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Abstract 

The superior mesenteric ganglion (SMG) provides sympathetic input to areas of the small 

intestine, colon, spleen, and mesenteric lymph nodes.  Interactions between the nervous and 

immune systems in the SMG influence sympathetic regulation of gastrointestinal (GI) and 

immune function.  Previous work in our laboratory has demonstrated changes in SMG neuron 

activity resulting from exposure to inflammatory mediators such as tumour necrosis factor α 

(TNFα).  The current project focused on interactions between mast cells and sympathetic neurons. 

Mast cells within the SMG release mediators, including histamine, that can act on neurons and 

alter their activity.  We tested the hypothesis that histamine influences signaling in SMG neurons 

by inhibiting ���� influx during cell depolarization using immunohistochemistry and ���� 

imaging.   

Immunohistochemistry revealed H3R on the majority of tyrosine hydroxylase-positive 

sympathetic neurons in the ganglia.  Dissociated neurons were incubated in the ratiometric 

fluorescent ���� indicator dye Fura-2 acetoxymethyl ester, then superfused with extracellular 

solution containing histamine receptor agonists (histamine, HTMT, imetit) and antagonists 

(thioperamide) before being depolarized with a high �� solution (70 mM).  Application of both 

histamine (10 µM) and and the H3 receptor agonist imetit (100 nM) caused a decrease in 

depolarization-induced ���� influx.  However, the inhibition of ����  influx became smaller as 

the concentration of histamine was increased (100 µM, 1 mM) until the inhibition was no longer 

statistically significant.  Application of H3R antagonist thioperamine (300nM) reversed the 

inhibition of ���� influx caused by histamine (10 µM).  Application of H1R & H2R agonist 

histamine trifluoromethyl toluidide (HTMT) (10 µM) caused an increase in ���� influx during 

depolarization.  We conclude that activation of H3R decreases ���� influx through voltage-gated 
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���� channels, while activation of H1R / H2R increases ���� influx.  H3R has a higher affinity 

for histamine, and therefore is preferentially activated at lower concentrations.  Increases in 

histamine receptor activation may alter SMG input to the spleen, mesenteric lymph nodes, small 

intestine, and colon, resulting in changes in immune and gut function, such as those described in 

irritable bowel syndrome. 
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Chapter 1 

Introduction 

Interactions between the nervous and immune systems in both health and disease 

states have been well documented.  A number of disorders, such as Multiple Sclerosis 

and Guillain–Barré Syndrome, result from dysfunctional immune influence on the 

nervous system.   Researchers have also shown that the nervous system can modulate 

immune function as well, indicating the existence of a reciprocal relationship between the 

two systems.    

1.1 The Sympathetic Nervous System 

The sympathetic nervous system (SNS) is one of the three branches that together 

comprise the autonomic nervous system (ANS) (Kandel et al., 2000).  The SNS regulates 

a number of biological processes, including secretion from the salivary, sweat, and 

endocrine glands, heart rate, blood vessel constriction, smooth muscle contraction, and 

pupil and bronchiole dilation (Kandel et al., 2000; Pinel, 2006).  Postganglionic 

sympathetic neurons receive input from preganglionic neurons that have cell bodies 

within the thoracolumbar spinal cord and release acetylcholine as their primary 

neurotransmitter (Miolan & Niel, 1996).  One series of sympathetic ganglia is the 

prevertebral ganglia which consist of the celiac, superior mesenteric and inferior 

mesenteric ganglia (Kuntz, 1936; Kandel et al., 2000).  The prevertebral ganglia are 

found in close proximity to the abdominal aorta, and project to the gastrointestinal (GI) 
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tract and its accessory organs, including the pancreas, kidneys, liver (Kandel et al., 2000), 

gut-associated lymphoid tissue and the spleen (Boisse et al., 2009).  Postganglionic 

sympathetic neurons influence physiological activity using norepinephrine as their 

primary neurotransmitter, but have also been observed to release ATP and neuropeptide 

Y (Miolan & Niel, 1996; Lomax et al., 2010).   

1.2 The Superior Mesenteric Ganglion   

 The superior mesenteric ganglion (SMG) is one of the prevertebral ganglia, 

responsible for regulation of biological processes in the small intestine, colon, mesenteric 

lymph nodes and spleen (Miolan & Niel, 1996; Miller et al., 1996; Lomax et al., 2010). 

The SMG serves as a centre for information amalgamation, gathering input from the 

CNS, intestinofugal neurons that project axons from the wall of the gut, the celiac and 

inferior mesenteric ganglia (Szurszewski, 1981; Boisse et al., 2009), and the axon 

collaterals of spinal afferent neurons (Boisse et al., 2009).   Input from these projections 

contributes to the output of the SMG and the resulting effects on gut and immune 

function (Szurszewski, 1981; Miolan & Niel, 1996).   

The SMG may also be influenced by cytokines present in the circulatory system.  

Larger blood vessels within the ganglia have a continuous endothelium, therefore 

substances pass to and from neurons in the ganglia through smaller fenestrated capillaries 

(Miolan & Niel, 1996).  Fenestrated capillaries allow the possibility for large 

macromolecules, including cytokines, circulating to the bloodstream to reach the neurons 
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in the ganglion, implying that SMG neurons can be affected by systemic inflammatory 

conditions.  

1.3 SMG Innervation 

As previously mentioned, axons from the SMG project to portions of the GI tract, 

and exert effects on a number of different physiological activities (Lomax et al., 2010).  

In addition to influencing neuronal populations within the GI tract responsible for 

secretion and motility, research has indicated a role in immune system regulation within 

Peyer’s patches (Vulchanova et al., 2007).  Examination of both human and porcine 

small intestine sections through confocal microscopy has found sympathetic varicosities 

in close proximity to follicles, which contain B lymphocyte germinal centres, in Peyer’s 

patches (Vulchanova et al., 2007).  An earlier study observed tyrosine hydroxylase 

immunoreactive axonal fibres near Peyer’s patches of the small intestines of pigs 

(Kulkarni-Narla et al., 1999).   A review by Koboziev et al. (2010) describes the pathway 

taken by antigens in the intestinal lumen.  Antigens gain access to the Peyer’s Patch 

through M cells, after which they are endocytosed by dendritic cells in the subepithelial 

dome (Koboziev et al., 2010).  At this point, antigen-presenting dendritic cells can either 

prime T cells within the Peyer’s patch, or travel through afferent lymphatic vessels to the 

mesenteric lymph nodes, where naïve T cells will interact with the antigen-presenting 

dendritic cell, causing them to become effector T cells (Koboziev et al., 2010).  Effector 

T cells can produce inflammatory cytokines such as interferon γ, IL-1β, IL-12, 1L-17, 

and tumor necrosis factor α (TNFα) (Koboziev et al., 2010).  These findings led 
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investigators to speculate that sympathetic innervation can influence immune activity in 

Peyer’s patches, which can, in turn, influence the activation of effector T cells and the 

release of cytokines.   

Within the spleen, input from the celiac, superior mesenteric, and the lower 

thoracic sympathetic chain ganglia provide sympathetic innervation through the splenic 

nerve (Nance & Burns, 1989).  Sympathetic fibres can be found surrounding the central 

artery and projecting into the white pulp of the spleen, where they are in close proximity 

to T and B lymphocytes (Williams & Felten, 1981; Felten et al., 1985; Felten et al., 

1987).  Little or no sympathetic innervation has been detected in the red pulp of the 

spleen, an area rich in red blood cells (Williams & Felten, 1981; Felten et al., 1985; 

Felten et al., 1987).  Sympathetic innervation in the spleen relies on volume transmission 

of neurotransmitters from varicosities in the axons, but very few direct synaptic 

connections between neurons and immune cells have been observed (Felten et al., 1985).   

In addition to providing sympathetic innervation to the Peyer’s patches and 

spleen, the SMG also projects axons to mesenteric lymph nodes, where norepinephrine 

can be released (Felten et al., 1984).  Sympathetic axons enter mesenteric lymph nodes 

through the hilus, and then follow blood vessels into T-lymphocyte rich areas in the 

paracortical and cortical regions (Felten et al., 1985).  Loss of sympathetic innervation to 

lymph nodes results in a decrease in the immunoglobulin M response to an immune 

challenge (Felten et al., 1984).  These studies show that projections from prevertebral 

ganglia are important in regulation of immune function in the spleen, mesenteric lymph 



 

5 

 

nodes, and Peyer’s Patches.  Loss of sympathetic innervation may alter the immune 

system’s ability to respond to challenges (Besedovsky et al., 1979; Felten et al., 1984).   

1.4 Cell types in the SMG 

In addition to neurons, many cell types are contained within the SMG.  Another 

cell type present in the SMG is glial cells, some of which are satellite cells that are found 

tightly wrapped around neurons within the ganglia (Miolan & Niel, 1996; Hanani et al., 

2010; Marcel et al., 2011).  Immune cells are also present within the ganglia.  Mast cells 

have been observed in the SMG, using transmission electron microscopy, staining with 

toluidine blue (Miller et al., 1996) and immunohistochemical staining (Happola et al., 

1985).  Observations of fibroblasts and eosinophils in the SMG have also been reported 

(Miller et al., 1996).  Chromaffin cells containing histamine are located in the SMG, 

either in groups near capillaries, or spread throughout the ganglion (Happola et al., 1985; 

Karhula et al., 1990; Miolan & Niel, 1996).  Compared to mast cells, chromaffin cells are 

much smaller and do not contain the cytoplasmic granules characteristic of mast cells 

(Happola et al., 1985).  Altogether, the SMG contains a diverse collection of cells that 

provide support and information to the neurons, allowing them to communicate with the 

CNS and the periphery.      

1.5 Interaction between Nervous and Immune Systems During Inflammation  

 In addition to being affected by immune activity, the nervous system can 

influence immune functioning.  An interesting study showed that depression, induced by 

either behavioural or chemical means, can result in decreased vagal inhibition of 
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macrophage activity during experimentally induced inflammatory bowel disease in mice 

(Ghia et al., 2008).  This significantly increased the severity of the inflammation, 

providing an excellent example of the nervous system mediating immune response 

(Swain et al., 1991). 

SMG neurons respond to a variety of neurotransmitters and neuromodulators.  In 

disease states, including inflammation, neuronal function can be chronically altered.  A 

recent clinical example is the finding that colitis patients have increased sympathetic 

activity, as evidenced by an analysis of heart rate variability (Ganguli et al., 2007).  

Another example is the study conducted by Swain et al. (1991) in which inflammation 

caused a decrease in norepinephrine release from sympathetic terminals in the 

longitudinal muscle myenteric plexus of the rat jejunum.  The rats in this study were 

infected with Trichinella spiralis, which caused local inflammation in the small intestine 

(Swain et al., 1991). When the infection was treated with the glucocorticoid 

betamethasome, norepinephrine release was no different from that found in uninfected 

rats, implying that inflammation, rather than infection, was the cause of the change in 

sympathetic activity (Swain et al., 1991).  Further experimentation using rat models of 

colitis have also found a decrease in norepinephrine release from the myenteric plexus in 

the colon (Jacobson et al., 1995; Jacobson et al., 1997).  Research conducted on Crohn’s 

disease patients has also found that GI inflammation can reduce norepinephrine release 

from sympathetic terminals in the colonic mucosa (Magro et al., 2002).  Inflammation 

induced by a model of colitis, using dextran sulfate sodium (DSS) added to drinking 
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water of mice (Okayasu et al., 1990), also resulted in an decrease in norepinephrine 

secretion in the inflamed region (Motagally et al., 2009b).  Examination of the SMG, 

using patch clamp technique, revealed a decrease in N-type voltage-gated calcium 

channel mRNA and activity, causing a decrease in calcium current (Motagally et al., 

2009b). Chronic exposure to the inflammatory mediator tumour necrosis factor α (TNFα) 

has been shown to alter the expression and function of voltage-gated N-type ���� 

channels, and therefore decrease calcium current amplitude (Motagally et al., 2009a).  

This change is dependent upon the Nuclear Factor κ B pathway, which results in a 

decrease in mRNA present for the α subunit of the N-type ���� channel (Motagally et 

al., 2009a).    These studies and others investigating the effects of inflammation, clearly 

show the consequences of immune interaction with the nervous system. 

1.6 Mast Cells 

 Research suggests that mast cells are important in the immune system defense 

against parasitic and bacterial infection (Parham, 2005; Crivellato & Ribatti, 2010).  Mast 

cells are best defined as immune cells that respond to internal and external stimuli by 

degranulating and releasing mediators (Parham, 2005; Sand et al., 2009).  These 

mediators include enzymes (tryptase, chymase, cathepsin, carboxypeptidase), paracrine 

signaling compounds (histamine, heparin), cytokines (TNFα, IL-4, IL-13, IL-5, GM-CSF, 

IL-6), chemokines (CCL3), lipid mediators (leukotrienes C4, D4, E4; platelet-activating 

factor) (Parham, 2005), and growth factors (Crivellato & Ribatti, 2010).  Degranulation 

and release of these mediators occurs when the membrane receptor (FcεRI) for 
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immunoglobulin E (IgE), is activated by the presence of an antigen bound to the IgE 

antibody (Irani et al., 1986; Parham, 2005; Van et al., 2007; Crivellato & Ribatti, 2010). 

Two categories of mast cell subtypes were identified in humans: the TC mast cell and the 

T mast cell (Irani et al., 1986; Van et al., 2007).  Proteases, tryptase and chymase are 

found in the TC mast cell, but the T mast cell contains tryptase alone (Irani et al., 1986).  

Rodent mucosal mast cells are most similar to T mast cells, and connective tissue / 

peritoneal mast cells are most similar to TC mast cells found in humans (Van et al., 

2007).   

1.7 Mast Cells and Disease 

 Mast cells have been associated with health problems such as mastocytosis, 

allergic reactions, and irritable bowel syndrome (IBS) (Parham, 2005; Sand et al., 2009).  

Increases in mast cell numbers have been observed in the previously mentioned disorders 

(Sand et al., 2009), while increased contact between mast cells and sensory afferent nerve 

fibers in the mucosa of the colon has been documented in cases of IBS in human biopsy 

specimens (Barbara et al., 2004).  Preliminary investigation has found high mast cell 

numbers in the gut associated with increased pain in a study of IBS in pediatric patients 

(Taylor et al., 2010), and a correlation between the number of mast cells in proximity to 

nerve fibers and the severity of pain or discomfort in adult IBS patients (Barbara et al., 

2004).  Increased mast cell numbers and proximity to neurons can have significant 

consequences because exposure to mast cell mediators (histamine, prostaglandins, 

leukotrienes, tryptase) can cause depolarization, and sometimes death, in certain neuron 
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populations (Sand et al., 2009).  Therefore it seems fair to conclude that changes in mast 

cell activity can have chronic and detrimental effects on health.   

1.8 Contact Between Mast cells and Neurons 

Mast cells in the SMG tend to be located near blood vessels or in proximity to 

neurons (Miller et al., 1996)  Although the neurons and mast cells do not always share 

membrane-to-membrane contact, they are in close enough proximity to be influenced by 

each other.  Neurons would most certainly be exposed to mast cell mediators expelled 

during degranulation.  

Results from studies that investigated the relationships between mast cells and 

neurons have sometimes appeared contradictory.  One study investigating the effect of 

mast cell degranulation on neurons in thalamus of rats found increased activity in some 

neurons, decreased activity in others and no effect whatsoever on the rest (Kovacs et al., 

2006). Interestingly, the effect of degranulation significantly differed by gender,  while 

the area in the thalamus where the neuron was located was less predictive than gender of 

how a given cell would respond (Kovacs et al., 2006).  In female rats, mast cell 

degranulation was more likely to result in neuronal excitation (70% of neurons tested, 

compared with 7% inhibition), where neurons in male mice were more likely to be 

inhibited by exposure to mast cell products (33% neurons tested inhibited, 11% excited), 

potentially caused by hormonal differences (Kovacs et al., 2006).  In addition to 

proximity between mast cells and neurons, in vitro experiments using sympathetic 

neurons show the potential for membrane-to-membrane connections.  Using a co-culture 
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model, Blennerhassett et al. (1991) reported direct and sustained connections in the 

superior cervical ganglia between neurites and mast cell membranes that were maintained 

over time. Synaptic connections with glia, blood cells, or the plasmacytoma cell line used 

as a control were far less frequent and not maintained (Blennerhassett et al., 1991).  

Blennerhassett et al. (1991) suggested that mast cells may secrete neurotrophins, which 

would explain the neuron-to-mast cell synaptic connections they observed.  More 

recently, researchers have determined that peritoneal mast cells, related to TC mast cells 

in humans (Irani et al., 1986), are capable of producing a 73kDa form of nerve growth 

factor (NGF) and heavy versions of neurotrophin-3 and neurotrophin-4 (Skaper et al., 

2001), lending support to their speculation.  The NGF and neurotrophin-4 produced by 

mast cells are functional, as evidenced by their capacity to sustain cultured neurons from 

chicken embryonic neural crests (Skaper et al., 2001).   

1.9 Histamine 

The mast cell mediator of greatest interest to this project is histamine.    Although 

histamine is best known within the immune system as a principle component of mast cell 

degranulations, it can be found in eosinophils, basophils, and chromaffin cells (De Esch 

& Leurs, 2008).  However, most of the histamine in the body originates in the 

tuberomammillary nucleus, which is a component of the posterior hypothalamus 

(Schwartz et al., 1991).  Thus far, researchers have identified four different histamine 

receptors that activate specific intracellular processes.  All of the four known histamine 
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receptor subtypes are coupled to G-protein (guanine nucleotide-binding proteins) 

complexes (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

12 

 

 

 

 
G-protein complex ���� �� ��� 

Histamine receptor H1R H2R H3R and H4R 

Transduction 
mechanism 

Increased 
phospholipase C 
activity, which 
produces inositol 
1,4,5-triphosphate 
(IP3) 

Increased cAMP 
levels through 
increased adenylyl 
cyclase activity 

Decreased cAMP 
levels through 
decreased adenylyl 
cyclase activity 

 
Table 1 G-protein complex signaling mechanisms. G-protein complex signaling mechanisms 
differ depending on the G-protein subtype.   Activation of different G-protein complexes result in 
different effects, which also vary depending on the type of cell. ����: (Donaldson & Hill, 1986; 
Morel et al., 1987; Hill, 1990; Simon et al., 1991; Leurs et al., 1995; Berridge, 1998; Han et al., 
2006). ��: (Johnson, 1982; Haas & Konnerth, 1983; Chew, 1985; Chew & Brown, 1986; 
Malinowska et al., 1988; Mitsuhashi et al., 1989; Simon et al., 1991; Delvalle et al., 1992; Seifert 
et al., 1992; Leurs et al., 1994; Haas & Panula, 2003). ���: (Simon et al., 1991; Endou et al., 
1994; Clark & Hill, 1996; Park & Dunlap, 1998; Lovenberg et al., 2000; O'Reilly et al., 2002; 
Haas & Panula, 2003; Seyedi et al., 2005; Hancock, 2006; Venable & Thurmond, 2006; Levi et 
al., 2007; Morrey et al., 2008). 
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1.10 Histamine Receptor 1  

Histamine 1 receptors (H1R) are found throughout the body, in the brain, within 

the respiratory system, the digestive system, the genitourinary tract, the cardiovascular 

system, and the immune system (Hill, 1990).  H1R is linked to a ����-coupled protein, 

which operates by increasing phospholipase C activity (Han et al., 2006).  Activation 

typically results in the production of inositol 1,4,5-triphosphate (IP3) (Donaldson & Hill, 

1986; Morel et al., 1987) and 1,2-diaylglycerol (DAG) from phosphatidylinositol 4,5-

biphosphate(PIP2) via the previously mentioned increase in phospholipidase C activity, 

(Leurs et al., 1995; Han et al., 2006) and an increase in cAMP (De Esch & Leurs, 

2008)(Hill, 1990).  In autonomic ganglia, H1R activation tends to increase neuron 

activity by inhibiting potassium conductances (Reiner & Kamondi, 1994).  Christian et 

al. (1989) also reported that histamine application stimulated guinea pig superior cervical 

ganglia neurons directly via H1 receptors.  More specifically, applying histamine caused 

depolarization of neurons in the superior cervical ganglion, which peaked within two 

minutes (Christian et al., 1989).  This effect mimicked that caused by antigen 

presentation to sensitized mast cells in the presence of neurons (Christian et al., 1989).  

Another study conducted by Han et al. (2006) described H1R activation on nociceptor 

neurons that innervate the skin, causing an increase in intracellular ���� levels, which 

can occur through the activation of a number of signal cascades (Hill et al., 1997).  They 

confirmed the role of H1R by using H1R antagonist mepyramine to prevent the response 
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and found that a majority of the sensory neurons they examined that expressed H1R also 

contained phospholipase C β3 (Han et al., 2006).   

1.11 Histamine Receptor 2 

First identified in 1966 (Ash & Schild, 1966), histamine receptor 2 (H2R) is 

found in abundance in the brain, most notably in the basal ganglia, the hippocampus, the 

amygdala, and the cerebral cortex (Traiffort et al., 1992a).  Activation leads to interaction 

with the ��-protein complex (Johnson, 1982), resulting in increased activity of adenylate 

cyclases (Delvalle et al., 1992; Leurs et al., 1995), increased intracellular cAMP  

(Johnson, 1982; Delvalle et al., 1992; Traiffort et al., 1992b; Leurs et al., 1994), and can 

also cause an increase in intracellular ���� (Mitsuhashi et al., 1989; Seifert et al., 1992) 

via the release of ����  from intracellular stores (Chew, 1985; Chew, 1986; Malinowska 

et al., 1988; Delvalle et al., 1992).   

The result of H2R activation varies, depending on the cell type on which the 

receptor is located.  For some time researchers have known that H2 receptor activation 

can inhibit activity in a variety of immune cells, including mast cells and basophils 

(Bourne et al., 1971).  On neurons, receptor activation can sometimes inhibit long term 

after-hyperpolarization by blocking potassium channel activation and preventing the 

refractory period typically seen after an action potential (Haas & Konnerth, 1983), 

therefore increasing excitability. H2R activation has also been observed in enteric 

secretomotor neurons during an allergic response, resulting in an increase in intracellular 

����, resulting in increased neuron activity (Liu et al., 2003).  Liu et al. (2003) suggest 
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that paracrine signaling using H2R activation, prostaglandin, and leukotriene both 

increase secretomotor neuron responses.  Clearly H2R is involved in a number of 

different processes in both the immune and nervous systems, as well as mediating their 

interaction in allergic responses.   

1.12 Histamine Receptor 3 

The third histamine receptor (H3R) was first discovered by Arrang et al. (1983), 

who identified it as a presynaptic autoreceptor modulating histamine release in the rat 

cerebral cortex (Arrang et al., 1983).  It is coupled to a ���-protein complex, and exerts 

its effects by decreasing adenylyl cyclase activity, which decreases cAMP levels in the 

cell.  Decreased cAMP activity causes a decrease in cAMP response element binding 

(CREB)-dependent gene transcription (Lovenberg et al., 2000) and protein kinase A 

(PKA) activity (Seyedi et al., 2005).  The decrease in protein PKA activity results in the 

inhibition of N-type calcium channels. While this intracellular pathway has been well 

established, H3R activation also initiates other intracellular pathways, which also seem to 

result in decreased ���� influx. 

The H3 receptor is found on axon terminals of neurons (Seyedi et al., 2005) in the 

peripheral nervous system, on sympathetic neurons projecting to submucosal blood 

vessels where it causes vasoconstriction (Beyak & Vanner, 1995) and the submucosal 

ganglia (Liu et al., 2003).  Within the gastrointestinal tract, H3R activation decreases the 

inhibitory influence of sympathetic projections to secretomotor neurons in the 

submucosal plexus resulting in an increase in secretion and motility (Liu et al., 2003). 
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H3R functions by inhibiting the release of various neurotransmitters (Beyak & Vanner, 

1995; Seyedi et al., 2005). These neurotransmitters include, but are not limited to: 

histamine (Arrang et al., 1988), serotonin (Schlicker et al., 1988), norepinephrine 

(Schlicker et al., 1989; Schlicker et al., 1992a), dopamine, (Schlicker et al., 1993; Seyedi 

et al., 2005), and acetylcholine (Schlicker et al., 1992b). This decrease in 

neurotransmitter release occurs in the CNS and the PNS, including both the sympathetic 

(Ishikawa & Sperelakis, 1987; Molderings et al., 1992; Endou et al., 1994; Imamura et 

al., 1995) and parasympathetic nervous systems (Trzeciakowski, 1987; Poli et al., 1991).       

1.13 Histamine Receptor 4 

The fourth histamine receptor, H4R, is the most recently identified histamine 

receptor (Nguyen et al., 2001).  This receptor has been found in bone marrow and 

peripheral leukocytes, including mast cells, dendritic cells, and eosinophils (Oda et al., 

2000; Liu et al., 2001; Nguyen et al., 2001; Morse et al., 2001; Zhu et al., 2001).  The 

H4R is associated with to ���-coupled proteins (Oda et al., 2000).  As with H3R 

activation,
���-protein activation can cause a decrease in cAMP, and can have effects on 

MAPK pathways (Drutel et al., 2001).  The βγ subunit of the ��� complex activates 

phospholipase C, which in turn causes an increase in intracellular ����  concentrations.  

This phenomenon has been observed to cause immune cell chemotaxis when activated on 

mast cells (Hofstra et al., 2003) and eosinophils (O'Reilly et al., 2002).   
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1.14 Intracellular ����
Signaling in Neurons 

A large body of research suggests that changes in intracellular ����  signaling can 

profoundly influence the function of sympathetic neurons, including those found in the 

SMG.  Increases in intracellular ���� concentration facilitate neurotransmitter release 

from neurons (Ertel et al., 2000). Changes in intracellular ���� concentration can be 

measured using membrane permeable fluorescent indicator dyes that selectively bind to 

����, such as Fura-2 acetoxymethyl ester (Tsien et al., 1985). Fura-2AM works by 

having different maximal excitation frequencies, depending on whether it is bound 

(340nm) to ���� or not (360nm) (Tsien et al., 1985). By measuring the fluorescence 

emitted when cells containing dye particles are stimulated at different frequencies, 

researchers can track changes in intracellular ����  concentration (Tsien et al., 1985).     

Although voltage-gated ����  channels play an extremely important role in regulating 

intracellular ���� concentration in neurons, they are by no means the only group of 

channels responsible.  Nicotinic acetylcholine receptors have been compared with 

voltage-gated ���� channels in rate medial hebenula neurons using florescent ���� 

imaging (Mulle et al., 1992).  Results showed that, at peak membrane potentials (-80mV 

for nicotinic receptor and between -20 and 0mV for voltage-gated ���� channels) 

calcium influx caused by nicotinic receptor activation (18µM / second)  was greater than 

that from voltage-gated ����  channels (10µM / second) (Mulle et al., 1992).  Therefore, 

although voltage-gated channels are important in the regulation of ���� entry and will be 

discussed in greater detail, they are only one contributor to intracellular ���� regulation.   
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 ���� plays an important role in intracellular signaling, therefore it is well 

regulated within the cell  (Blaustein, 1988).  Intracellular ���� is maintained at a very 

low baseline concentration of 100 nM (Tymianski & Tator, 1996).  Its entry is facilitated 

by membrane channels, and once present, much of the ����
that enters is buffered and 

stored before it eventually leaves the cell (Blaustein, 1988).  In order to maintain such a 

low intracellular ���� concentration, ���� is actively transported out of the cell through 

calmodulin-dependent ���� -ATPases, ���/���� exchangers (Blaustein, 1988; 

Tymianski & Tator, 1996), and ���/����-�� exchangers (Clapham, 2007).     

Intracellular ���� is buffered by a number of different proteins in the cytoplasm, 

including calmodulin, calbindin, parvalbumin (Tymianski & Tator, 1996), and vitamin D-

dependent ����-binding protein (Blaustein, 1988).  These buffering proteins have a 

number of functions including diffusion, limiting the temporal duration of ���� signals 

within the cell, and maintaining local increases in ���� concentration (Blaustein, 1988; 

Tymianski & Tator, 1996). 

Although buffering proteins within the cytoplasm are able to act quickly, they are 

limited in the amount of ����
they can contain (Blaustein, 1988).  For this reason, ���� 

storage within the smooth endoplasmic reticulum and the mitochondria is essential to 

intracellular ���� regulation despite the fact that it occurs much more slowly than ���� 

buffering (Blaustein, 1988; Tymianski & Tator, 1996).  ���� enters the endoplasmic 

reticulum through channels such as calmodulin-independent sarcoendoplasmic reticulum 

ATP-dependent ���� pump (���� -ATPases, or SERCA pumps) (Blaustein, 1988; 
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Tymianski & Tator, 1996; Berridge, 1998; Clapham, 2007).  The mitochondria also 

house a selective ���� channel in the inner membrane (Tymianski & Tator, 1996; 

Clapham, 2007).  ���� can exit organellar storage sites through the activation of inositol 

1,4,5-tris-phosphate receptors (IP3R) and ryanodine receptors which are activated by IP3 

and high ���� concentrations (through ����-induced ����-release) respectively, 

(Berridge, 1998).  A study conducted on the dorsal unpaired median neurons in 

cockroaches found that if cells were depolarized for longer than 100 ms, sufficient  ���� 

would have entered through voltage-gated ���� channels to trigger ryanodine receptors, 

causing ����-induced ���� release from intracellular storage (Messutat et al., 2001).  

This study also determined that the mitochondria is one of, but not the only storage site 

by applying carbonyl cyanide to prevent ���� from entering the mitochondria (Messutat 

et al., 2001).  However, Messutat et al. (2001) also observed that caffeine induced 

calcium release was only partially inhibited or not at all inhibited by ryanodine receptor 

antagonists, indicating multiple pathways for intracellular calcium release, as well as 

storage.   ���� concentrations within neurons are carefully regulated, implying that they 

have significant impact on physiological processes. 

1.15 Voltage-gated ���� Channels  

A large proportion of the experiments for this project indirectly examined the 

properties of voltage-gated ���� channels, which are responsible for allowing ���� into 

cells during depolarization (Ertel et al., 2000).  As the name suggests, voltage-gated ���� 

channels are ion channels found within the cell membrane that are activated and open in 
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depending on the membrane potential, selectively allowing ���� to enter the cell. A 

number of ���� channels subtypes have been identified.  Different ion channels are 

found in different cell types, depending on the cell’s function. 

One method of categorizing ���� channels is by differentiating between those 

activated at a low membrane potential threshold, and those activated at a high membrane 

potential threshold (Kostyuk, 1989).  Low threshold channels open when the membrane 

potential of a cell is between -60 and -40mV (Kostyuk, 1989).  High threshold channels 

open when the cell membrane is strongly depolarized, and function in intracellular and 

intercellular signaling (Kostyuk, 1989). Voltage-gated  ���� channels are genetically 

similar to voltage-gated �� and ��� channels, and possess 4 or 5 subunits, the largest of 

which is the �� subunit (Ertel et al., 2000).  The �� subunit is required to detect voltage 

changes, and either facilitate or prevent the entry of ���� into the cell (Ertel et al., 2000).  

Variation in the structure of this subunit is partially responsible for the different subtypes 

of ���� channels (Ertel et al., 2000).  The β subunit of the ���� channel is found on the 

cytoplasmic side of the cell membrane (Ertel et al., 2000).  The ��δ subunit crosses the 

cell membrane (Ertel et al., 2000).  These subunits regulate the trafficking and function 

of the α subunit.   

 ���� channels are classified according to their � subunit.  ���1 channels produce 

L-type ����
  currents (Ertel et al., 2000).  This current is initiated by a large 

depolarization and lasts a long time in comparison to other channel subtypes (Ertel et al., 

2000). Both the ���1 and ���2  ����
  channels are considered high threshold channels 
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(Kostyuk, 1989).  There are three subtypes of the ���2 calcium channel, each responsible 

for the production of a different type of ����
current.  All three open in response to 

depolarization and can be specifically blocked with conotoxins or spider venom (Ertel et 

al., 2000).  The ���2.1 channels produce P/Q ���� currents, the ���2.2 channels produce 

N-type currents, and the ���2.3 channels produce R-type ����
 currents (Ertel et al., 

2000).  The last family of ����
 ion channels is the ���3 family, which produce transient 

T-type currents activated by small depolarizations (Ertel et al., 2000).  In neurons, 

voltage-gated ���� channels contribute to neurotransmitter release, and are therefore of 

great interest to researchers investigating neuron function and dysfunction.   

Experimentation on molluscan neurons determined that the inactivation of 

calcium channels depends on calcium concentration, rather than voltage (Tillotson, 

1979).  Tillotson (1979) observed that calcium channels became inactive less frequently 

when calcium influx was inhibited, when intracellular and extracellular calcium 

concentrations were artificially kept equal, and when extracellular calcium was replaced 

with barium.  More recent research conducted by Park and Dunlap (1998) examining N-

type ���� current in the dorsal root ganglia neurons of chicks supports the conclusions 

drawn by Tillotson (1979).  Their study showed that although artificially prolonging 

action potentials increases the total amount of calcium that enters the cell, ���� ions enter 

more slowly and the current has a smaller amplitude (Park & Dunlap, 1998). 

Furthermore, when action potentials were generated at a high temporal frequency, ����  

channels became inactivated and closed (Park & Dunlap, 1998).   
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1.16 Neurotransmitter Release 

Neurotransmitter release from sympathetic neurons is dependent on increased 

intracellular ���� concentrations (Katz & Miledi, 1970).  In a fascinating series of 

experiments, Borst & Sakmann (1996) examined the relationship between ���� channel 

activity and neurotransmitter release in axons projecting from the rat ventral cochlear 

nucleus to the medial nucleus of the trapezoid body (forming synapses know as calyxes 

of Held). They initially determined that the ���� channels opened just after maximal 

depolarization and closed before the cell returned to its baseline state, producing a current 

with a peak amplitude of 2.6� 0.2 nA which was reached when the membrane potential 

of the cell was approximately -30 mV (Borst & Sakmann, 1996).  The current produced 

by open ���� channels diminished when extracellular calcium concentrations were 

decreased experimentally (Borst & Sakmann, 1996).  Through careful calculation, Borst 

& Sakmann (1996) determined that approximately 13,000 ���� ions contribute to the 

expulsion of a single synaptic vesicle in this neuron population, requiring the opening of 

a minimum of 60 ���� ion channels (Borst & Sakmann, 1996).  The ���� particle itself 

can travel by diffusion less than 1µm to the calcium sensing receptor, if the diffusion 

constant calculated at 300� �/second is accurate (Borst & Sakmann, 1996).  This 

implies that calcium channels need to be close to synaptic vesicles in order to initiate 

neurotransmitter release.  More recent work indicates that a local ���� concentration 

within the synaptic terminal of as little as 10µM is sufficient to initiate neurotransmitter 

release in the calyx of Held in rats (Schneggenburger & Neher, 2000).   
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In summary, an understanding of the sympathetic nervous system, specifically the 

SMG, was essential for the completion of this project.  Investigating the relationship 

between the SNS and immune system required knowledge of the cell types within the 

SMG, its projections, neurotransmission, modification of neurotransmission through 

changes in ���� signaling, and the effects of inflammation.   

1.17 Hypothesis    

The overall aim of this project has been to examine the relationship between the 

immune system and the sympathetic nervous system at a cellular level by investigating 

the effects of exposure to the mast cell mediator histamine on neurons in the SMG.  

We tested the hypothesis that mast cell products influence signaling in SMG neurons 

by inhibiting !"�� influx during cell depolarization. 

The hypothesis was tested through the use of ���� imaging, reverse transcription 

polymerase chain reactions, and immunohistochemistry.  
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Chapter 2 

Methods 

 

2.1 Animals 

 Adult male CD1 mice were used for all of the experiments conducted (Charles River, 

Saint-Constant, QC, Canada).  Mice were kept alone or in group cages in an animal care facility.  

They were kept on a 12 hour light / dark cycle, and given unlimited access to food and water.  All 

procedures conducted were approved by the Animal Care Committee at Queen’s University, 

following the standards set by the Canadian Council on Animal Care.   

 

2.2 Reverse Transcription Polymerase Chain Reaction 

 The superior mesenteric ganglion was dissected from two male CD1 mice.  The Specific 

protocol used to sacrifice the mice and remove the SMG is detailed in the ���� imaging section 

of the methods. The Trizol method (Invitrogen, Carlsbad, CA, USA) was employed to obtain the 

RNA from the SMG samples.  One microgram of RNA was reverse transcribed to produce 

cDNA, using Expand Reverse Transcriptase (Roche, Molecular Biochemicals, Mannheim, 

Germany), and Oligo (dT) 12-18 Primer (Invitrogen).  Table 1 lists the genes amplified and the 

primers used to do so.  The primers were designed using the program Primer 3 

(Http://www.sourceforge.net).   An annealing temperature of 60˚C was used for 35 cycles, 

followed by an elongation period of 10 minutes at 72˚C. 
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Primer  Sequence ( 5´-3´) 
Hrh 1 239 bp 

NM_008285.3 
F GCCAAGCAGTTGGGTTGTAT 
R CTTTGGACATGCCCTTAGGA 

Hrh 2 189bp 
NM_001010973.2 

 

F TCAGGACATCGCTTATGCAC 
R GGGCTCACTGCTATTTCTGC 

Hrh 3 220bp 
NM_133849.2 

F GGTCTCCTCCCTAATGCAAA 
R ACACTTCATGGGGCAAAGAG 

Hrh 4 233bp 
NM_153087 

F GAATCAGCTGCATCTCGTCA 
R CAGTATGGAGCCCAGCAAAT 

Table 2. The primers and sequences used for PCR analysis of the four histamine receptors in the 
SMG.  F: forward primer.  R: reverse primer.   
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Figure 1.  The location of the SMG as part of the sympathetic nervous system.  Postganglionic neurons in 
the SMG receives input from preganglionic neurons in the thoracolumbar spinal cord and projects to the 
distal small intestine, the colon, the spleen, and mesenteric lymph nodes.  SMG: superior mesenteric 
ganglion; CG: celiac ganglion; IMG: inferior mesenteric ganglion.  Modified from Miolan &  Niel, 1996.  
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2.3 
����  Imaging 

Dissociation 

 Male CD1 mice were anesthetized by exposing them to isoflurane (Pharmaceutical 

Partners of Canada, Richmond Hill, Ontario, Canada) vapors.  Mice were then killed by cervical 

dislocation.  The skin and abdominal muscle layers were cut, exposing the peritoneal cavity.  The 

peritoneal cavity was cut open with surgical scissors (Fine Science Tools, Vancouver, Canada), 

exposing the abdominal organs.   The SMG (Figure 1) was then located through the dissecting 

microscope.  Using forceps (Fine Science Tools, Toronto, Canada) and surgical scissors (Fine 

Science Tools), the SMG was freed from the surrounding connective tissue and fat, before being 

cut from the blood vessel to which it was attached.  Once separated from the body, the SMG was 

placed on the kidney, where any visible extraneous tissue was cut off.  The SMG was then placed 

in ice cold Hank’s buffered salt solution (HBSS) (Invitrogen).    

 Glass coverslips (Fisher, Scientific, Ottawa, ON, Canada) were sterilized by exposing 

them to ultraviolet light for a minimum of 30 minutes while placed in a 24 well plate.  After being 

sterilized, 100µL of the laminin / poly-D-lysine solution was pipette onto each the centre of 

coverslip.  This solution consisted of 100µL of laminin (Sigma, Aldrich, St Louis, MO, USA) 

stock solution was diluted in 1.1mL of poly-D-lysine (VWR International, Radnor, Pennsylvania, 

USA).  After being coated, coverslips were kept at 4˚C for a minimum of 1 hour before being 

used.  

 3µL of saturated ��#�$� (VWR) solution and 1mg of L-cysteine (Sigma) and 60 U of 

papain (Cedarlane Laboratories, Homby, ON, Canada) were added to 1.5mL of ����/ %&�� free 

Hank’s buffered salt solution (HBSS) (Invitrogen), which was kept at 37˚C.  3960 U of 

collagenase type 2 (Cedarlane) and 14.14 U of dispase type 2 (Cedarlane) were added to 3mL of 
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����/ %&�� free HBSS.  Both solutions were filter-sterilized (Corning International, Tokyo, 

Japan) and kept at 37˚C until they were used.   

 After the dissociation described above was performed, the SMG was placed in a conical 

tube containing 3mL of ����/ %&�� free HBSS on ice.  The papain solution was added to the 

tissue, and incubated for 25 minutes in the 37˚C water bath.  This was followed by incubation of 

the tissue in the collagenase / dispase solution for 15 minutes in the 37˚C water bath.  The 

collagenase / dispase solution was then carefully removed before adding 2mL of pre-warmed 

supplemented L-15 culture medium which contains 90mL L-15 (Invitrogen), 10uL of 10% Fetal 

Bovine Serum (Invitrogen), 5000 UI of penicillin / streptomycin solution (Sigma), 38mM glucose 

(VWR), 24mM ��#�$� (VWR), 50ng/mL nerve growth factor (Cedarlane).  The tissue was then 

triturated with fire-polished pipettes of decreasing diameters until no more solid tissue was 

visible.  The dissociated cell solution was pipetted onto the centre of each coverslip in 40µL 

bubbles.  The 24 well plates containing the cells were then placed in an incubator and kept at 

37˚C and 5% �$�'  After 90 minutes, L-15 supplemented L-15 culture media was added to the 

wells, bringing the total volume to 1mL. The plated neurons were kept in the incubator (37˚C, 5% 

�$�) overnight and used the next day. 

 

Solutions for Calcium Imaging 

Extracellular Solution 

 The extracellular saline solution used in calcium imaging experiments was made the 

same day experiments were conducted.  A saline solution contained 140 mM NaCl (VWR), 10 

mM glucose (VWR), 10 mM HEPES (Sigma), 1 mM %&�(� (EMD, Darmstadt, Germany), 2 mM 
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���(� (EMD), and 5 mM KCl (EMD).  All chemicals were dissolved in distilled water, and the 

pH was adjusted to 7.4 with 1 M NaOH solution. 

High Potassium 

 The high concentration KCl solution used to cause depolarization was also made the 

same day as experiments were conducted.  A solution included 75 mM NaCl, 10 mM glucose, 10 

mM HEPES, 1mM %&�(�, 2 mM ���(� solution, 70 mM KCl solution.  All chemicals were 

dissolved in distilled water before the solution was set to a pH of 7.4 using 1 M NaOH solution.  

 

Fura-2AM 

  Fura-2 aceytoxymethyl ester (Invitrogen) is a ratiometric calcium indicator dye. Once it 

enters the cytoplasm, the ester is cleaved, and it is no longer membrane-permeable (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

a)   

    

c)       

 

Figure 2.  This figure illustrated how Fura
incubated in 2 µM Fura-2AM for 15 minutes at room temperature.  b) During this time, the dye 
enters the cells, where the ester portion of the dye particle is cleaved by intracellular enzymes.  
This traps the dye within the cell.  The dye particles form
within the cell.  At any given time, only some of the dye is bound to calcium
experimenter begins recording, the neurons are exposed to light of a specific wavelength of either 
340nm or 380nm.  c) When the dye is exposed to a wavelength of 340nm, dye particles that are 
bound to a calcium ion will fluoresce.  When the dye is exposed to a wavelength of 380nm, dye 
particles that are not bound to calcium will fluoresce.  By comparing the fluorescence give
by the dye at each excitation wavelength and expressing it as a ratio, experimenters can monitor 
changes in intracellular calcium ion 
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    b)                          

       

  d) 

This figure illustrated how Fura-2AM is used in calcium imaging.  a) Neurons 
2AM for 15 minutes at room temperature.  b) During this time, the dye 

enters the cells, where the ester portion of the dye particle is cleaved by intracellular enzymes.  
This traps the dye within the cell.  The dye particles form brief and rapid bonds with calcium ions 
within the cell.  At any given time, only some of the dye is bound to calcium ions
experimenter begins recording, the neurons are exposed to light of a specific wavelength of either 

en the dye is exposed to a wavelength of 340nm, dye particles that are 
bound to a calcium ion will fluoresce.  When the dye is exposed to a wavelength of 380nm, dye 
particles that are not bound to calcium will fluoresce.  By comparing the fluorescence give
by the dye at each excitation wavelength and expressing it as a ratio, experimenters can monitor 

calcium ion concentrations. 

 

 

 

2AM is used in calcium imaging.  a) Neurons are 
2AM for 15 minutes at room temperature.  b) During this time, the dye 

enters the cells, where the ester portion of the dye particle is cleaved by intracellular enzymes.  
brief and rapid bonds with calcium ions 

ions.  Once the 
experimenter begins recording, the neurons are exposed to light of a specific wavelength of either 

en the dye is exposed to a wavelength of 340nm, dye particles that are 
bound to a calcium ion will fluoresce.  When the dye is exposed to a wavelength of 380nm, dye 
particles that are not bound to calcium will fluoresce.  By comparing the fluorescence given off 
by the dye at each excitation wavelength and expressing it as a ratio, experimenters can monitor 
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)*�� Imaging Equipment 

 Equipment used to conduct ���� imaging experiments included the lamp power supply 

LPS-220B (PTI – Photon Technology International, Birmingham, NJ, USA) which was used to 

excite dye particles within the cells.   The DeltaRAM V highspeed random access 

monochromator (PTI) allowed only specific wavelengths of light to reach the cells on the 

microscope, which was necessary for the calculation of the ratio of bound to unbound dye 

particles.  

   

 

)*�� Imaging Protocol 

 ���� imaging was performed in a dark room.  After setting up equipment and tubing 

(Gilson, France), a coverslip was removed from the incubator and placed in a pre-warmed (37˚C) 

saline solution for 5 minutes.  This allowed the cells to be brought to room temperature 

(approximately 21˚C) gradually, as the saline solution cooled.  The coverslip was then incubated 

in a 2 µM room temperature Fura-2AM (Fura-2 acetoxymethyl ester) solution for 15 minutes in a 

dark area.  After incubating in the dye, the coverslip was placed in a saline solution for 10 

minutes at room temperature before being placed in the bath on the microscope, where room 

temperature saline was flowing at a continuous rate of 2.1mL per minute.  During this time, 

regions of interest within the cytoplasms of healthy neurons were selected and imaged on the 

computer.    

 After 12 minutes of being in the bath, the experimenter began recording by initiating a 

command on the computer.  Specific wavelengths of light were used to excite the dye particles 

within the cells.  A wavelength of 340nm excites dye particles that are bound to calcium ions, 
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while a wavelength of 380nm excites unbound dye particles.  When excited, the particles 

fluoresce, and that light is detected by a photomultiplier connected to the computer.  The Image 

Master (PTI) software is able to calculate a ratio to measure changes in intracellular ���� 

concentrations.  In these experiments, only the ratios, not the exact concentrations, were recorded.   

 Once recording began, a 2 minute baseline recording was taken.  Next neurons were 

superfused with extracellular solution containing histamine.  Control neurons were exposed to 

saline for the same amount of time as experimental samples were superfused with the histamine 

solution.  Immediately following exposure to histamine, and in its continued presence, samples 

were superfused in a high concentration (70 mM) KCl solution for 1 minute.    

 

2.4 Immunohistochemistry 

Tissue Preparation 

 Mice were anesthetized with a peritoneal injection of ketamine & xylazine.  The 

ketamine & xylazine mixture was prepared as follows: 1mL distilled water, 0.19mL ketamine, 

0.06mL xylazine.  For every 10g of body weight, 0.1mL of this solution was injected into the 

mice.  Once the mice were fully anesthetized, cardiac puncture and perfusion with 4% 

paraformaldehyde (Fisher) solution were performed.  Tissues were kept in 4% paraformaldehyde 

in 0.1 M sodium phosphate buffer overnight at 4˚C. The next day tissues were transferred into 

30% sucrose (Fisher) diluted in PBS and left overnight at 4˚C.  The following day, tissues were 

removed from the sucrose solution, placed on labeled cardboard plaques and rapidly frozen in 

Shandon Cryomatrix (Thermoscience) using 2-methylbutane cooled by dry ice.  Sections of SMG 

were sliced with a cryostat to a thickness of 10µm and placed on slides.  These slides were then 

kept in a freezer at -80˚C until they were stained.   
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Immunohistochemistry Protocol 

 Frozen tissue sections were thawed for 10 minutes before being washed three times in 

PBS-Tween (0.1%) (Fisher).  Sections were blocked in normal donkey serum (Sigma) diluted to 

10% when the experiment involved a single primary antibody, and to 5% when tissue sections 

were double-labeled.  The slides were then washed three times in PBS-Tween (0.1%).  Slides 

were then incubated in the primary antibody for twenty-four hours (Table 3).  Antibodies were 

diluted in Dako antibody diluant (Dako, Carpinteria, CA, USA). Following incubation in the 

primary antibody, slides were washed three times in PBS-Tween (0.1%) Secondary antibody was 

applied for two hours, after which slides were washed three times before being mounted in 

mounting media (Dako), and sealed with a coverslip.  Completed slides were kept at 4˚C when 

not being analyzed.  Positive control experiments were conducted by staining tissues known to be 

immunoreactive for a given antiserum.  Negative controls were conducted by applying only PBS-

Tween in the absence of a primary antibody, to ensure that there was no background 

immunofluorescence.  Analysis of immunohistochemistry was conducted using a Zeiss Axiovert 

200 inverted fluorescent microscope, recording images with a Zeiss Axio Cam ICc1. 
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Primary Dilution Source Reference 
Rabbit anti 
Histamine 
Receptor 3 

1:100 Millipore (Cannon et 
al., 2007) 

Sheep anti 
tyrosine 
hydroxylase 

1:500 Millipore (Nagatsu et 
al., 1964) 

Rabbit anti 
HuD 

1:500 Millipore (Yasuhara 
et al., 2006) 

 

Secondary Dilution Source 
Donkey anti 
Rabbit 
(DyLight) 

1:800 Jackson 
Immuno 
Research 

Donkey anti 
Goat 
(DyLight) 

1:800 Jackson 
Immuno 
Research 

 

Table 3.  Immunohistochemistry experiments were conducted using the antibodies listed above.  
Both single and double-labeling experiments were performed with each antibody.     
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Drugs Used 

 SMG neurons were superfused with histamine receptor agonists, antagonists, and calcium 

channel blockers using extracellular solution as a vehicle.  Drugs used included histamine 

(Sigma), histamine receptor 1&2 agonist histamine trifluoromethyl toluidide (HTMT) (Tocris, 

Ellisville, Missouri, USA), histamine receptor 3&4 agonist imetit (Tocris), histamine receptor 3 

antagonist thioperamide (Tocris), and N-type voltage-gated calcium channel blocker ω-conotoxin 

GVIA (Sigma). 

 

2.5 Data Analysis and Statistics 

 Calcium imaging data was analysed by calculating the percentage of the peak response 

over an averaged baseline.  Data collected from different days was pooled when identical 

procedures were used.   

 GraphPad Prism 4 (GraphPad Software, La Jolla, CA, USA) software was used to 

complete statistical analyses. Population data are expressed as a mean � SEM.  Unless otherwise 

stated, all statistics on calcium imaging data compare experimental groups to control populations.  

Nonparametric statistical analyses (Mann-Whitney U, Kruskal-Wallis analysis of variance) were 

used, with post hoc tests (Dunn’s) performed when a significant difference was detected in the 

analysis of variance tests.  The data was not normally distributed; therefore parametric statistical 

analysis could not be performed.     

 Immunohistochemisty data where two primary antibodies were used was quantified by 

performing cell counts.  The number of cells positive for each antibody was recorded, as was the 

number of cells that showed staining for both.  This information was expressed as a percentage of 
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cells immunolabeled by both antisera over all cells labeled for one.  Pie charts were created using 

Microsoft Excel 2007 (https://www.microsoftstore.ca). 
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Chapter 3 

  Results 

3.1 Polymerase chain reaction 

Reverse transcription polymerase chain reaction (PCR) analysis was conducted on 

a sample consisting of the superior mesenteric ganglia of 2 mice to determine whether 

mRNA for any of the four histamine receptors was present.  Results show mRNA present 

for all four histamine receptors (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 3.  PCR analysis of SMG tissue detected mRNA present for all 4 histamine receptors. H1: 
histamine 1 receptor; H2: histamine 2 receptor; H3: histamine 3 receptor; H4: histamine 4 
receptor.  N = 2.  PCR performed by Shadia Neshat.
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PCR analysis of SMG tissue detected mRNA present for all 4 histamine receptors. H1: 
histamine 2 receptor; H3: histamine 3 receptor; H4: histamine 4 

PCR performed by Shadia Neshat. 

 

PCR analysis of SMG tissue detected mRNA present for all 4 histamine receptors. H1: 
histamine 2 receptor; H3: histamine 3 receptor; H4: histamine 4 
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3.2 ���� Imaging  

Having determined that mRNA encoding histamine receptors is present in the 

SMG, the next logical step was to investigate whether activation of these receptors on 

SMG neurons had any effect on their behaviour.  ���� imaging was employed to 

determine if histamine altered intracellular ����  levels.  Surprisingly, histamine alone 

did not produce any measurable effects on intracellular calcium concentrations (results 

not shown). Figure 4 shows a representation of a sample control trace.  The baseline 

340nm:380nm fluorescence ratio remains between 0.1 and 1.0 until the cell is depolarized 

with KCl solution (70 mM), at which point the ratio increases as the voltage-gated ���� 

channels are opened and the intracellular ���� concentration increases.  After the 

channels close and the cell repolarizes, the ratio returns to baseline.  Traces recording the 

application of histamine alone never varied from baseline. 

 

Following this observation, an experiment was conducted to examine the effect of 

prolonged incubation in histamine (100µM) on ����  influx during depolarization with 

potassium chloride solution (70mM) (Fig 5).  However, analysis of the results revealed 

no significant difference between control groups exposed only to extracellular solution 

and KCl solution, and neurons incubated in histamine overnight prior to experimentation. 

The Mann-Whitney rank-sum test was performed and found no significant difference 

between the two groups (Mann-Whitney U = 831.0; +,�-./�0
= 35, +1�2.34�-5
= 48; p = 

0.9375). 



 

 

 

Figure 4.  Sample calcium imaging trace showing a typical control trial, where neurons were 
superfused with room temperature (~21 
emitted with the cells were exposed to 340nm light compared to 380nm light is show
There was little variation in the ratio until the cells were depolarized by the 70 mM KCl solution, 
at which point voltage gated 
concentration.  This allowed more dye parti
in the 340:380nm fluorescence ratio, which is reflected in the graph.  After the 
channels close, intracellular 
baseline. 
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Sample calcium imaging trace showing a typical control trial, where neurons were 
superfused with room temperature (~21 ˚C) extracellular solution.  The ratio of fluorescence 
emitted with the cells were exposed to 340nm light compared to 380nm light is show
There was little variation in the ratio until the cells were depolarized by the 70 mM KCl solution, 
at which point voltage gated calcium ion channels opened, increasing the intracellular 
concentration.  This allowed more dye particles to bind to calcium ions.  This caused an increase 
in the 340:380nm fluorescence ratio, which is reflected in the graph.  After the calcium ion 
channels close, intracellular calcium ion concentration decreases and eventually returns to 

 

Sample calcium imaging trace showing a typical control trial, where neurons were 
˚C) extracellular solution.  The ratio of fluorescence 

emitted with the cells were exposed to 340nm light compared to 380nm light is shown over time.  
There was little variation in the ratio until the cells were depolarized by the 70 mM KCl solution, 

channels opened, increasing the intracellular calcium ion 
.  This caused an increase 

calcium ion 
concentration decreases and eventually returns to 
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Figure 5.  No effect of chronic incubation in histamine (100 µM) on calcium ion influx during 
depolarization.  Neurons were incubated in histamine overnight, then stimulated with KCl 
solution for 1 minute during calcium imaging experimentation.  Results measured as percentage 
of baseline.  Mann-Whitney U = 831.0; n (control) = 35, n (histamine) = 48; p = 0.9375. 
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Although prolonged incubation in histamine did not show any effect on 

depolarization-induced changes in intracellular ����  levels, acute incubations resulted in 

a significant decrease in ����  influx during depolarization in comparison to control 

neurons.  Figure 6 shows a sample trace of an acute incubation in histamine.  While 

histamine superfusion does not alter intracellular ����  levels initially, results showed 

that ����  influx was inhibited during depolarization.  Acute incubations were conducted 

for 1, 3, 5, and 25 minutes.  The strongest response was seen when cells were incubated 

for either 1 or 3 minutes in a 10 µM histamine solution (Fig 7).  Interestingly, as the 

concentration of the histamine solution increased above 10 µM, the inhibition of ����  

influx decreased until it no longer attained significance (Fig 7).  (Kruskal-Wallis one-way 

analysis of variance statistic = 23.66, +,�-./�0 = 171; +�678 = 152, +�6678 = 132, +�48 

= 77; p < 0.0001).  Cells incubated in the 10µM or 100µM solutions showed significantly 

smaller changes in ���� influx during depolarization compared with control cells 

(Dunn’s Multiple Comparison post hoc: control vs. 10µM = 65.73, p < 0.001; control vs. 

100µM = 58.10, p < 0.01; control vs. 1mM = -7.675, p > 0.05). 

 

 

 

 

 

 



 

 

Figure 6.  Sample calcium imaging trace showing a trial where histamine was acutely applied to 
the neurons for 3 minutes before the cells were depolarized with a KCL solu
same concentration of histamine as the extracellular solution.  The r
when the cells are exposed to 340nm light compared to 380nm light is shown over time.  
Application of histamine has no effect on the 340:3
depolarized. 
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imaging trace showing a trial where histamine was acutely applied to 
the neurons for 3 minutes before the cells were depolarized with a KCL solution containing the 
same concentration of histamine as the extracellular solution.  The ratio of fluorescence emitted 

the cells are exposed to 340nm light compared to 380nm light is shown over time.  
Application of histamine has no effect on the 340:380 fluorescence ratio until the cells are 

 

imaging trace showing a trial where histamine was acutely applied to 
tion containing the 

atio of fluorescence emitted 
the cells are exposed to 340nm light compared to 380nm light is shown over time.  

80 fluorescence ratio until the cells are 



 

 

Figure 7.  One minute incubation of histamine (10
decrease in calcium influx during depolarization. Results measured as percentageover an average 
baseline.   Kruskal-Wallis statistic = 23.66, 
n (1mM) = 77; p < 0.0001.  Dunn’s Multiple Comparison: control vs. 10
0.001**; control vs. 100 µM = 58.10, 
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One minute incubation of histamine (10 µM, 100 µM, 1 mM) caused a significant 

influx during depolarization. Results measured as percentageover an average 
Wallis statistic = 23.66, n (control) = 171; n (10µM) = 152, n

< 0.0001.  Dunn’s Multiple Comparison: control vs. 10 µM = 65.73, 
µM = 58.10, p < 0.01*; control vs. 1 mM = -7.675, p > 0.05.

mM) caused a significant 
influx during depolarization. Results measured as percentageover an average 

n (100µM) = 132, 
µM = 65.73, p < 

> 0.05. 
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Having determined that histamine inhibits the increase in intracellular ���� that 

occurs during depolarizations, the purpose of the next experiment was to determine 

which of the histamine receptors was responsible for the effects observed.  Neurons 

incubated for 1 minute in imetit (100 nM), an agonist for histamine receptors 3 and 4, 

showed decreased ���� influx during depolarization (Fig 8) to a statistically significant 

degree (Mann-Whitney U = 7257; +,�-./�0 = 117, +�45.�. =182; p < 0.0001). However, 

neurons incubated in an agonist for histamine receptors 1 and 2, histamine 

trifluoromethyl toluidide (HTMT, 10 µM) had an opposite response (Fig 9) and increased 

���� influx to a degree that was statistically greater than the control response (Mann-

Whitney U = 13800; +,�-./�0 = 171, +9:8: = 217; p < 0.0001). 

 

 

 



 

 

Figure 8.  Applying H3&4R agonist imetit (100
ion influx during depolarization.  Mann
< 0.0001***.  Results measured as percentage over baseline.
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Applying H3&4R agonist imetit (100 nM) for 1 minute caused a decrease in 
influx during depolarization.  Mann-Whitney U = 7257; n (control) = 117, n 

< 0.0001***.  Results measured as percentage over baseline. 

nM) for 1 minute caused a decrease in calcium 
n (imetit) =182; p 



 

 

Figure 9.  Applying H1&2R agonist HTMT (10
ion influx during depolarization.  Mann
p < 0.0001***.  Results measured as percentage over baseline.
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Applying H1&2R agonist HTMT (10 µM) for 1 minute caused an increase in 
influx during depolarization.  Mann-Whitney U = 13800; n (control) = 171, 

< 0.0001***.  Results measured as percentage over baseline. 

 

µM) for 1 minute caused an increase in calcium 
= 171, n (HTMT) = 217; 
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Since the response seen when neurons were incubated in imetit most closely 

resembled the decrease in ���� influx during depolarization that resulted from the 

application of histamine, an antagonist to histamine receptor 3 was used in addition to 

histamine to determine whether histamine receptor 3 or 4 was responsible for the 

inhibition of ���� influx.  Thioperamide (300 nM) was applied to neurons for 5 minutes 

before they were incubated in both histamine (10 µM) and thioperamide together for 3 

minutes. This was immediately followed by depolarization via KCl, while maintaining 

the presence and concentrations of both histamine and thioperamide in the solution.  

Thioperamide blocked the inhibition of ���� influx caused by histamine (Fig 10), 

(Kruskal-Wallis statistic = 13.63; +,�-./�0 = 74, +1�2.34�-5 = 101, +.1��;5/34�<5 = 77; p = 

0.0011).  Post hoc analysis revealed that the group of neurons exposed to histamine prior 

to depolarization had significantly less change in ���� concentration over baseline than 

either the control group, or the group incubated in thioperamide.  (Dunn’s Multiple 

Comparison: control vs. histamine = 37.46, p < 0.01; control vs. thioperamide = 6.329, p 

> 0.05; histamine vs. thioperamide = -31.13, p < 0.05).  This indicated that histamine 

receptor 3 activation was responsible for the decrease observed in ���� influx during 

depolarization.  An antagonist was not tested against histamine receptor 4 because 

previous research has indicated that it is not present in neurons (O'Reilly et al., 2002). 

 

 

 



 

 

Figure 10.  H3R antagonist thioperamide (300
caused by histamine (10 µM).  Neurons were then depolarized with a 1 minute application of KCl 
in the presence of histamine and thioperamide.  
Kruskal-Wallis statistic = 13.63; 
0.0011.  Dunn’s Multiple Comparison: control vs. histamine = 37.46, 
thioperamide = 6.329, p > 0.05; histamine vs. thioperamide = 
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H3R antagonist thioperamide (300 nM) reverses the inhibition of calcium ion
µM).  Neurons were then depolarized with a 1 minute application of KCl 

in the presence of histamine and thioperamide.  Results measured as percentage over baseline.  
Wallis statistic = 13.63; n (control) = 74, n (histamine) = 101, n (thioperamide) 

0.0011.  Dunn’s Multiple Comparison: control vs. histamine = 37.46, p < 0.01**; control vs. 
> 0.05; histamine vs. thioperamide = -31.13, p < 0.05* 

 

calcium ion influx 
µM).  Neurons were then depolarized with a 1 minute application of KCl 

Results measured as percentage over baseline.  
(thioperamide) = 77; p = 
0.01**; control vs. 
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Since previous studies have indicated that activation of histamine receptor 3 

inhibits voltage-dependent ���� influx by blocking N-type calcium channels (Silver et 

al., 2002a; Seyedi et al., 2005; Levi et al., 2007), the next experiment was performed to 

compare the effect of 3 minutes incubation in histamine (10 µM) and 5 minutes in N-type 

���� channel blocker ω-conotoxin GVIA (100nM) before depolarization (Fig 11).  Both 

histamine and ω-conotoxin decreased ���� influx significantly (Kruskal-Wallis Statistic 

= 20.88; +,�-./�0= 68, +1�2.34�-5 = 61, +,�-�.�=�- = 73; p < 0.0001).  While both 

histamine and conotoxin caused percentage changes in fluorescence to differ significantly 

from control, there was no difference in ���� influx between the two treatments (Dunn’s 

Multiple Comparison: control vs. histamine = 28.08, p < 0.05; control vs. conotoxin = 

44.69, p < 0.001; histamine vs. conotoxin = 16.61, p > 0.05).  This suggests that both 

histamine and ω-conotoxin GVIA are both acting on N-type ����
channels, but requires 

further investigation for confirmation.    

 

 

 

 

 

 

 



 

 

Figure 11.  Comparison of the effects of 3 minutes incubation in histamine (10
minutes incubation in ω-conotoxin GVIA 
during depolarization.    Kruskal
(conotoxin) = 73; p < 0.0001.  Dunn’s Multiple Comparison: control vs. histamine = 28.08, 
0.05*; control vs. conotoxin = 44.69, 
Results measured as percentage over baseline.
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Comparison of the effects of 3 minutes incubation in histamine (10 
conotoxin GVIA (100 nM) showed both decreased calcium ion 

during depolarization.    Kruskal-Wallis Statistic = 20.88; n (control) = 68, n (histamine) 
< 0.0001.  Dunn’s Multiple Comparison: control vs. histamine = 28.08, 

0.05*; control vs. conotoxin = 44.69, p < 0.001***; histamine vs. conotoxin = 16.61, 
Results measured as percentage over baseline. 

 

 µM) and 5 
calcium ion influx 
(histamine) = 61, n 

< 0.0001.  Dunn’s Multiple Comparison: control vs. histamine = 28.08, p < 
< 0.001***; histamine vs. conotoxin = 16.61, p > 0.05.  
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3.3 Immunohistochemistry 

 Immunohistochemistry was conducted on frozen sections of SMG from CD1 mice 

to visualize histamine receptor 3 immunoreactivity in neurons within the ganglia.  Tissue 

sections were stained with primary antibodies against histamine receptor 3 and tyrosine 

hydroxylase, a marker of sympathetic neurons (Nagatsu et al., 1964) (Fig 12).  

Quantification of the tissue sections revealed that 81% of the cells expressing histamine 

receptor 3 also stained positively for tyrosine hydroxylase (Fig 13).  However, 99% of the 

cells that express tyrosine hydroxylase also contain histamine receptor 3 (Fig 13). 

Therefore it is possible that non-TH immunoreactive cells within the SMG also express 

histamine receptor 3. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 12.  A sample section of an SMG fluorescently labeled for H3R 
hydroxylase (TH) (B), a marker of 
label neurons expressing H3R and / or 
the presence of H3R, while righ
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A sample section of an SMG fluorescently labeled for H3R (A) and tyrosine 
, a marker of sympathetic neurons.  Immunohistochemistry was used to 

eurons expressing H3R and / or TH.  Staining in the micrograph on the left panel indicates 
the presence of H3R, while right panel shows staining indicating TH. 

H3R B 

 

and tyrosine 
sympathetic neurons.  Immunohistochemistry was used to 

TH.  Staining in the micrograph on the left panel indicates 

TH 



 

 

Figure 13.  Quantification of double
Sections were quantified by
TH, or both.  In the left panel: o
contained TH.  In the right panel: o
expressed H3R.  N = 3. 
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Quantification of double-labeled SMG sections immuno-labeled for H3R and TH.  
by counting cells and determining if they were stained for either H3R or 

In the left panel: of the cells that were positively labeled for H3R, 
contained TH.  In the right panel: of the cells that were fluorescently labeled for TH, 99

B 

 

labeled for H3R and TH.  
counting cells and determining if they were stained for either H3R or 

 81% also 
uorescently labeled for TH, 99% also 
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Immunohistochemistry was also conducted on SMG sections from CD1 mice to 

visualize HuD immunoreactivity in neurons within the ganglion.  Tissue sections were 

stained with primary antibodies against the neuronal marker HuD and tyrosine 

hydroxylase (Fig 14).  Quantification of the tissue sections revealed that 87% of the cells 

expressing HuD also express tyrosine hydroxylase (Fig 15).  However, 99% of the cells 

that express tyrosine hydroxylase also are immunoreactive for HuD (Fig 15). This 

suggests that some of the neurons within the SMG do not contain tyrosine hydroxylase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 14.  A sample section of an SMG fluorescently labeled for HuD 
hydroxylase (TH) (B), a marker of sympathetic neurons.  Immunohistochemistry was used to 
label neurons expressing HuD and / or  TH.  Staining in the micrograph on the left panel indicates 
the presence of HuD, while right panel shows staining indicated TH.
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A sample section of an SMG fluorescently labeled for HuD (A) and tyrosine 
, a marker of sympathetic neurons.  Immunohistochemistry was used to 

expressing HuD and / or  TH.  Staining in the micrograph on the left panel indicates 
the presence of HuD, while right panel shows staining indicated TH. 

HuD B 

 

and tyrosine 
, a marker of sympathetic neurons.  Immunohistochemistry was used to 

expressing HuD and / or  TH.  Staining in the micrograph on the left panel indicates 

TH 



 

 

 

Figure 15.  Quantification of double
Sections were quantified by 
TH, or both.  A)  Of the cells that were positively labeled for 
Of the cells that were fluorescently labeled fo
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Quantification of double-labeled SMG sections immuno-labeled for HuD and TH.  
by counting cells and determining if they were stained f

)  Of the cells that were positively labeled for HuD, 87% also contained TH.  B
Of the cells that were fluorescently labeled for TH, 99% also expressed HuD.  N = 3.

B 

 

labeled for HuD and TH.  
counting cells and determining if they were stained for either HuD or 

contained TH.  B)  
ressed HuD.  N = 3. 
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Chapter 4 

Discussion 

Interactions between the nervous and immune systems in the superior mesenteric 

ganglion (SMG) are important in sympathetic regulation of GI and immune function.  

Our data showed that activation of histamine receptors on SMG neurons influences ���� 

influx.  Activation of H3R was investigated most thoroughly, as it resulted in the most 

consistent response, and is already well established as a presynaptic inhibitory receptor 

(Arrang et al., 1983).  This receptor was visualized on sympathetic neurons within the 

SMG through double-label immunohistochemisty with antibodies raised against H3R and 

tyrosine hydroxylase, a marker of sympathetic neurons (Nagatsu et al., 1964). We 

activated H3R by superfusing dissociated SMG neurons with histamine and the specific 

H3R agonist imetit, using ���� imaging technique to observe a decrease in voltage-gated 

���� influx.  The strongest inhibition of ���� influx was observed when a concentration 

of 10 µM was applied to the neurons for 1-3 minutes.  Histamine-induced inhibition of 

���� influx was mitigated by the presence of the H3R antagonist (thioperamide), 

providing further confirmation that H3R was responsible for the effects we observed.   

As previously mentioned, ���� influx is necessary for the release of 

neurotransmitters during depolarization.  A decrease in ���� would impair 

neurotransmission, decreasing communication with downstream entities.  Within the 

colon specifically, SMG projections regulate vasoconstriction of blood vessels, and 

synapse onto neurons in the myenteric and submucosal plexuses, which are responsible 
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for motility and secretion, respectively (Miolan & Niel, 1996; Miller et al., 1996; Lomax 

et al., 2010).  Given that SMG projections have an inhibitory effect on both enteric 

neuron populations, a decrease in input from the SMG would result in increased fluid 

motility and secretion, in addition to the increased fluid build-up resulting from 

vasoconstriction, which could manifest as diarrhea.  This phenomenon could contribute 

to a number of GI disorders.   

4.1 Effects on Immune Function 

In addition to influencing blood flow and gut function, SMG also projects to the 

spleen and mesenteric lymph nodes where it influences immune function.  Experiments 

using the retrograde tracer fluoro-gold in rats have shown that the spleen receives 

sympathetic input from superior mesenteric, celiac, and sympathetic chain ganglia 

(Nance & Burns, 1989).  Previous research has shown that removing prevertebral 

innervation from the spleen impairs its response to a challenge to the immune system 

(Besedovsky et al., 1979).  Rats that underwent a chemical sympathectomy in addition to 

the removal of the adrenal glands, or denervation of the spleen were exposed to sheep red 

blood cells.  Rats without sympathetic input to the spleen displayed significantly more 

immune activity than control rats that were also challenged with an injection of sheep red 

blood cells (Besedovsky et al., 1979).  Using a similar method of investigation, another 

study conducted a similar experiment in mouse lymph nodes, where they localized 

catecholamine innervation (Felten et al., 1984).  More specifically, norepinephrine was 

present in the lymph nodes, but was fully depleted when mice were treated with 6-
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hydroxydopamine (6-OHDA), causing a chemical sympathectomy (Felten et al., 1984). 

When mice treated with 6-OHDA were challenged with an injection of sheep red blood 

cells into the footpad, researchers noted a decrease in immune function in the associated 

popliteal lymph node, in comparison to control mice with an intact sympathetic nervous 

system (Felten et al., 1984).   

Given that the SMG provides sympathetic input to the spleen and mesenteric 

lymph nodes, this finding demonstrates the importance of SMG innervation to immune 

function.  Building on the results of these studies, it seems reasonable to propose that 

decreased input from the SMG due to histamine receptor activation could impair immune 

function as well.  

4.2 Histamine Receptor 3 Intracellular Pathways 

Previous studies investigating at H3R activation have observed similar results to 

ours.  Much of this research has been conducted using cardiac sympathetic nerve endings 

(synaptasomes) projecting from cell bodies in middle and superior cervical ganglia and 

the stellate ganglia (Hopkins & Armour, 1984), examining the role of H3R in ischemia 

(Levi & Smith, 2000).  Although a ����-independent H3R pathway has been identified 

resulting in the reduction of NE release from cardiac sympathetic neurons in a chronic 

model of cardiac ischemia (Hatta et al., 1997), two separate ���� -dependent intracellular 

pathways resulting from H3R activation have been identified in the same neurons, and 

have been observed to result in a decrease in neurotransmitter release.  The first pathway, 

discussed in the introduction, relies on a decrease in adenylyl cyclase activity to cause a 
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decrease in cAMP levels within the neuron.  The decrease in cAMP results in a decrease 

in protein kinase A activity (PKA), which in turn causes an inhibition of N-type ���� 

channels (Lovenberg et al., 2000; Silver et al., 2002a; Seyedi et al., 2005).   

  An alternative pathway has been identified where activation of  the ��� complex 

also promotes activity in mitogen-activated protein kinase (MAPK) and 

phosphatidylinositol 3-kinase pathways, and phospholipase >� (PLA2)  (Drutel et al., 

2001).  This was confirmed by a study conducted by Levi et al. (2007) on cardiac 

synaptosomes.  Through a series of experiments, it was determined that once the H3R is 

activated, the βγ subunit of the G-protein complex activates MAPK, which then proceeds 

to phosphorylate phospholipase A (?@>�).  ?@>� then travels to the cell membrane and 

catalyses the phospholipids to produce arachidonic acid (AA).  The AA is a substrate for 

the production of prostaglandin 2 (?�A�) by cyclooxygenase-2.  ?�A� activates the 

prostaglandin receptor on the cell membrane (A?BR).  The prostaglandin receptor is 

coupled to a G-protein complex.  The βγi subunit of this complex then moves to the N-

type ���� channel, where it inhibits the entry of ����  (Levi et al., 2007; Morrey et al., 

2008).  Both Silver et al. (2002) and Seyedi et al. (2005) used neuroblastoma and cardiac 

sympathetic axons to demonstrate that H3R activation caused a decrease in ���� influx 

by approximately 55% (Silver et al., 2002b) by blocking N-type calcium channels.  This 

phenomenon has also been observed in human and guinea-pig sympathetic axons 

projecting to the heart (Endou et al., 1994; Imamura et al., 1995).  Numerous studies, 

including ours, consistently show the end result of H3R activation is the decrease of 
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����influx, regardless of the multiple intracellular pathways involved.  Although we did 

not confirm that the decrease in ����  influx due to H3R activation in SMG neurons was 

due to an inhibition of N-type ����  channels, it seems very likely, based on previous 

research.  The results of many experiments by different researchers have indicated that 

activation of H3R in sympathetic neurons causes a decrease in ���� influx through N-

type voltage-gated ���� channels, therefore reducing neurotransmitter release (Endou et 

al., 1994; Imamura et al., 1995; Lovenberg et al., 2000; Levi & Smith, 2000; Drutel et 

al., 2001; Silver et al., 2002a; Seyedi et al., 2005; Levi et al., 2007; Morrey et al., 2008). 

4.3 Mast Cells and Chromaffin Cells as Sources of Histamine in the SMG 

 There were several experiments that were not completed, which would have 

contributed to this project.  Firstly, mast cells were not positively identified within the 

SMG, despite using both immunohistochemistry and staining.  Frozen tissue sections 

were cut to a thickness of 10 µm on a cryostat, and exposed to c-kit antiserum, which 

binds to a surface receptor found on mast cells.  Unfortunately, no immune-reactivity was 

observed on either the SMG or on colon sections used as a positive control.  This led to 

the conclusion that the antiserum was no longer viable and could not function.  Next, 

frozen SMG sections were stained with toluidine blue dye, which reacts with the heparin 

found in mast cell granules and stains the tissue a bright shade of violet.  Although 

staining did occur, it was not possible to determine whether or not the stain areas 

indicated the presence of mast cells, as the dye was too dark and obscured the structure of 

the ganglion.   
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 In the past, Miller et al. (1996) published a study in which they located mast cells 

within the SMG using transmission electron microscopy.  Other studies on sympathetic 

neurons, including that by Blennerhassett et al (1991) have conducted in vitro 

experiments that show interactions between mast cells and neurons in sympathetic 

ganglia.  However, mast cells are not the only source of histamine in the SMG; 

chromaffin cells also contain and secrete histamine.  Chromaffin cells act as paracrine 

and endocrine cells within the SNS, and can communicate with each other via gap 

junctions (Andersson & Elfvin, 1991). Chromaffin cells undergo exocytosis in response 

to stimulation from preganglionic sympathetic neurons in the thoracolumbar region of the 

spinal cord, but may also receive input from neurons within the ganglia (Furness & 

Sobels, 1976).  In experimental settings, exocytosis can be artificially stimulated by 

superfusing chromaffin cells with a high concentration �� solution, causing the 

depolarization of the cell membrane and the subsequent release of some of the granules 

contained within the cell (Steyer et al., 1997).  A review conducted by Elfvin et al. 

(1993) listed a variety of neurotransmitters and neuromodulators that have been found 

within the granules of chromaffin cells located in the prevertebral ganglia.  Chromaffin 

cells have been observed to contain a combination of neurochemicals including 

dopamine, serotonin, norepinephrine, adrenaline, enkephaline, substance P, neuropeptide 

Y, calcitonin gene-related peptide, neurotensin, GABA, and histamine (Elfvin et al., 

1993).   
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  It is possible that histamine released from local chromaffin cells could activate 

receptors on SMG neurons.  However, it seems logical to assume that if receptors on 

SMG neurons were activated, receptors on SMG mast cells would be as well.  Activation 

of H4R on mast cells causes chemotaxis, therefore other immune cells would be attracted 

to the area, including mast cells.  This would increase the likelihood of mast cell 

mediators, including histamine, coming into contact with SMG neurons.   

4.4 Histamine Receptors on SMG Neurons  

In addition to the identification of mast cells in the SMG, a goal of this project 

was to complete a concentration-response curve examining the effects of different 

concentrations of histamine on changes in intracellular  ���� concentrations in 

dissociated SMG neurons.  Regrettably, this was not completed due to technical 

difficulties with the ���� imaging equipment, which were not resolved in time for the 

experiments to be included in this thesis.  Based on previous experiments, we 

hypothesize that exposure to higher concentrations of histamine would activate H1R and / 

or H2R, which would cause an increase in ���� influx during depolarization, resulting in 

more neurotransmitter release from SMG neurons.  The binding affinity of H3R for 

histamine is much stronger than either H1R or H2R (Levi & Smith, 2000; Venable & 

Thurmond, 2006), making this a plausible explanation of why exposing neurons to 

different concentrations of histamine could have opposing effects. While initially 

experimenting with different concentrations of histamine, we observed that the strongest 

inhibition of ���� influx occurred with SMG neurons were superfused with 10 µM of 
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histamine dissolved in extracellular solution for 1or 3 minutes.  Increasing the duration or 

concentration of histamine exposure resulted in less inhibition.  Additionally, 

experiments using the H1R and H2R agonist HTMT resulted in a statistically significant 

increase in intracellular ����.  Previous research has found that activation of H1R and 

H2R increase neuron excitability by initiating ����-induced ����-release and inhibiting 

potassium channels, respectively (Johnson, 1982; Haas & Konnerth, 1983; Malinowska 

et al., 1988; Mitsuhashi et al., 1989; Delvalle et al., 1992; Leurs et al., 1994; Berridge, 

1998; Haas & Panula, 2003; Han et al., 2006).  While this study used the H3R antagonist 

thioperamide to successfully reverse the inhibition of ���� influx caused by superfusion 

with lower concentrations of histamine, no experiments were conducted using H1R or 

H2R antagonists in an attempt to reverse the increase in intracellular ���� observed 

during H1R and / or H2R activation.  The use of H1R and H2R selective antagonists 

could determine which receptor is responsible for the effects observed when SMG 

neurons are superfused with HTMT.  Additionally, experiments could be conducted to 

determine the extent of the contribution of ����-induced ����-release to the increase in 

���� we observed in response to depolarization. 

 Given that studies have shown that H3R and H4R have a higher affinity for 

histamine than H1R and H2R, it seems logical to speculate that the differences in results 

which we observed when applying histamine to SMG neurons were caused by differential 

activation of histamine receptor subtypes.  When the neurons were superfused with lower 

concentrations of histamine (10 µM), H3R was activated and caused the inhibition in 
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���� influx we observed.  The loss of this response in neurons exposed to higher 

concentrations of histamine (1 mM) could be due to the activation of H1R and / or H2R, 

which counteracted the effect of H3R activation.   In the future, this could be tested by 

superfusing SMG neurons with a higher concentration of histamine in the presence of 

selective H1R and H2R antagonists.  If a decrease in intracellular ���� is still observed, 

we can conclude that H3R activation is not desensitized by higher concentrations of 

histamine.  Instead, the effects of H3R are overwhelmed by the activation of H1R or 

H2R, resulting in an increase in ���� influx. 

4.5 Functional Role of Intracellular ���� 

Previous research has identified microdomains of increased intracellular ���� 

concentrations within cells, and observed their role in neurotransmitter release (Blaustein, 

1988; Tymianski & Tator, 1996).  Unfortunately investigating the interaction between 

histamine receptor activation and the function of ���� microdomains within SMG 

neurons was not within the scope of this project.  The ����
imaging used in this project 

was designed to measure global changes in intracellular ���� concentration only.  Future 

research on histamine receptor activation in neurons could potentially investigate local 

changes in intracellular ����
concentration to elucidate a role for ���� microdomains and 

improve understanding of the intracellular processes involved.    

In addition to a role in neurotransmitter release, ���� microdomains are also 

important in gene transcription (Hardingham & Bading, 1998b).  Activation of cAMP 

response element-binding (CREB) depends on nuclear ���� (Hardingham & Bading, 
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1998a).  In regards to this project, the role of histamine receptor activation and 

intracellular ���� regulation on gene expression may be an area for future investigation.   

4.6 Mast Cells and Disease  

Alterations in histamine receptor activation on SMG neurons could contribute to a 

number of different health problems.  Within the digestive tract, two possibilities are IBS 

and allergic reactions to food.  They have both been linked to changes in mast cell 

activity (Christian et al., 1989; Barbara et al., 2004).  A number of studies have reported 

that mast cell numbers and proximity to nerve endings are increased in IBS patients 

(Barbara et al., 2004).  Stress is known to contribute to IBS.  While investigating the 

effects of stress on histamine receptor activity was beyond the scope of this project, we 

feel that it merits investigation in the future.  Within the past decade, research has linked 

mast cells and stress as contributors to IBS.  Chronic stress, modeled by exposure to 

corticotrophin-releasing factor (CRF) over 12 days was observed to cause a significant 

increase in mucosal mast cell numbers in colonic tissue sections (Teitelbaum et al., 

2008).  This increase was observed in conjunction with an increase in corticosterone 

levels in the bloodstream, and an increase in permeability of the mucosal barrier and the 

presence of microbes adhered to the epithelium, which was absent in genetically 

modified rats that lacked mast cells (Teitelbaum et al., 2008).  Interestingly, previous 

research investigating the effects of a psychological model of acute stress found that both 

CRF and IL-1 contribute to an increase in histamine production in mucosal mast cells in 

the proximal and distal colon (Eutamene et al., 2003).  While mucosal mast cells are 
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distinctly different from the connective tissue / peritoneal mast cells located in the SMG 

(Irani et al., 1986; Van et al., 2007), it seems possible that systemic exposure to CRF 

would affect SMG mast cells in a similar manner.  If this does occur, SMG neurons 

would be exposed to greater amounts of histamine, increasing the likelihood of H3R 

activation, which would result in diarrhea; a common symptom of IBS.  Hopefully future 

research will be able to confirm or disprove our speculation.   

Mast cell mediators have been known to contribute to inflammation.  However 

some inflammatory disorders are not yet fully understood, and require more research into 

the effects of inflammatory mediators such as histamine. It is possible histamine receptor 

activation in the SMG could also be altered by allergic reactions. Within the jejunum, 

exposure to an antigen in rats results in infiltration of active mast cells, eosinophils, and 

neutrophils into the mucosa (Yang et al., 2001). However, these effects are absent in 

genetically modified rats that lack mast cells (Yang et al., 2001).   

4.7 Conclusion  

The results gleaned from this project suggest a potential role for histamine-

mediated neuroimmune interactions within the SMG to influence the neural regulation of 

the GI tract. Changes in the concentration or duration of exposure to inflammatory 

mediators could contribute to a number of GI disorders.  Although mast cells are not the 

only source of histamine within the SMG, they have previously been observed to change 

their activity during inflammation.  These changes could alter the delicate balance 
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between mast cell mediators and neurons in the SMG, influencing activity in the colon, 

mesenteric lymph nodes, and spleen, leading to changes in gut and immune function. 
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