge carrier. B, Average current-voltage (I-V curve) plot from a population of control SMG 
neurons (n=19 cells). C, Pharmacology of voltage-gated Ca2+ current in dissociated neurons from 
mouse SMG. Percentage inhibition of current by the N-type channel blocker ω-Conotoxin GVIA 
(300 nM; n =11), the N, P and Q-type blocker ω-Conotoxin MVIIC (300 nM; n = 12) and the L-
blocker nifedipine, indicating that ICa in SMG neurons is primarily carried by N-type channels 
(10 μM; n= 17). *P<0.05, Kruskal Wallis test with Dunn’s multiple comparison test. 
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Figure 6. DSS colitis reduced ICa in SMG neurons  

A, Sample perforated-patch Ca2+ currents from a control neuron and a DSS colitis group neuron. 
B, Population I-V curves from a group of control neurons (n=17) and DSS colitis neurons (n=19). 
DSS colitis significantly inhibited ICa. *P < 0.05, 2-way ANOVA with Bonferroni’s post hoc test. 
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3.4 Reduction in current after DSS colitis is specific to N-type channels 

 After establishing that DSS colitis reduced the overall Ca2+ currents of SMG 

neurons I investigated whether this reduction was reflected in a change of various 

channel subtypes or specific to a single class of channels. Specifically, the amplitude of 

ω-Conotoxin GVIA-sensitive current was significantly reduced (control N-type current 

=31.3 +/- 4.9 pA/pF; DSS colitis N-type current = 7.0 +/- 1.6 pA/pF; P<0.05, unpaired 

Student’s t test) in the DSS colitis group, whereas the amplitude of nifedipine-sensitive 

current (L-type) was not changed (Figure 7A, B). Collectively, these finding suggest that 

DSS-induced colitis selectively inhibits N-type Ca2+ channels while the L-type channels 

remain unaltered. This indicates that DSS-induced colitis does not lead to a non-selective 

inhibition of all VGCC in SMG neurons. 

3.5 DSS colitis caused a change in activation of VGCC in SMG neurons 

The changes seen in the Ca2+ current of neurons from mice with DSS colitis could 

have been caused by a number of different factors. To investigate whether DSS colitis 

caused a change in the voltage-dependence of activation or inactivation of Ca2+ currents, 

voltage clamp protocols were utilized as described earlier (see Chapter 2). In terms of 

voltage-dependent inactivation of the current there was no apparent difference between 

the two groups (Figure 8A). In contrast, there was a depolarizing (rightward shift) in the 

voltage-dependence of activation of ICa in DSS neurons as compared to the control 

neurons (Figure 8B). This change in voltage-dependent activation of ICa in the DSS 

neurons suggests that colitis caused some type of change in the channel gating  
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Figure 7 DSS colitis reduced N-type currents 

A, Example of recorded Ca2+ current from both an untreated and DSS colitis neuron before and 
after perfusion with 300nM ω-Conotoxin GVIA and 10µM nifedipine. B, Summary plot 
displaying current amplitude (pA/pF) inhibition by both 300nM ω-Conotoxin GVIA and 10µM 
nifedipine under control (ω-Conotoxin GVIA, n=11; nifedipine, n=17) and DSS colitis (ω-
Conotoxin GVIA, n=14; nifedipine, n= 11). *P<0.05 versus untreated controls, unpaired 
Student’s t-test. 
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mechanisms of the Ca2+ channels where more depolarizing stimulation is required to 

activate these channels as opposed to channels in control neurons. 

3.6 DSS colitis reduced depolarization-induced Ca2+ influx in SMG neurons 

Intracellular Ca2+- imaging techniques were used to study the effects of colitis on 

the voltage-dependent Ca2+ influx of SMG neurons. It was important to perform these 

imaging techniques as we were able to compare the Ca2+ transients of the neurons as they 

were stimulated while in their resting membrane potentials, whereas in the voltage clamp 

data the neurons were held at -100mV. Statistical analysis showed no significant 

difference in the unstimulated baseline 340:380 ratios of both groups indicating that 

resting [Ca2+]I is not altered by colitis (Control = 0.5092 +/- 0.022; DSS = 0.5712 +/- 

0.035; n =31 each; P = 0.2315, Mann-Whitney test). Following superfusion with the high 

K+ solution neurons displayed an increase in the 340:380 ratio representing Ca2+ influx 

through VGCC plus subsequent Ca2+-induced Ca2+ release from the endoplasmic 

reticulum (Figure 9A). Subsequent depletion of intracellular Ca2+ stores with 

theophylline (3 mM) did not, however, alter peak Ca2+signals (data not shown) 

suggesting extracellular Ca2+ entry makes the most important contribution to peak 

Ca2+signals.  Due to the non-specificity of theophylline, comparisons between control 

and treated neurons were made without theophylline present. There was a marked 

reduction in the changes in 340:380 ratio in response to high K+  stimulation in the DSS 

treated neurons compared to control group neurons (Figure 9B) 
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Figure 8. DSS colitis caused a rightward shift in activation curve 

A, Summary data showing steady-state inactivation of Ca2+ current in control neurons (n= 13) and 
DSS neurons (n= 18). The V0.5 was -73.3 +/- 0.73 and -76.1+/- 1.53 mV in control and DSS 
neurons respectively. The slope factor was -16.8 +/- 0.7 and -21.1 +/- 1.3 in control and DSS 
neurons respectively. B, Summary data showing voltage dependent activation curves for control 
neurons (n= 17) and DSS neurons (n= 18). The V0.5 was -21.6 +/- 0.6 and -17.4 +/- 0.6 mV in 
control and DSS neurons respectively. The slope factor was 4.1 +/- 0.5 and -3.8 +/- 0.6 in control 
and DSS neurons respectively. The normalized conductance was fit to a Boltzmann’s function. 
Data are presented as mean +/- S.E. 
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Figure 9. DSS colitis reduced evoked Ca2+ transients 

A, Representative Ca2+ imaging recordings of SMG neurons from control mice (black) and DSS-
induced colitis mice (red) displaying peak responses following superfusion with a high K+ saline. 
B, DSS colitis significantly reduced the high K+ stimulated peak Ca2+ transient in SMG neurons 
compared to control neurons. (Control= 93.7 +/- 5.8 %, n = 31; DSS= 35.1 +/- 6.3 %, n = 49; 
P<0.0001, Mann-Whitney test).  
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3.7 DSS colitis caused a reduction in the RNA signal for N-type Ca2+ channels 

VGCC can be modulated by short term effects on channel gating and by longer 

term effects on channel transcription and insertion into the membrane. We examined 

whether the inhibition of N-type channels in DSS neurons was due to a reduction in 

transcription or RNA stability of CaV2.2, the gene encoding the alpha subunit of N-type 

channels, using RT-PCR with primers for mouse CaV2.2 and GAPDH, a loading control. 

The densitometry analysis showed a significant reduction in the ratio of CaV2.2 signal to 

GAPDH signal in the treatment group as compared to the control group (control ratio= 

0.21 +/- 0.05, n=5; DSS ratio= 0.09 +/- 0.01, n=6; P= 0.03, Mann-Whitney test) (Figure 

10B).   

3.8 DSS colitis reduced the release of noradrenaline from colonic tissue 

 Next, we investigated the changes in stimulated release of the major sympathetic 

NT noradrenaline during colitis. The release of tritium-labeled NA (% release of total 

tissue content) during high K+ stimulation was significantly reduced in colon tissue from 

DSS mice when compared to control colons at the various time points measured. (Control 

= 2.69 +/- 0.62 %; DSS = 0.87 +/- 0.54 %; n=12 for both groups, P= 0.02, Mann-Whitney 

test) (Figure 11A). In subsequent experiments all further analysis of NA release will 

focus on the 25 minute time point (Figure 11B). 

 

 

 



 

 

 

48

 

 

 

Control DSS
0.0

0.1

0.2

0.3 *

R
at

io
 o

f C
aV

2.
2:

 G
A

PD
H

 

Figure 10. DSS colitis reduced CaV 2.2 mRNA 

A, RT-PCR for CaV2.2 and GAPDH in control neurons (n=5) and DSS neurons (n=6). B, 
Summary data comparing the densitometry analysis of the ratio of CaV2.2 to GAPDH.  
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Figure 11. DSS colitis reduced stimulated NA release from colon 

A, Summary data showing the total stimulated release of labeled NA from colonic tissue samples 
from control and DSS colitis mice across various time points (n=12 for both groups). B, 
Summary data showing the significant reduction in NA release from DSS colitis colon tissue 
compared to control tissue. Release measured after 25 minutes stimulation in 70 mmol K+ ECF.  
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3.9 DSS colitis reduced the role of N-type channels during stimulated NA release in 

the colon 

We next investigated whether the reduction in current specific to N-type channels 

at the cell body caused by DSS colitis was reflected by similar changes at the nerve 

terminal endings. The percentage inhibition in the presence of ω-Conotoxin GVIA is a 

reflection of the N-type channels role in NA release during stimulation. The inhibition of 

stimulated NA release by ω-Conotoxin GVIA was significantly higher in control colon 

tissue as opposed to tissue from the DSS group (Control= 79.99 +/- 10.71 % inhibition; 

DSS = 18.59 +/- 16.0 % inhibition; n= 6 for both groups; P= 0.04; Mann-Whitney test) 

(Figure 12). These data suggest that during colitis there is a reduction in the amount of 

NA released from the colon of inflamed animals and that the role of N-type channels in 

mediating this release is also significantly reduced. 

3.10 DSS colitis reduced NA release in the jejunum 

Colitis has been shown to lead to disturbances in areas outside of the colon such 

as the small intestine where it effects motility, secretion and ENS function. The SMG has 

been shown to innervate multiple regions of the GI tract including the jejunum. To 

investigate whether the reduction in stimulated NA release measured at the site of 

inflammation (i.e. colonic tissue) could spread beyond the actively inflamed segment we 

measured the release properties of NA in the jejunum. Release experiments using jejunal 

tissue samples from control and DSS-treated mice showed a significant reduction in 

stimulated NA release following 25 minutes of high K+  stimulation (control= 4.80 +/- 

1.00 %, DSS= 1.67 +/- 0.37 %; n=6 for both groups; P= 0.004; Mann-Whitney test)  
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Figure 12. Contribution of N-type channels to NA release is reduced in DSS colitis 

ω-Conotoxin GVIA inhibited less of the stimulated NA release from the colonic tissue of mice 
with colitis when compared to controls. Inhibition measured after 25 minutes of high K+ 
stimulation. 
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(Figure 13A). These findings suggest that tissue outside of the area of inflammation like 

the jejunum can be altered in terms of their NT release characteristics as a result of 

inflammation in the colon.  

MPO assays were performed on tissue samples taken from the jejunum in order to 

compare the affects of inflammation on areas outside of the colon. MPO assays from both 

the DSS colitis group and control groups showed no significant difference indicating that 

DSS-induced inflammation in the colon did not significantly change the inflammation 

levels of regions outside of the colon (Figure 13B). 
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Figure 13. DSS colitis reduced stimulated NA release from jejunum 

 A, DSS colitis significantly reduced the stimulated NA release from the jejunum of treated mice 
when compared to release from control tissue. Release measured after 25 minutes stimulation in 
70 mmol K+ ECF. B, Summary data of MPO activity scores from jejunum tissue samples of 
control and DSS mice (Control MPO units= 1.51 +/- 0.42; DSS MPO units= 1.67 +/- 0.57; n=6 
for both groups; P= 0.83, unpaired Student’s t-test). 
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Chapter 4: Results Part II 

4.1 Incubation in TNFα reduced ICa
  

After characterizing the VGCC present on SMG neurons and the effect of DSS-

induced colitis on these currents we investigated the effect of incubating SMG neurons in 

TNFα on ICa. Incubation in TNFα (1 nM; 17 pg/ml) overnight resulted in smaller ICa 

when compared to untreated control neurons (Figure 14A, B). This concentration was 

selected because it is very similar to the concentration of TNFα SMG neurons are likely 

to be exposed to during inflammation. Incubation in TNFα caused a significant decrease 

in ICa (P < 0 .05; two way ANOVA with Bonferroni’s post hoc test) in the treated neurons 

over a voltage range of -20 to +10 mV (TNFα n = 21; untreated n = 19; Figure 14C).   

4.2 Reduction in ICa caused by TNFα is specific to N-type channels 

We next investigated whether TNFα selectively inhibited specific Ca2+ channel 

subtypes. The amplitude of ω-Conotoxin GVIA-sensitive current was significantly 

reduced (control N-type current = 30.9 ± 4.7 pA/pF; TNFα-treated N-type current = 10.5 

± 1.7 pA/pF; P < 0.001, unpaired Student’s t-test) in the presence of TNFα, whereas the 

amplitude of the nifedipine-sensitive current was not altered (P = 0.517; Figure 15). 

These data suggest that, similar to colitis, incubation in TNFα does not result in a non-

selective inhibition of all VGCC, but in a selective reduction of N-type Ca2+ channels 

while L-type channels are unaffected.  
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Figure 14. TNFα reduced ICa in SMG neurons 
A & B, Comparison of ICa from a control neuron (A) and a neuron incubated overnight in 1nM 
TNFα (B). C, Population I-V curves from a group of control neurons and TNFα-treated neurons. 
TNFα significantly inhibited ICa. *P < 0.05, two way ANOVA with Bonferroni’s post hoc test. 
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Figure 15. TNFα selectively reduced N-type current 
Example of ICa from both an untreated (A) and TNFα-treated (B) neuron before and after 
superfusion of 300 nM ω-Conotoxin GVIA (CTX) and 10 μM nifedipine. C, Current amplitude 
(pA/pF) inhibition by 300 nM ω-Conotoxin GVIA (n= 12) and 10 μM nifedipine (n = 17) in 
control and TNFα-treated neurons (ω-Conotoxin GVIA, n =13; nifedipine, n = 9). *P<0.05 versus 
untreated controls, unpaired Student’s t-test. 
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4.3 TNFα did not alter voltage-dependent gating properties of VGCC 

VGCC can be modulated by short term effects on channel gating and by longer 

term effects on channel transcription and insertion in the membrane.  To determine 

whether the presence of TNFα changed the voltage-dependence of activation or 

inactivation of ICa, voltage clamp protocols were utilized as described (see Chapter 2).  

The voltage-dependence of inactivation and activation appeared unchanged following 

incubation in TNFα (Figure 16). These results suggest that the reduction of ICa caused by 

TNFα is not associated with altered channel gating.  We also examined whether direct 

interaction of βγ subunits of G-protein coupled receptors might account for the reduction 

of ICa following incubation in TNFα.  It has previously been shown that inhibition of N-

type Ca2+ channels by βγ subunits of G-protein-coupled receptors can be transiently 

reversed following large membrane depolarizations (Zamponi & Snutch, 1998a).  We 

performed these experiments in control neurons and TNFα-treated neurons. A step to 

+150 mV for 150 ms prior to a test pulse to zero mV caused a 17.2 ± 0.05 % (n = 10 

neurons) increase in ICa in control neurons and an 18.6 ± 0.06 % (n = 8 neurons) increase 

in TNFα-treated neurons (p = 0.76, Mann-Whitney test), suggesting that G-protein βγ 

subunit association with N-type channel alpha subunits (Cav2.2) did not increase 

following incubation in TNFα and thus is unlikely to account for the decrease in ICa 

caused by TNFα (Figure 17). 
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Figure 16. Voltage-dependence of activation and inactivation of ICa is not altered by TNFα. 

A, Mean normalized conductances was fitted to a Boltzmann function. Steady-state inactivation 
of ICa in control neurons (n = 10) and TNFα-treated neurons (n= 12). The V0.5 was -72.6 ± 0.8 and 
-70 ± 2.1 mV in control and TNFα-treated neurons respectively. The slope factor was -17.1 ± 0.7 
and -18.4 ± 1.4 in control and TNFα treated neurons respectively. B, Voltage-dependent 
activation curves for control neurons (n = 14) and 1 nM TNFα-treated neurons (n = 9). The V0.5 
was -20.9 ± 0.6 and -20.8 ± 1.3 mV in control and TNFα-treated neurons respectively. The slope 
factor was 3.9 ± 0.6 and 5.1 ± 1.3 in control and TNFα-treated neurons respectively. 
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Figure 17. TNFα did not alter G-protein mediated inhibition of VGCC in SMG neurons. 

The percent increase in ICa following 150 ms prestep (+150 mV) did not significantly differ in the 
TNFα treated neurons compared to control neurons.  
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4.4 TNFα incubation did not alter cell viability 

The significant reduction in Ca2+ current caused by TNFα could be caused by a 

non-specific effect resulting in an overall change in the viability of the neurons 

themselves.  To exclude this possibility we examined whether TNFα initiated cell death 

by determining the proportion of cells that excluded trypan blue, and hence were still 

viable. Following TNFα incubation 79.3 ± 2.1 % of control neurons were viable whereas 

77.7 ± 0.8 % of TNFα-treated neurons were viable (n = 5 coverslips each; P = 0.69, 

Mann-Whitney test), indicating that TNFα did not affect the viability of SMG neurons 

(Figure 18). In addition, current clamp recordings of both control and TNFα treated 

neurons revealed no effects of overnight TNFα incubation on neuronal action potentials 

and resting membrane potentials (data not shown). 

4.5 SC514 inhibited the effect of TNFα on ICa 

 TNFR1 activation mediates the effects of soluble TNFα on a variety of cell types 

via downstream intracellular signaling pathways, including effects on gene transcription 

due to NF-κB activation and nuclear translocation (Baud & Karin, 2001).  We utilized 

SC514, a selective inhibitor of IKK-2, to investigate whether the decrease in ICa caused 

by TNFα was dependent on NF-κB signaling.  Incubation of neurons in 20 µM SC514 

two hours prior to and during incubation in TNFα blocked the reduction in ICa caused by 

TNFα incubation (Figure 19A). Current amplitude at 0 mV was significantly (P = 0.005) 

larger in control neurons (68 +/-3 pA/pF) compared to the TNFα treated group (32+/- 6 

pA/pF). Importantly, ICa in neurons pretreated with SC514 was indistinguishable from  
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Figure 18. TNFα did not alter cell viability as assessed by the Typan Blue exclusion assay.  
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Figure 19. SC 514 blocked the inhibition of ICa by TNFα. 
A, Sample recordings of ICa from a control neuron, a TNFα-treated neuron and TNFα-treated 
neuron that was pretreated with 20 μM SC 514. B, Peak ICa amplitude at 0 mV in untreated 
controls (n = 20), SC 514 treated controls (n= 11), TNFα-treated neurons (n = 10), and SC 514-
pretreated neurons that subsequently were exposed to SC 514 and TNFα overnight (n = 16). 
*P<0.05, one way ANOVA with Bonferroni’s post hoc test. 
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controls and significantly (59+/- 4 pA/pF; P = 0.0369) larger than currents in the TNFα-

treated group (Figure 19B). These data identify an essential role for NF-κB signaling in 

the reduction of ICa by TNF. 

4.6 TNFα caused a decrease in depolarization-induced Ca2+ influx of SMG neurons 

 Intracellular Ca2+ imaging with Fura 2 AM was used to further study the effect of 

TNFα on voltage-dependent Ca2+ entry into SMG neurons. Baseline 340:380 ratios, an 

estimate of resting intracellular [Ca2+], did not differ between control and TNFα-treated 

neurons (Control 340:380 = 0.5686; TNFα = 0.5318; n=64 for both groups; P = 0.13, 

Mann-Whitney test).  Control neurons had significantly larger changes in 340:380 ratio in 

response to raised extracellular [K+] (60.4+/- 4.1 %) compared to TNFα-treated neurons 

(22.3+/- 2.7 %; Figure 20B; P < 0.001, Mann-Whitney test). Pretreatment with 20 µM 

SC514 prevented the reduction in Ca2+ signal caused by TNFα incubation (54.1 +/- 6 %; 

P < 0.001, Mann-Whitney test). We also utilized another NF-κB inhibitor known as Bay 

11 7082, an irreversible inhibitor of cytokine-inducible IκBα phosphorylation. 

Preincubation with Bay 11 7082 prior to incubation with TNFα significantly reversed the 

reduction in stimulated Ca2+ transients observed in the TNFα treated neurons (Figure 

20B) (54.6 +/- 2.9 %, P<0.0001, Mann-Whitney test). These data support our 

electrophysiological findings and suggest that incubation in TNFα leads to NF-κB-

mediated reduction in Ca2+ entry into SMG neurons via VGCC in the presence of TNFα.  

To further investigate which of the different signaling pathways initiated by TNFα 

were also contributing to the decrease in voltage-dependent Ca2+ transients we pre-treated  
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Figure 20. Role of NF-κB, and p38 MAPK in reduction of Ca2+ influx caused by TNFα. 

SC 514, PD 169316, and Bay 11 7082 block the reduction in depolarization-induced Ca2+ 
transients in response to TNFα. A, Representative Ca2+ imaging recording of an isolated SMG 
neuron displaying a peak response following superfusion with a high K+ saline. B, Percentage 
changes in f340:380 during high K+ depolarization in control (n = 109), TNFα-treated neurons (n 
= 94), neurons pretreated with SC 514 then TNFα (n = 24), neurons pretreated with PD 169316 
then TNFα (n=132) and neurons pretreated with Bay 11 7082 then TNFα (n=84). (*= 
significantly different from control group, ##= significantly different from TNFα treatment group. 
Significance at P- value < 0.05, Mann-Whitney test). 
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the neurons in another inhibitor that acts at the MAPK stimulated signaling pathway. 

Preincubation with PD 169316, a selective inhibitor of p38 MAPK did show some 

recovery in Ca2+ transient following TNFα treatment when compared to the TNFα 

treatment group (Figure 20B) (31.6 +/- 1.7 %, P<0.0001, Mann-Whitney test). These data 

suggest that the reduction in voltage-dependent entry of Ca2+ caused by TNFα 

stimulation is dependent on both the NF-κB pathway and activation of p38 MAPK. 

4.7 TNFα did not alter N-type channel mRNA expression 

RT-PCR revealed the presence of mRNA encoding both TNF receptor isoforms 

(TNFR1 and 2) in the SMG neurons (Figure 21A). However, since the inhibition of N-

type current is sensitive to NK-κB and MAPK antagonists, this suggests that TNFR1 

mediates the effect of TNFα on VGCC.  We semi-quantitatively measured mRNA 

encoding the alpha subunit of N-type VGCC, CaV 2.2, and found no effect of overnight 

incubation on its expression, suggesting that TNFα decreases N-type current without 

effects of CaV2.2 gene transcription of mRNA stability (Figure 21B, C). 
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Figure 21. TNFα did not change CaV 2.2 mRNA level. 
A, RT-PCR for TNFR1 and TNFR2 in control neurons (taken after 35 cycles). B, RT-PCR for 
CaV2.2 and GAPDH in neurons incubated overnight in control medium or medium containing 
TNFα. RNA was pooled from dissociated cells from two ganglia for each treatment. C, Summary 
data comparing the densitometry analysis of the ratio of CaV2.2 to GAPDH. TNFα had no effect 
on CaV2.2 mRNA levels. 
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Chapter 5 Discussion 

 Inflammatory bowel disease is associated with a range of alterations in gut 

functions such as motility, absorption and secretion, all of which may result in symptoms 

including diarrhea, bloating, abdominal pain and nausea (Hendrickson et al., 2002). The 

pathophysiological mechanisms contributing to this wide range of symptoms are not 

completely understood. The aim of the present study was to investigate the effects of 

inflammation on the VGCC present in sympathetic neurons and the resultant effect on 

NA release in the colon. Our results suggest that colitis and the inflammatory cytokine 

TNFα selectively inhibit N-type Ca2+ channels in SMG neurons. DSS-induced colitis also 

caused a reduction in stimulated NA release from both inflamed and non-inflamed 

regions of the GI tract. 

5.1 VGCC of SMG neurons 

The entry of external Ca2+ into neurons is a critical regulator of the initiation of 

NT release (Jackson & Cunnane, 2001). It was important in our studies to quantify the 

contribution of the various subtypes of VGCC to the Ca2+ current in SMG neurons. 

Through the use of electrophysiological techniques and specific VGCC inhibitors we 

were able to determine that the main VGCC present on the somatic membrane of SMG 

neurons were N- and L-type channels. The majority of the elicited current was blocked 

by ω-Conotoxin GVIA (N-type channel blocker) while the remainder of the current was 

blocked by nifedipine (L-type channel blocker). It is important to note that the P/Q-type 

channel did not seem to contribute to ICa, as ω-Conotoxin MVIIC (N and P/Q- type 
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channel blocker) blocked the same proportion of ICa as the N-type blocker alone. These 

findings are important in that they reflect previous work indicating that the release of 

neurotransmitters from sympathetic nerve terminals in the viscera is dependent on N-type 

channels and can be inhibited by ω-Conotoxin GVIA (Waterman, 1997; Serone & Angus, 

1999; Morris et al., 2004).  

5.2 DSS-induced colitis causes a decrease in N-type ICa 

Given that N-type Ca2+ channels are critical in neurotransmitter release from 

sympathetic neurons, one of the most significant findings of this study is that DSS-

induced colitis selectively reduced the Ca2+ current provided by these channels (i.e. 

significantly reduced the ω-Conotoxin GVIA sensitive current). Also of importance was 

the fact that the contribution of L-type channels remained unchanged in the DSS group. 

Taken together, these data show a directed effect of DSS inflammation towards the N-

type channels while the L-type channels remain unchanged. These findings are important 

in that they highlight a contributing factor in the altered sympathetic neurotransmitter 

release observed in states of inflammation, as N-type Ca2+ channels are significant in 

regulating this function. Interestingly, previous studies investigating the changes in Ca2+ 

currents caused by experimental colitis in rat smooth muscle cells have also shown a 

specific reduction in a VGCC, in this case the L-type channels (Kinoshita et al., 2003). 
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5.3 Mechanism of VGCC inhibition by colitis 

A change in the amount of current contributed by a VGCC can arise from a 

number of factors. VGCC are modulated and regulated by different auxiliary subunits 

and G-proteins that contribute to the voltage gating properties of these channels 

(Zamponi & Snutch, 1998b). In order to investigate whether the reduction in Ca2+ current 

observed in the DSS neurons was due to a change in the gating properties of the channels 

we utilized specific voltage protocols. There was no significant change in the voltage 

dependence of inactivation of the Ca2+ currents between the treatment group and the 

control neurons. However, when we investigated the voltage dependence of activation 

there was a rightward shift in DSS neurons. In terms of membrane potential this shift 

translates into a larger depolarizing stimulus that is required to activate the VGCC of 

DSS neurons as opposed to control neurons. The significance of the rightward shift of the 

activation curves of DSS neurons is that less Ca2+ will enter neurons during 

depolarizations associated with action potentials. This evidence along with the overall 

reduction in Ca2+ current seen in the treated neurons suggests a reduction in the 

intracellular concentration of Ca2+ during depolarizations in SMG neurons during colitis. 

This reduction in internal Ca2+ during normal stimulating settings could translate into an 

alteration in sympathetic neurotransmitter release and may be a contributing factor to the 

documented findings of reduced release from the colons of inflamed animals (Swain et 

al., 1991; Jacobson et al., 1995; Blandizzi et al., 2003). 
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 Aside from having an effect on the gating properties of specific channels any 

changes in Ca2+ currents could also be related to a change in transcription of the genes 

related to the channels. The pore-forming α1 subunits are important in determining 

specific properties of the channels as they are the subunits that are involved in gating 

regulation and pharmacological sensitivities of the respective channels (Lacinova, 2005; 

Catterall et al., 2005). In order to investigate whether the changes in the reduction to N-

type Ca2+ currents during DSS-induced colitis were related to changes in gene 

transcription we performed RT-PCR on the α1 subunit specific to the N-type channel 

(CaV 2.2). In accordance with the electrophysiological data there was a reduction in the 

CaV 2.2 PCR product (N-type channel) amplified from the SMG of the DSS colitis group 

as compared to control.  

Taken together these results suggest a variety of effects caused by DSS-induced 

colitis on the Ca2+ currents of the sympathetic neurons. The electrophysiological data 

suggests a change to the gating properties of the existing channels while the RT-PCR data 

indicate a change in the transcription of the N-type channel. The evidence showing that 

there are changes to the functional and transcriptional properties of the Ca2+ channels 

during colitis indicates that there may be different factors that are exerting their 

respective effects on the channels and this may be reflected in the cocktail of cytokines 

that are elevated during colitis and are in contact with the SMG neurons. 
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5.4 Colitis reduced noradrenaline release from the colon 

 Over the years a number of studies have depicted a decrease in the release of 

sympathetic neurotransmitters from the tissue of inflamed animals (Swain et al., 1991; 

Jacobson et al., 1995; Blandizzi et al., 2003). These findings may be linked to a reduction 

in the Ca2+ currents of sympathetic neurons during states of inflammation as seen in this 

study. In order to examine this possibility we measured the release of tritium-labeled NA 

from colonic segments of both DSS treated and control animals. In accordance with other 

studies DSS-induced colitis significantly reduced the stimulated release of labeled NA 

from tissue samples. These data are important as they provide functional relevance to the 

reductions seen in the voltage-gated Ca2+ currents of SMG neurons. The SMG has been 

shown to innervate the lower small intestine and the upper large intestine (Miolan & Niel, 

1996; Szurszewski et al., 2002).  The ability of SMG neurons to properly release 

sympathetic neurotransmitters such as NA is vital in regulating the functions of the GI 

tract. To further establish that the changes in VGCC observed at the cell bodies of SMG 

neurons were also affecting the nerve terminals we measured the release of NA from 

colon samples in the presence of ω-Conotoxin GVIA. Interestingly, the results from these 

experiments paralleled other studies indicating that NT release from the tissue samples is 

mediated through N-type Ca2+ channels as the majority of release was inhibited in the 

presence of ω-Conotoxin GVIA (Waterman, 1997; Serone & Angus, 1999; Morris et al., 

2004). It is important to note that these findings are the first using colonic tissue samples 

from mice. The fact that the release from colon samples of control animals was inhibited 
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more by ω-Conotoxin GVIA compared to release from DSS colitis animals reveals a 

reduction in the role of N-type VGCC in regulating NT during inflammation. These 

results provide a strong association between the changes seen in SMG neurons at an 

electrophysiological level and a related change in NT release function.  

Other than the colon, the SMG innervates other regions of the GI tract such as the 

small intestine. In order to investigate whether the changes in NT release observed at the 

site of inflammation were reflected in other regions of the GI tract we measured NA 

release from the jejunum. A common factor between the jejunum and the colon is the 

sympathetic innervation of both areas. These release studies revealed a well documented 

phenomenon where the reduction in NT release of inflamed tissue was paralleled in non-

inflamed tissue (Jacobson et al., 1995; Blandizzi et al., 2003). These results indicate that 

the changes in NT release at sites distant to the area of inflammation (i.e. the jejunum) 

might be the result of systemic effects elicited by such factors as inflammatory mediators 

that may originate in the areas of inflammation.     

For the first time our data provide strong evidence for changes in VGCC during 

colitis and provide a possible mechanism of the reduction in sympathetic NT release 

during inflammation. This reduction in NT release caused by a decrease in N-type Ca2+ 

channels may be related to the functional changes evident during IBD. As mentioned, the 

changes observed during colitis may be the result of circulating inflammatory cytokines 

such as TNFα. This is important as SMG neurons are in constant contact with circulating 

macromolecules and may be affected by their elevated levels during inflammation. 
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5.5 The effects of TNFα on VGCC of SMG 

After establishing the effects of DSS colitis on the VGCC of SMG neurons we 

focused our attention on the cytokines that are associated with IBD. The SMG is a 

prevertebral ganglion that receives its blood supply via a fenestrated capillary system 

(Szurszewski and Miller, 1994). This structural characteristic means that the SMG is 

continually exposed to various circulating macromolecules. During inflammation there is 

a series of responses that are elicited including the production of various inflammatory 

cytokines (Ince & Elliott, 2007). TNFα has been shown to be one of the more prominent 

and highly elevated of these cytokines during IBD (Sands & Kaplan, 2007). Evidence 

supporting TNFα as a major player in inflammation is found in the current treatments of a 

number of related diseases with specific antibodies for the cytokine. Over the years 

studies have produced favorable results when utilizing Infliximab, a monoclonal antibody 

against TNFα, in the treatment of chronic inflammatory diseases such as Crohn’s disease 

and rheumatoid arthritis (Sandborn & Hanauer, 1999; Lipsky et al., 2000; Sands & 

Kaplan, 2007) 

As mentioned earlier, the levels of TNFα are elevated at the site of inflammation 

and in the circulation during inflammatory diseases including IBD and rheumatoid 

arthritis (Komatsu et al., 2001; Edrees et al., 2005). Building on our previous results and 

the notion of elevated cytokines during IBD we hypothesized that TNFα could be one of 

the factors inhibiting VGCC of SMG neurons during colitis. The increase in TNFα levels 

during IBD is a chronic phenomenon. For this reason we incubated SMG neurons 



 

 

 

74

overnight in order to mimic the chronic state associated with IBD. Also it was important 

to decide on a concentration of TNFα that is consistent with the increase in levels 

reported in the circulation during inflammation. Choosing a level reported from 

measurements taken from the site of inflammation such as the colon would not reflect the 

concentrations that the SMG would be exposed to in vivo during inflammation.  

 TNFα incubation caused a significant decrease in the overall ICa of SMG neurons. 

Interestingly this reduction paralleled the reduction caused by DSS-induced colitis. 

Furthermore, the reduction in current was limited to the N-type channel as reported in the 

DSS-induced colitis model. These data taken together suggest that TNFα causes an N-

type specific reduction in ICa. Upon further investigation however, we determined that the 

mechanism by which this reduction occurred was different in the two experimental 

settings. As opposed to the rightward shift in activation curve displayed in the DSS 

neurons, neurons incubated with TNFα did not exhibit a similar change in activation 

characteristics. Building on these findings we began to further investigate the 

mechanisms by which the TNFα caused the observed reduction in ICa. Specifically, we 

investigated any possible changes in the regulation of VGCC during TNFα incubation. 

As mentioned earlier, VGCC can be regulated by a range of G-proteins and related 

auxiliary subunits. The interactions with these proteins have been shown to regulate the 

gating properties of the channels (Tedford & Zamponi, 2006). In particular a group of 

these related proteins has been shown to exert an inhibitory effect on the gating of 

VGCC. The Gβγ subunit has been shown to have a voltage dependent inhibitory 
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association with VGCC specifically with N-type channels (Zamponi & Snutch, 1998a). 

The fact that the interaction is voltage dependent has allowed researchers to study this 

relationship by utilizing a simple voltage step protocol where the neuron being studied is 

subjected to a strong depolarizing step (i.e. 150 mV) that will disrupt the interaction 

between the channel and the protein. Under these conditions stimulated ICa can be 

compared in terms of its amplitude in the absence and presence of the depolarizing step. 

The increase in current following the pre-pulse is an indication of the inhibitory effect the 

regulating G-protein has on the VGCC. Interestingly the TNFα treated neurons showed 

no difference with regard to this relationship when compared to control neurons. This 

suggested that the observed effects caused by TNFα were not due to a change in Gβγ 

signaling and may be the result of other factors. 

5.6 TNFα inhibits N-type VGCC via NF-κB and MAPK pathways 

 One of the more common mechanisms of TNFα signaling is initiated with the 

interaction of the cytokine with its cognate receptor TNFR1 (Grell, 1995; Rojas-

Cartagena et al., 2005). This receptor has been shown to interact with the soluble form of 

TNFα which is the form used in the present studies. Following contact with its receptor 

TNFα can initiate a range of intracellular signaling pathways that lead to changes in 

cellular function including proliferation, gene transcription, apoptosis and the production 

of other cytokines depending on which pathway is activated (Chen & Goeddel, 2002; 

Wajant et al., 2003). Of these various signaling mechanisms the NF-κB dependent 

pathway is one of the better understood. In unstimulated cells NF-κB is maintained in an 
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inactive state by inhibitory IκB proteins. Following cytokine stimulation, such as by 

TNFα, IκB proteins are phosphorylated by the IκB kinase (IKK) which leads to the 

proteins eventual degradation. Following the removal of IκB, NF-κB is now in its 

activated state where it is free to translocate to the nucleus and exert its various effects on 

gene transcription (Scheidereit, 2006). To investigate the role of the NF-κB pathway on 

the reduction of ICa following TNFα incubation we used two inhibitors of the pathway, 

SC 514 and Bay 11 7082. Preincubation with either of the inhibitors recovered the 

reduction in ICa caused by TNFα indicating the importance of NF-κB signaling on the 

observed changes in VGCC. 

Aside from the activation of the NF-κB pathway, TNFα is also known to initiate 

MAPK pathways which have shown potential as targets to treat inflammation (Lee et al., 

2000). It is interesting to note that pre-incubation with the p38 MAPK inhibitor PD 

169316 could also rescue some of the reduction in ICa caused by TNFα, but not to the 

same level as inhibiting the NF-κB pathway. This suggests that the mechanism in which 

TNFα exerts its effects on the ICa is dependent on both the NF-κB and p38 MAPK 

pathways.  

5.7 Effect of TNFα on N-type VGCC mRNA levels 

With the findings suggesting that changes in ICa during TNFα incubation was 

dependent on the NF-κB pathway and the role of the p65 subunit of NF-κB as a potent 

transcription factor we performed RT-PCR experiments to detect mRNA of the gene 

encoding the alpha subunit of N-type VGCC (CaV2.2).  Unlike the decrease in mRNA 
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we observed in the neurons from DSS treated mice we found no evidence of effects on 

CaV2.2 mRNA levels following TNFα incubation. A possible mechanism for the 

observed changes may be related to changes in expression of genes encoding other 

proteins that control Ca2+ channel trafficking and function, such as auxiliary subunits, 

syntaxin and CASK (Catterall et al., 2006; Jarvis & Zamponi, 2007). Further studies are 

necessary to fully understand the mechanism by which TNFα causes a decrease in N-type 

VGCC. 

5.8 Comparing DSS-induced colitis and TNFα 

It is interesting to compare the effects on SMG neurons caused by TNFα and 

DSS-induced colitis. SMG neurons incubated in TNFα similarly reduced N-type Ca2+ 

channels but did not affect any of the voltage-dependent properties of the channels or the 

RT-PCR signals of the N-type channel as compared to DSS-induced colitis. Although 

TNFα is an important cytokine that is significantly increased during states of 

inflammation it is not the only one as data suggest cytokines such as IL-1β and IL-6 are 

also elevated (Komatsu et al., 2001; Raddatz et al., 2005). The differences in results may 

also be attributed to the timeline in which certain cytokines are expressed during 

inflammation. Our experiments involving the incubation of neurons in soluble TNFα may 

mimic one aspect of the inflammatory response but there are a number of other factors 

that must be considered. TNFα is one of the more predominant cytokines expressed early 

on during an inflammatory response (Rojas-Cartagena et al., 2005), but the progression 

and development of the resulting cytokine cascade is not well understood. The neurons 
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studied from the animal model of colitis are exposed to a variety of other cytokines at 

varying time-points and thus may have a number of factors contributing to the decreased 

ICa. Another finding that revealed a distinction between the two experimental settings was 

found when trying to determine the contribution of the NF-κB pathway on VGCC during 

colitis. In contrast to TNFα incubated neurons, DSS neurons treated with SC 514 did not 

recover the reduction in ICa (data not shown). These findings suggest that the effect 

observed in DSS neurons cannot be reversed by shutting down the NF-κB pathway.  

Therefore, although SMG neurons are in contact with elevated levels of TNFα 

during inflammation there are a number of other inflammatory mediators that are also in 

contact with the neurons and are possibly affecting the Ca2+ channels. While the 

reduction in ICa is similar between the experimental states the differences in the 

mechanism by which these effects are taking place may be a result of the complex 

inflammatory responses that occur during colitis. 

It is possible that reduced Ca2+ currents caused by both DSS-induced colitis and 

TNFα incubation could be a result of an unhealthy state or dying off of the neurons. To 

account for this factor we examined a number of viability characteristics and found no 

such evidence for the notion that that neurons were dying as a result of experimental 

conditions. It is important to note that these findings are in accordance with other studies 

that report an equal density of nerve terminal endings in the colons of both inflamed and 

non-inflamed animals (Lomax et al., 2006; Lomax et al., 2007). In addition, our lab has 

compared current clamp data for the resting membrane potential and action potential 
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firing of both DSS neurons and neurons incubated in TNFα and showed no difference 

when compared to control neurons (unpublished results). These findings support the 

notion that the changes in SMG neurons observed during inflammation are specific 

events and not just due to an overall unhealthiness or dying off of the neurons. 

5.9 Further studies 

 As a result of the interesting findings of these studies there a number of 

investigative pathways that could be explored. One potential avenue would be to further 

explore the role of the NF-κB signaling pathway and its effects on SMG neurons during 

experimental colitis. The experiments demonstrating that TNFα causes changes in VGCC 

through the NF-κB pathway make this a very interesting target to study during the 

progression and development of inflammation. This study could incorporate a treatment 

regimen that included the specific NF-κB pathway inhibitor SC 514 during the onset of 

chemically induced colitis. However, this study may have a potential drawback as the 

induction of this pathway is utilized by a number of cytokines to exert their respective 

changes to different cell-types and blockade of this pathway may disrupt development of 

the inflammation itself. Another important study would be to measure the NT release 

from cultured neurons in the presence of TNFα (Gobel et al., 2000). This study would be 

beneficial as it would provide a measure as to how much the changes that were observed 

in the cell bodies of SMG neurons in terms of the reduction in VGCC would translate to 

the nerve terminal endings and how these changes would alter NT release. This study 

would build on the findings of the reduced NT release from the colons of DSS mice but 



 

 

 

80

instead look at the release from isolated nerve terminal endings and the changes caused 

by TNFα incubation. To support these studies using cultured SMG neurons it would be 

interesting to utilize immunohistochemcial techniques in order to measure the changes in 

expression of calcium channel subtypes after TNFα incubation or DSS-induced colitis at 

both the cell body and nerve terminal endings (Kisilevsky et al., 2008). These findings 

could provide valuable information as to whether the reduction in current after 

inflammation could be due to changes in the expression levels of the specific channels.  

5.10 Potential Significance   

 The present study reveals that inhibition of VGCC by TNFα and DSS-induced 

colitis appears to selectively target N-type channels. This study is also the first to 

document the role of NF-κB signaling on these channels. Furthermore, the release studies 

using colon tissue from inflamed animals provide evidence that the inhibition of N-type 

channels at the cell bodies also occurs in sympathetic nerve terminals as indicated by the 

reduction in release of NA. The release of other important sympathetic neurotransmitters 

that may be influenced include ATP and neuropeptide Y. These data also support 

evidence from other studies reporting decreased NT release during states of inflammation 

(Jacobson et al., 1995; Blandizzi et al., 2003). This specific effect on VGCC of SMG 

neurons may be one of the factors involved in the decreased sympathetic regulation of the 

GI tract during inflammation and may contribute to the characteristic symptoms of the 

disease. 
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