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Abstract 

Submucosal arterioles in the small intestine are the main point of control for 

gastrointestinal (GI) circulation as they are the final resistance vessels feeding the highly 

perfused mucosal layer. Ischemia can lead to pathophysiology of a variety of GI tissues. 

In chronic intestinal inflammation, alterations in blood flow have been purported to be 

involved in disease etiology. The aim of this study was to characterize purinergic 

neurotransmitter pathways involved in physiological submucosal arteriole diameter 

control by the enteric nervous system long vasodilatory reflex (LVD) and to establish a 

protocol to determine how inflammatory neural changes affect vasodilation in the small 

intestine. 

Following euthanasia, segments of small intestine were harvested from adult male 

guinea pigs and changes in nerve stimulated small intestine submucosal arteriole 

diameter were identified using videomicroscopy techniques; vessels were preconstricted 

and nicotinic cholinergic transmission was blocked with hexamethonium. Purinergic 

receptor antagonists were applied. Immunohistochemical analysis was conducted to 

identify P2Y1 receptors localization. In a subset of experiments sensory neuronal 

excitability was initiated using phorbol dibutyrate (PDBu) shown previously to induce 

hyperexcitability in the sensory neurons similar to changes found in intestinal 

inflammation. In these experiments, intestinal segments were placed into a novel dual 

chamber bath separated into two portions and PDBu was applied unilaterally.  

Blood vessel vasodilation was either abolished or decreased by both suramin (100 

µM, n=6), a non-specific P2 purinergic antagonist. MRS 2179 (10 µM, n=5), a P2Y1 
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specific antagonist, also decreased vasodilation, which suggests that there is a purinergic 

neurotransmission component to the LVD mediated by P2 receptors, including the P2Y1 

subtype. Immunohistochemistry identified P2Y1 receptor staining that was uniformly 

punctated in both the myenteric and submucosal plexuses but specific neuronal locations 

of the receptor could not be identified. Nerve stimulated vasodilation was not altered by 

application of PDBu suggesting that neuronal hypersensitivity did not modify vessel 

dilation.  

Taken together these data suggest that purinergic receptor pathways contribute to 

the LVD reflex under normal conditions however  more experiments are still required to 

fully elucidate how these  pathways are affected /altered by intestinal inflammation.  
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Chapter 1 

Introduction 

1.1 Overview of Gastrointestinal Blood Supply 

Three branches of the aorta, the celiac artery, the mesenteric artery, superior 

and inferior mesenteric artery, supply the gastrointestinal (GI) tract with 25 - 50% of 

cardiac output (Nyhof et al. 1983). The celiac artery supplies the stomach and liver, 

whereas, the inferior mesenteric artery supplies the distal colon (Matheson et al. 2000). 

The remaining sections of the GI, including the small intestine, proximal colon and the 

pancreas, are supplied by the superior mesenteric artery. There are arcades from the 

superior mesenteric artery, made from its extensive division and anastomoses that form 

the marginal artery running parallel to the small intestine. The marginal artery branches 

into the vasa recta, which penetrates through two muscle layers and enters the 

submucosa. At the level of the submucosa, blood vessels branch extensively into all 

intestinal layers (Matheson et al. 2000). The anatomy of the GI vasculature is illustrated 

in Figure 1.  

 Regulating GI blood flow is imperative for maintaining GI functions.  The blood 

supply not only supplies oxygen to maintain the viability of the GI tissue but also, aids in 

its digestive and protective functions (Hatoum et al. 2003).  Specifically, beyond meeting 

oxygen demands of muscle and secretory cells that aid in mechanical digestion, digestion 

requires transportation of both enzymes to the lumen and absorbed nutrients from the  
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Figure 1. Gastrointestinal Vasculature Anatomy  

Schematic of a section of the small intestine.  The cross section cut along the mesenteric 
border of the small intestine. The submoscal layer (6), the location of the final resistance 
vessels (8) and the major point for gastrointestinal blood flow control. 1 – Mesenteric 
artery; 2 – Marginal arteries; 3 – Vasa recta; 4 – Serosal layer; 5 – Muscularis Propria; 6 
– Submucosa; 7 – Mucosa; 8 – Submucosal arterioles.  
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lumen (Vanner et al. 1996). Cellular defense from foreign bodies and microbes requires 

infiltration of immune cells and maintenance of healthy physical barriers, specifically the 

mucosa. Pathological changes resulting in ischemia will alter things such as neuron 

activity (Cabot et al. 1978), motility (Mohamed et al. 1951; Cassuto et al. 1979), and can 

result in mucosal damage (Mayers et al. 1998). Subsequently, mucosal damage can cause 

increase exposure to harmful organisms and toxins (Vanner et al. 1993a), and decrease 

nutrient absorption (Bohlen 1980). 

Understanding the control mechanisms of normal blood flow is important to 

identify any alterations occurring in pathophysiological conditions and for determining 

possible treatments. Table 1 summarizes the mechanisms involved in controlling tone in 

GI circulation. Basal gastrointestinal vascular tone is established by a fine balance of 

vasodilator and vasoconstrictor inputs (Matheson et al. 2000). Although, control of 

submucosal arteriole tone is multimodal, neuronal reflexes mediate rapid responses. 

These rapid responses protect mucosal integrity, as they allow poised responses to 

continual changes in metabolic demands. Multiple studies have shown that the 

sympathetic and parasympathetic nervous systems only have limited direct action on 

physiological blood flow control in the GI tract (Kvietys et al. 1980; Nyhof and Chou 

1983). Consequently, blood flow is intrinsically controlled in the GI tract and is thus, 

important to characterize.  
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Table 1. Control of Gastrointestinal Blood Flow adapted from Matheson et al. 

(2000) 

Constrictors Dilators 

Neural Mediators  

↑ Sympathetic tone (Adrenergic) ↓ Sympathetic tone 

↓ Parasympathetic tone (Cholinergic) ↑ Parasympathetic tone 

Neuropeptide Y Substance P 

 Vasoactive intestinal peptide (VIP) 

 Calcitonin gene-related peptide (CGRP) 

Circulating Humoral Mediators  

Catecholamines (except in liver and muscle) Catecholamines (only in liver and muscle) 

Angiotensin II Histamine 

Vasopressin Bradykinin 

Serotonin Activated complement (C3a, C5a) 

Activated complement (C5a) Adrenomedullin 

Paracrine and Autocrine Mediators  

Endothelin-1 (vascular smooth muscle cells) Endothelium-derived relaxing factor (EDRF, NO) 

Platelet-activating factor Endothelium-derived hyperpolarizing factor 
(EDHF) 

Constrictor Prostaglandin (F2α) Dilator Prostaglandin (I2 or prostacyclin) 

 Endothelin-1 (endothelial cells) 

“Metabolic” Vasodilators 

↑ PO2 ↓ PO2 

↓ PCO2 ↑ PCO2 

↑ pH ↓ pH 
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1.1.1 Control of Gastrointestinal Blood Flow 

 

The small intestine is the major control site regulating intestinal blood flow. 

Specifically, Nyhof and Chou (1983) suggest that the small intestine, including the 

duodenum, jejunum and ileum, receive 40 to 60% of the available GI blood flow. The 

mucosal layer of the small intestine receives the majority of this blood flow in a complex 

bed of capillaries. However, these capillary networks do not control intestinal blood flow. 

Interestingly, the submucosal arterioles of the GI tract are the final resistance vessels and 

as a result, the main site of circulatory control, supplying the mucosa where metabolic 

demand is greatest (Vanner and Surprenant 1996). The submucosal arterioles receive a 

prominent increase of blood flow following stimulation of the mucosa by food intake, 

chemical or mechanical stimulation (Vanner et al. 1991; Vanner et al. 1993b; Vanner and 

Surprenant 1996). The reflex pathways result in changes to blood flow are multimodal, 

however immediate changes require neural reflexes. Further research is needed to 

elucidate the neural control of vasodilation, including these neural reflexes, which have 

yet to be fully characterized. 

 

Neuronal Control  

Guinea pig submucosal arterioles have been widely used as a model to understand 

the neural regulation of blood flow to the gut. The guinea pig was used both for the 

established understanding of the neuronal control and for the established vasodilator 

protocol in the species. The protocol is not practical in mice, another species with well-
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established understanding of neural regulation, because of the limitations involved in 

tissue dissection. The following discussion focuses on studies using the guinea pig, unless 

otherwise indicated.    

Constriction 

 Increase action of the sympathetic nervous system is the only direct regulation of 

constriction in the submucosal arterioles (Table 1). The celiac, superior mesenteric and  

inferior mesenteric prevertebral ganglia either terminate directly on the muscle of the 

vessels (Furness et al. 1971) or on the enteric nervous system (ENS; (Lundgren 2000). 

Sympathetic innervation on the submucosal arterioles from a dense plexus of fibres 

within the vessel wall, between the adventitia and media (Furness 1971; Li et al. 1998). 

Vasoconstriction is produced mainly by norepinephrine (NE) acting on α1 adrenoceptor 

located on the arteriole (Neild et al. 1989), but is co-mediated by adenosine triphosphate 

(ATP) on P2X receptors (Evans et al. 1992). Indirect constriction by the sympathetic 

nervous system occurs by the inhibition of vasodilator action of the ENS. Therefore, 

constriction is also elicited indirectly by decreasing the action of vasodilator control. 

Dilation 

Three neuronal systems act to control vasodilation of submucosal arterioles. 

There are two extrinsic neuronal systems, primary afferent neurons and parasympathetic 

neurons (Figure 2), and one intrinsic system, the enteric nervous system (Figure 3), that 

modulate and control vasodilation.  Under normal physiological conditions the ENS  
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Figure 2. Schematic of extrinsic innervation for gastrointestinal submucosal 
arterioles.  
A Primary afferent innervation initiating vasodilation.  

B Vasoconstrictor action controlled completely by sympathetic nerves.  
C Parasympathetic fibres alter tone via action through the enteric nervous system. 
Abbreviations and symbols: - constriction; + dilation; DRG, dorsal root ganglion; PVG, 
prevertebral ganglion; ACh, acetylcholine; CGRP, calcitonin gene-‐related peptide; ATP, 
adenosine triphosphate; NE, norepinephrine; VIP, vasoactive intestinal polypeptide. 
Gastrointestinal layer abbreviations: LM, longitudinal muscle; MP, myenteric plexus; 
CM, circular muscle; SM, submucosa; MU, mucosa. (Adapted from (Holzer 2006). 
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Figure 3. Proposed enteric nervous system vasodilatory reflexes in the guinea pig 
ileum.  
Extensive neural pathways, originating both in the submucosal plexus (B) and the 
myenteric plexus (A), act to produce vasodilation in the submucosal arteriole plexus. 
These pathways could be accurately depicted by one or more of the pathways portrayed 
in the figure. (Adapted from MacNaughton et al. (1997). 
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exerts the main control of vasodilation in the submucosal resistance vessels (Vanner et al. 

2004). Evidence shows that extrinsic parasympathetic innervation, via the vagus nerve, 

acts to modulate vasodilation through modulatory action on the ENS (Kirchgessner et al. 

1989), although this role is not well defined. In addition, extrinsic primary afferents act 

directly on blood vessels and indirectly through degranulation of local mast cells, to 

increase diameter and permeability. The role of primary afferents in vasodilator control is 

unclear, but may be prominent in pathophysiological conditions (Vanner and Surprenant 

1996).  

1.1.1.1 Enteric Nervous System  

 The ENS is made up of approximately a hundred million neurons divided 

between two ganglionated plexuses: the myenteric (MP) and submucosal plexuses (SMP) 

(Grundy et al. 2005). These plexuses control vasodilation, absorption, secretion and 

motility. The myenteric plexus is located between the circular and longitudinal muscle 

layers. The submucosal plexus lies within the submucosal layer of the GI tract, as 

depicted in Figure 3. The submucosal layer also contains the final resistance vessels 

(Vanner and Surprenant 1996). 

The ENS is comprised of sixteen phenotypically distinct neuronal types. Neurons 

are classified by three characteristics: morphology, neurotransmission and 

electrophysiology. There are two conventions for classifying neurons, based on 

morphology or electrophysiology, respectively. Enteric neurons are classified by shapes 

or by electrophysiology. In each case, determining one characteristic can predict the other 
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characteristics. Sensory neurons have either a Dogiel type II or AH classification. 

Whereas, inter- and motorneurons are Dogiel type I or S neurons (Furness 2006). 

Shape classification was devised by V.A. Dogiel in 1899, and characterized by 

cell body size and shape, as well as dendrite and axon number, and length. The two most 

prominent are Dogiel type I and Dogiel type II both have a single axon. They differ in the 

number of dendrites, and cell body shape. Dogiel described type I neurons to have long 

flattened cell bodies and between 4 - 20 dendrites. Conversely, type II neurons have 

ovoid or spherical cell bodies and fewer dendrites (between 3 and 10).  

Neurons can be characterized by their electrophysiological properties and are 

typically classified as S, or AH neurons.  This classification is based on aspects of action 

potentials (APs): synaptic input and after hyperpolarization (AHP) length (Furness 2006). 

There are three types of synaptic inputs, including, fast excitatory postsynaptic potentials 

(fEPSP), slow excitatory postsynaptic potentials (sEPSP), and inhibitory postsynaptic 

potentials (IPSP). The sEPSP lasts from seconds to minutes in length. Conversely, fEPSP 

have lengths of only milliseconds. AH neurons, also known as intrinsic primary afferent 

neurons (IPAN), receive only sEPSP input and have long AHP in normal physiological 

conditions. S neurons function as both motor and inter-neurons and receive all three types 

of synaptic inputs, but most prominently fEPSP with very short AHP (Furness 2006).  

Finally, the different types of neurotransmission modulating electrophysiological 

actions are used to classify enteric neurons (Furness 2006). Substances acting on ligand-
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gated ion channels elicit fast EPSP. On the other hand, activating metabotropic G protein 

coupled receptors (GPCR) produce slow EPSP. An individual chemical can act on both 

types of receptors therefore, initiating either type of EPSP.  Acetylcholine (ACh), 

adenosine triphosphate (ATP) and serotonin (5-HT) are all neurotransmitters that act to 

induce both types of EPSP depending where they act in the ENS (Galligan 2002b). For 

example, ACh acts on nicotinic receptors to produce fast EPSPs and acts of muscarinic 

receptors to produce slow EPSPs. However, neuropeptides such as substance P (SP), 

neurokinin A (NKA) and calcitonin gene-related peptide (CGRP) only activate sEPSP as 

their actions are mediated solely through GPCR (Vanner et al. 1993b; Pan et al. 2000; 

Alex et al. 2001; Manning et al. 2001). 

Myenteric Plexus 

Historically, the MP was thought to be largely responsible for controlling motility 

(Taylor et al. 1988). However, a study from 1984, in dog intestines, showed that there are 

coordinated changes in blood flow in response to patterns of motility (Fioramonti et al. 

1984). This study indicated that there were connections between plexuses that 

coordinated function. However, it was not until a decade later that immunohistochemical 

studies identified interneurons connecting the two plexuses (Portbury et al. 1995; 

Meedeniya et al. 1998). Although this evidence indicated that the MP might have a role 

in vasodilation, in vivo functional studies and anatomical identification did not identify 

the neural pathways involved in coordination. It is now evident that the MP also helps to 
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regulate vasodilation and secretion. Neurons in the MP innervate the SMP vasomotor 

neurons, which in turn modulate vasodilator actions (Vanner 2000).  

Although the MP is not required for vasodilation, further research is required to 

determine the characteristics of how and why this polysynaptic pathway is involved in 

the regulation of blood flow. This long vasodilator reflex (LVD) is considered necessary 

for temporal and spatial coordination of motility and blood flow, as well as secretion and 

absorption, in the alimentary canal (Reed et al. 2003).  

Submucosal Plexus 

The SMP is positioned adjacent to the submucosal resistance vessels and is 

therefore, ideally positioned to provide innervation to control tone (Vanner and 

Macnaughton 2004). The plexus contains both vasomotor and secretomotor neurons that 

coordinate secretion and vasodilation (Vanner and Macnaughton 2004).  Studies by 

Vanner (2000; 2003; 2007) show that this plexus works independently to control vascular 

dilation following lesions of the MP. Furthermore, since the SMP is required to produce 

ENS mediated vasodilation, it is the final common pathway for ENS vasodilator control 

(Vanner and Macnaughton 2004). 

Reflexes 

Reflexes activated by luminal stimulation need to act in coordination to control 

motility, secretion, absorption and vasodilation to facilitate proper digestion (Taylor and 

Bywater 1988). The neurons in the MP and SMP that act to initiate vasodilation are part 
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of intrinsic neuronal reflexes. As depicted in Figure 3, reflexes in the MP are 

polysynaptic and can extend for a few centimeters, whereas in the SMP these reflexes are 

confined to less than 5 mm in length and remain solely in the SMP (Vanner and 

Surprenant 1991).  Specifically, both sensory and motor neurons are located in the SMP 

and span, on average, 1 – 2 mm, but never more than 5 mm  (Hirst et al. 1975; Surprenant 

1984). Conversely, in the MP reflex, the LVD, long neurons projecting both orally and 

aborally, can act on either interneurons or motor neurons in the SMP (Vanner 2000; Reed 

and Vanner 2003). Ultimately, both the LVD and short vasodilator pathways of the ENS 

converge on SMP motor neurons to alter vasodilation (Vanner and Macnaughton 2004).  

In both reflex arcs, sensory neurons initiate the release of a neurotransmitter on 

either inter- or motor neurons.  When inter-neurons are activated, action potentials are 

transduced by synaptic neurotransmission to SMP motorneurons, which ultimately elicit 

vasodilation. The release of ACh from motorneurons act on muscarinic M3 receptors on 

the endothelium to produce nitric oxide (NO) dependent vasodilation (Andriantsitohaina 

et al. 1992). However, to date, the identity of the neurotransmitters involved in the 

transduction is not known.    

ACh is the major neurotransmitter released in the reflexes, which not only acts on 

the endothelium to produce the vasodilation of the submucosal arteriole; it is also 

released onto vasodilator motor neurons of the SMP to act on both muscarinic and 

nicotinic receptors, producing sEPSP and fEPSP, respectively. However, application of 

the nicotinic antagonist hexamethonium does not completely eliminate the vasodilation 
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response (Vanner 2000). Therefore, it is postulated that an additional neurotransmitter is 

involved in the reflex that has yet to be identified. As previously mentioned, ATP, 5-HT 

and the three neuropeptides, SP, NKA and CGRP, also act as synaptic transmitters in the 

ENS (Furness 2006). Of the additional mediators, ATP is considered the most prominent 

non-cholinergic transmitter (Galligan 2002b; Galligan 2002a). Consequently, it is a 

possibility that ATP is involved in the neurotransmission pathway on the vasodilator 

reflexes.  

Characterizing the possible role of ATP in this pathway is especially important 

because evidence from animal models of GI inflammation has verified ATP as an 

important non-cholinergic transmitter. ATP, along with 5-HT, have increased 

neurotransmitter role in inflammation.  Studies show that inflamed animals have altered 

cholinergic transmission and their fEPSPs were sensitive to inhibition of P2X and 5-HT3.  

This evidence was not present in the intestines of control subjects (Lomax et al. 2005a). 

Additionally, altered purinoceptor expression in the S neurons is evident in both model 

and human intestinal inflammation (Yiangou et al. 2001; Wynn et al. 2004; Guzman et al. 

2006; Nurgali et al. 2007; O'Hara et al. 2007). Although a purinergic component has not 

yet been confirmed in enteric vasodilation, separate studies have determined that blood 

flow is altered during inflammation. If there is a purinergic component in the control of 

vasodilation, it is possible that altered vasodilation is affected by purinergic changes 

identified during inflammation. Conclusively, understanding the physiological role of 
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ATP is of increasing importance, in order to determine the effect of purinergic 

transmission in vasodilation reflexes during inflammation.  

ATP acts on purinergic receptors, including the P2 receptor subtype that can 

produce either type of EPSP. P2 receptors are divided into fEPSP producing P2X 

receptors and sEPSP producing P2Y receptors. Both types have been identified in the 

ENS (Vulchanova et al. 1996; Poole et al. 2002; Gao et al. 2006; Ren et al. 2008). Action 

of ATP on P2 receptors can be identified using pharmacological techniques. Specifically, 

the P2 antagonist, suramin, can be added to eliminate any P2 mediated transmission in 

the vasodilation reflex. Furthermore, additional selective antagonists may be used to 

determine specific receptor subtypes involved in the purinergic component of the reflex 

pathway.  

The P2Y1 receptor belongs to the P2Y receptor sub-family and is a likely 

candidate for mediation of a purinergic component. Specifically, it has been located on 

motor neurons that elicit secretion, secretomotor neurons (SMN), using the P2Y1 specific 

antagonist, MRS 2179 (Fang et al. 2006). These secretomotor neurons bifurcate and 

coordinate innervation on multiple sites including submucosal arterioles. One example of 

such a coordination mechanism is the LVD. Furthermore, P2Y1 receptors are also located 

on intestinal neuromuscular junctions and are considered important in complete intestinal 

coordination (Wood 2006). Similarly, Reed and Vanner (2003) suggested that the LVD is 

considered a possible coordination mechanism for intestinal functions. 
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1.2  Inflammatory Bowel Disease 

 Crohn’s disease (CD) and ulcerative colitis (UD) are two distinct forms of 

inflammatory bowel disease (IBD). Both diseases are characterized by chronic 

inflammation that results in alterations in motility, absorption and secretion 

(MacNaughton 2006). Recently, changes in GI blood flow have been suggested to play a 

role in the pathogenesis of IBD. Inflammation could lead to the alterations in blood flow 

but conversely, the alterations in blood flow may be one of the factors that cause 

inflammation. Specifically, Hatoum et al (2003), studied patient biopsies and showed that 

reduced vasodilation, caused by a loss of NO-dependent dilation, was found only in 

affected areas of the intestine leads to chronic ischemia. The pathophysiology of this 

feature is largely unexamined. However, there are indications that the changes involve 

vasodilator mechanisms that are intrinsic to the gut, as these changes were localized to 

the intestine (Hatoum et al. 2003). Considering the ENS is the dominant intrinsic 

vasodilation control, alterations in vasodilation are likely a result of changes in the ENS 

during inflammation. Determining the cause for the vasodilation changes in inflammation 

might result in a possible therapeutic target. 

 Animal models of intestinal inflammation are necessary to provide a paradigm for 

studying human IBD. Trinitrobenzene sulphonic acid (TNBS) induced intestinal 

inflammation is a widely accepted animal model of GI inflammation. The other major 

model dextran sulfate sodium, DSS, produces colitis similar to UC (Solomon et al. 2010). 

Comparatively, TNBS results in inflammation similar to CD and is injected into a 
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localized portion of the GI tract (MacNaughton 2006). Therefore, TNBS can be used to 

produce inflammation in the small intestine, as well as the colon.  TNBS inflammation is 

elicited by the co-administration of TNBS with 50% ethanol to produce epithelial lining 

disruption followed by an immunological response (Morris et al. 1989). The 

inflammatory response, as well as, diarrhea, rectal prolapse, weight loss, altered gene 

expression and mucosal ulceration, are present in both IBD and experimentally induced 

inflammation (Neurath et al. 1995).  Furthermore, since the models mimics the etiology, 

symptoms and characteristics of human IBD, they can help elucidate the underlying 

mechanisms causing this disease.  

Guinea pig models of inflammation have shown marked alterations in the enteric 

nervous system, in both synaptic transmission and electrophysiological properties. In 

addition to the functional characteristics of neurons being altered in IBD models, 

structural changes are also present. This includes a generic decrease in neuron number 

(Linden et al. 2005). These alterations have been associated with altered motility and 

secretion (Lomax et al. 2006), but have not yet been connected to changes in vasodilator 

reflexes and modified blood flow. 

1.2.1 Enteric Nervous System Changes in IBD 

In inflammatory animal models, AH neurons have increased excitability and 

altered synaptic input (Krauter et al. 2007a; Krauter et al. 2007b). Specifically, studies 

using intracellular recording techniques show that AH neurons from TNBS inflamed 

animals discharge APs more frequently in response to stimuli, compared to controls 
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(Lomax et al. 2005b). Additionally, there is more spontaneous firing in AH neurons from 

inflamed tissue (Linden et al. 2003). Under normal physiological conditions, AH neurons 

have mainly sEPSP reception (Furness 2006), but in the TNBS model, AH neurons also 

receive fEPSP (Linden et al. 2003). Notably in inflamed tissue, the characteristic AHP in 

AH neurons are greatly decreased, both in length and magnitude. The hyperexcitability 

and the increased spontaneous firing in the AH neurons is modulated by the decrease in 

the AHP (Linden et al. 2003), however it is unclear what affect this would have in a 

demonstrative reflex, such as the vasodilation reflex.  

Reflex responses are affected by changes in sensory innervation, but differences 

in inter- and motorneurons may also result in changes.  S neurons, the inter- and motor 

neurons of the ENS, have altered electrophysiological properties in inflamed tissue when 

compared to control tissue. In inflamed tissue, S neurons have fEPSP, with higher 

amplitudes and a prolonged after hyperpolarization due to the increase in non-cholinergic 

activity (Nurgali et al. 2007; O'Hara et al. 2007).  There are also increased numbers and 

amplitude of sEPSP in inflammation-affected S neurons (O'Hara et al. 2007). However, 

comparatively the excitability changes in the AH are relatively more pronounced and 

evident than in S neurons, indicating that changes in AH neurons have a more 

pronounced effect on reflex responses, including vasodilation reflexes (Linden et al. 

2003). 

These inflammatory-related alterations of the ENS are linked to altered activity of a 

protein kinase C (PKC), especially during long-term changes (Poole et al. 2007). 
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Generally, PKCs are a family of signal transduction enzymes that are ubiquitous in cells. 

This kinase family is an integral part of intracellular messenger cascades in neurons.  

However, the PKC isoforms and their resulting signal cascades are differentially 

expressed in the ENS (Poole et al. 2003). Considering its ubiquitous nature, as well as the 

actions of the enzyme, there is a likely a link between PKC and inflammation. 

Distinct PKC isoforms are thought to be involved in neural changes.  There is 

evidence that a specific PKC isoform, PKCε, acts to transduce the effects of 

inflammatory agents acting on the ENS and other intestinal cell types (Poole et al. 2007). 

Studies indicate, PKCε mediates protease action on a protease activated receptor and 

tachykinin action on a neurokinin receptor, to produce cellular changes. This is evident 

on neurons immunoreactive for vasoactive intestinal peptide (VIP), because PKCε 

translocates to the membrane after action of PAR2 receptors, and in NPY and calretinin 

positive neurons, of neurokinin-3 receptor action. PKCε phosphorylation leads to 

increased AH and S neuron excitability and altered activity (Poole et al. 2007). PKC is 

thought to partially mediate TNBS inflammation (Brown et al. 1999).  

1.2.2 Pharmacologically Induced Neuron Hyperexcitability   

Phorbol 12,13-dibutyrate (PDBu), a phorbol ester, mimics diacylglycerol (DAG) and 

is therefore, a ubiquitous activator of all PKC subtypes (Kawai et al. 2003). Previous 

studies use PDBu to alter neuronal activity in the ENS (Kawai et al. 2003; Poole et al. 

2003; Nguyen et al. 2004; Poole et al. 2007). Both TNBS and phorbol esters can initiate 

intestinal inflammation but also, activate and alter PKC expression that can be reduced by 
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PKC inhibitors (Brown et al. 1999). Specifically, PDBu activates PKC, which 

subsequently, inhibits Ca2+ dependent potassium conductance by phosphorylating the 

intermediate potassium conductance (IK) channel (Nguyen et al. 2005). The 

phosphorylation causes the IK channel to close, preventing movement of potassium 

through the membrane. The IK channel, when opened, results in the AHP of neurons.  

Alteration from PKC activation decreases the probability of channel openings, thus 

resulting in changes of AHP characteristics similar to that found in the TNBS model 

(Kawai et al. 2003). The suppression of the AHP was observed in both myenteric and 

submucosal AH neuron, along with an increase of neuronal excitability (Poole et al. 

2007).  

 Preliminary data suggests that the use of the TNBS model of IBD in guinea pigs 

before videomicroscopy experiments affects gastrointestinal tissue viability and prevents 

successful tissue preparation (Vanner lab). Selectively activating PKCs could mimic the 

increased excitability induced by inflammation in enteric neurons without altering other 

aspects of the intestinal tract that prevent data collection. Such a protocol would allow for 

reproducible experiments involving vasodilation with simplified methods, compared to 

TNBS induced inflammation, in order to determine possible mechanisms of vasodilation 

alteration in IBD. Additionally, the artificial hyperexcitability of enteric neurons, to 

mimic IBD conditions, would minimize research time and the number of animal subjects. 

Application of PDBu requires only in vitro tissue preparations; conversely, the TNBS 

model of inflammation requires live animals and complicated surgery.  
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1.3 Hypotheses and Objectives 

Submucosal arterioles control gastrointestinal blood flow, as they are the last 

resistance vessels supplying the highly perfused mucosa. Blood flow in the GI tract is 

multimodal, but alterations of the submucosal arteriole diameter are mainly controlled by 

intrinsic factors. Specifically, there are neural reflexes intrinsic to the Gl tract that control 

rapid responses in vasodilation. One of these reflexes is the LVD that involves neurons 

from both the MP and SMP of the ENS. Neurotransmission of the LVD is partially 

mediated by ACh, but studies indicate that other undefined neurotransmitters are 

involved in the reflex. The noncholinergic component of the LVD reflex pathway is most 

likely mediated by ATP acting on P2 purinergic receptors. One receptor subtype, the 

P2Y1 receptor, mediates coordination of other GI functions and is found on bifurcating 

secretomotor neurons. Therefore, my hypothesis was that the most likely receptor 

involved in purinergic transmission in the LVD is the P2Y1 receptor localized on 

submucosal SMNs.  

Based on these observations my thesis aimed to characterize purinergic transmission 

in ENS LVD control of submucosal arteriole diameter. Vasodilation in in vivo guinea pig 

small intestinal preparations submucosal arterioles was monitored using an established 

videomicroscopy technique (Vanner et al. 1990; Vanner 2000). Applications of 

pharmacological antagonists were used to ascertain the role of purinergic receptors in the 

LVD reflex.  
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Inflammatory bowel disease is a chronic intestinal inflammatory condition that alters 

blood flow. More significantly, alterations in blood flow may be involved in the etiology 

of the disease.  Changes during inflammation of other intestinal tissue have been 

established, including both functional and structural changes in the ENS. Moreover, these 

changes have been connected to increase activation of the intracellular messenger 

enzyme, PKC. The effects of these neuronal changes, as well as the increased activity of 

PKC, on vasodilator reflexes have not been determined. Activation of PKC by PDBu has 

been shown to mimic PKC activation in the TNBS inflammatory model. However, this 

and other models of inflammation can be complex, time consuming, and costly. 

Therefore, I hypothesized that increased PKC activation using PDBu could establish a 

model to characterize vasodilator changes caused by increased neuron excitability that 

parallel neuronal changes that occur during intestinal inflammation. 

My second objective was to establish a protocol to analyze how changes in intestinal 

function, specifically neural function, affect vasodilation of the arterioles. The 

videomicroscopy technique was used again with guinea pig small intestine preparation. 

The LVD reflex was monitored after application of PDBu to determine any effects of 

PKC mediated hyperexcitability of ENS neurons on vasodilation.  
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Chapter 2 

Materials and Methods 

2.1 General 

Queen’s University Animal Care Committee approved all protocols according to 

CCAC guidelines. Animals were anesthetized by isoflurane inhalation and then 

euthanized by cervical dislocation and exsanguination. Distal ileum was removed from 

male Hartley guinea pigs weighing 150 to 300 g.  A midline abdominal incision exposed 

the intestine and ~10 cm of ileum was removed ~10 cm from the ileocecal valve. A 

physiological saline solution (in mM: 126 NaCl, 2.5 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 5 

KCl, 25 NaCHO3, and 11 glucose) bubbled continuously with 95% O2/5% CO2 was used 

to flush and bathe the tissue until use. 

2.2 Dissection 

Sections of the ileum, 40 mm, were cut open along the mesenteric border and pinned 

in a Sylgard-lined (Dow Corning Corp., Midland, MI, USA) culture dish with the mucosa 

exposed. In preparations where part of the mucosa was left intact, the saline solution bath 

was replaced every 5 mins to slow mucosa degradation, including tight junction 

degradation, by removing any accumulation of metabolites in solution. The mucosa was 

gently removed in several strips to expose the submucosal on the aboral region of the 

tissue (Figure 4). In the oral portion (~10 mm), either the mucosa remained intact, or the  

  



 

24 

 

 
 
 
 
 
 
 

 
 

 

 

Figure 4. Image of Mucosal Dissection Example.  
A section of distal ileum at the start of a dissection after the mucosal layer was exposed 
via incision along the mesenteric border. The sample is stretched flat and pinned (yellow 
arrows). Some mucosa from this sample has been stripped off to expose the submucosal 
layer (transparent portion, as labeled). The remainder of the opaque mucosal layer will be 
stripped so that the submucosa is exposed on the entire sample. 
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mucosa and submucosa was removed, along with the circular muscle, to expose the 

myenteric plexus (Figure 5).  

 The dissected tissue section (~20 mm of the original ~40 mm) was pinned in a 

small tissue bath. Each animal provided one preparation for analysis. The tissue bath 

bottom was a microscope coverslip coated with Sylgard designed for use on an inverted 

microscope. Depending on the application desired, there were two types of small tissue 

bath chambers used in the protocol; single and double chamber ( 

Figure 6). A Sylgard divider was used to securely separate the tissue sample portions, 

oral and aboral, which were superfused independently. The tissue was continually 

superfused with oxygenated saline (11 - 13mL/min) maintained between 35-36 °C; 

double chamber independent perfusion was sustained within a 0.2 °C and a 0.5 mL/min 

differential. Nifedipine (1 µM) was added to the superfusate to prevent muscle 

contraction of the circular and longitudinal smooth muscle. After completion of the 

protocol, unilateral superfusion of trypan blue dye verified the integrity of the Sylgard 

barrier. 

2.1 Data Collection 

Diamtrak, a computer-assisted videomicroscopy system, was used to monitor the outside 

diameter of submucosal arterioles in the aboral section of the tissue. Cursors from the 

computer software were used to monitor the outside diameter of the vessel wall visible on 

the computer screen from a x20 objective on an inverted microscope, as seen in Figure 7. 

In each instance a point, on the primary branch of the vessel, with similar initial   
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Figure 5. Tissue Preparation Dissection and Stimulation Types.  

Musoca was removed in the aboral region of the tissue preparation to expose the 
submucosa. The submucosal artieroles are monitored by Diamtrak cursors (red lines) on 
the primary branch of the vessel.  
A The myenteric plexus portion of the tissue preparation was exposed by removing the 
mucosa, submucosa and circular muscle layer. Bipolar tungsten electrode was placed 3 – 
5 mm from the monitored blood vessel on an exposed ganglia of the myenteric plexus to 
trigger vasodilation.  
B Mucosa preparations, with intact mucosa in the oral portion, were stimulated with a 5 
mm angled brush to produce a vasodilation in the monitored vessel.  
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Figure 6. Double Chamber Tissue Bath Configurations.  
Tissue bath chambers were either single chamber (as depicted in Figure 5) or double 
chamber (as depicted here). A Sylgard divider was added to keep the oral and aboral 
regions of the tissue preparations distinct. The distinct regions were independently 
superfused with physiological saline or any treatment. The divider was used in both 
myenteric plexus (A) and mucosal preparations (B).  
A Nerve stimulation was produced by stimulating a myenteric ganglion with a bipolar 
tungsten electrode. 
B Nerve stimulation was produced by mucosal stroking with an angled brush. 
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Figure 7. Diameter Monitoring Software Example Images.   
Images from Diamtrak computer software using 20X objective on an inverted 
microscope. The dark outside diameter of the blood vessels are marked and followed 
using cursors similar to the blue (−) and yellow (−) shown. Scale bar represents 50 µm  
A: Submucosal arteriole prior to preconstriction with PG-F2α  

B: Submucosal arteriole after to constriction with PG-F2α  
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diameter, was chosen for placement of Diamtrak monitoring cursors.  Data points for the 

vessel diameter were taken during monitoring at a rate of 15 Hz with a resolution of <1 

µm. Data recordings were then converted into text files with diameter measures every 

vasodilation was elicited.  PG-F2α was required for preconstruction because sympathetic 

innervation is removed by dissection.  PG-F2α was chosen for its proven sustained and 

consistent vasoconstrictions (Vanner et al. 1990).  

2.1.1 Vasodilation Response 

 Once the vasoconstriction was stabilized, vasodilation was elicited by bipolar 

tungsten electrode stimulation (40 V, 20 Hz for 6 seconds) of myenteric ganglia in oral 

myenteric plexus preparations (Vanner 2000). The electrode was placed 3 - 5 mm from 

the monitored blood vessel. In mucosal preparations, vasodilation was evoked by 

mechanical stimulation (Figures 5B and 6B) of the mucosa with a 5 mm wide angled 

paintbrush, ensuring the total exposed mucosa surface was contacted, 4 times within 3 

seconds (Vanner 1993). Both stimulation protocols were established protocols that 

consistently produce control dilation responses at 80% of the maximal response (Vanner 

lab).  

2.1.2 Pharmacological Treatment 

 Drugs were added to the superfused physiological saline solution.  In situations 

when multiple drugs were required, they were added concurrently into the saline solution. 

Double chamber protocols had each side superfused independently to limit action to a 

localized region; specifically, PG-F2α was added to aboral exposed submucosa.  
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 The position of the incoming superfusion flow in relation to the suctioning drain 

duct determines the flow direction in the tissue bath. The orientation of the superfusion 

flow is important to produce stable constriction and reproducible vasodilation because it 

determines the amount of tissue exposure to the incoming superfusate (Vanner 1993). 

However, the optimal orientation for the double chamber was not yet established. 

Permutations were completed on a preparation superfused only with nifedipine in 

physiological saline and PG-F2α was added, and repeated 3 times, to monitor the 

presence or absence of a stable vasoconstriction.  

2.1.2.1 Purinergic Antagonists 

Hexamethonium (100 µM) was administered continuously in the physiological saline 

solution to eliminate the nicotinic receptor-mediated component of the vasodilation 

reflex.  Control, treatment and washed-out protocols were completed on each viable 

tissue preparation in single chamber tissue bath. After the control vasodilation response 

to nerve stimulation was established, a 10 minute wash out was completed to reestablish 

baseline diameter. Purinergic receptor antagonists, suramin (100 µM; nonspecific) or 

MRS 2179 (10 µM; P2Y1 specific), were added to the physiological saline solution for 

the last 3 minutes of the 10 minute wash out period and then the vasodilation protocol 

was repeated while the drug remained in the superfusate. This was followed by an 

additional wash out period (10 minutes) to both re-establish baseline diameter and 

remove drug from the superfusion system before the final vasodilation protocol. 
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2.1.2.2 Protein Kinase C Activator, Phorbol Dibutyrate  

 Both nerve and mucosal stimulation were attempted to stimulate vasodilation in 

tissue preparations with phorbol dibutyrate (PDBu) protocols. The double chamber tissue 

bath was used when PDBu was applied. In nerve stimulated vasodilation experiments, 

PDBu (1 µM) was applied for five minutes immediately after control vasodilation 

response and washed out for five minutes before vasodilation protocol. This ten minute 

total time also allowed so PG-F2α to be eliminated from the superfusion and baseline 

diameter to return. Vasodilation protocol was repeated for a third time after another ten 

minute washout.  

 Mucosal stroking is an established protocol for vasodilation stimulation, which was 

reproduced in the preparatory phase of experiments. However, the use of mucosal 

stroking in a double chamber tissue bath is a novel approach to vasodilation stimulation. 

Two tissue preparations, taken from adjacent intestinal segments, were used in succession 

as control and treatment preparations, in random blind order for manually stimulated 

mucosa protocols. Vessel vasodilation in preparations with intact mucosa was elicited by 

mechanical stimuli with a 5 mm angled paintbrush to ensure total surface contact. 

Indiscriminate mucosal stimulation was authenticated by blinded application of PBDu, 

and control superfusion for 10 minutes followed by 5 minute washout before vasodilation 

protocol. The blinded protocol was completed to compare paired data (individual 

preparations, one control and one treatment, from the same tissue segment). The 

vasodilation experiment was repeated three times, in total, on the same tissue preparation, 

with 10 minute wash periods before each trial. The repeated measures were used to 
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calculate the mean response for both the control and treatment protocols.  

2.1.3 Data Analysis and Statistics 

 The data recording produced a tracing similar to the example depicted in Figure 8. 

The vasodilation response was quantified by determining the area under the curve 

produced by the response (Figure 8A). The area under the curve (µm•sec) was calculated 

by Graphpad Prism analysis. The two factors that determine the area of response, 

amplitude and duration of response, were measured as maximal height (height; µm; 

Figure 8B) and width at half the maximal height (half width; seconds; Figure 8B), 

respectively. The amplitude and the duration of response are the two factors that 

determine the area of the vasodilation response, and therefore, were measured to 

determine whether either component was altered by suramin. Constriction delay, the 

response time to PG-F2α (seconds; Figure 8C), as well as baseline (Figure 8D) and 

constriction diameter (µm; Figure 8E) were monitored to verify tissue viability and 

protocol reproducibility. In addition, the reproducibility of PGF2α (400 nM) induced 

constrictions between experiments was monitored to verify stability of the preparation.  

Graphpad Prism was used to generate graphs and for statistical analysis. All values 

were expressed in mean ± standard error of the mean (SEM). Data with control, treatment 

and washout were analyzed using a Friedman tests to determine statistical significance. 

For data collected from two adjacent preparations, a Wilcoxon test was used to identify  
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Figure 8. Analysis of Arteriole Vasodilation Response.  
A Area under the vasodilation response (µm•sec) was calculated using Prism Graphpad 
analysis. The area indicated the magnitude of the vasodilation response. 
B The duration, the width at half the height (half width; seconds) and the amplitude, the 
maximal response height (height; µm), were calculated as the determining components of 
the response area.  

C The time, in seconds, from application of PG- F2α to constriction response was one of 
three characteristics considered to verify viability and reproducibility.  

The remaining two characteristics were baseline (D) and constriction diameter (E; both in 
µm). Bolded line (F) marks the duration of superfusion of prostaglandin. Arrow indicates 
nerve stimulation. 
 
 
 



 

34 

 

any statistical differences between the mean values for control and treatment. A p value 

of .05 was used to assess significance between the two groups. 

2.1 Immunohistochemistry 

 Open distal ileum tissue was cleared of contents, pinned to balsa wood and fixed 

overnight in one of the following fixatives in order to optimize the 

immunohistochemistry protocol: 4% paraformaldehyde (PFA), 10% neutral buffered 

formalin (NBF) or 4% Zamboni’s fixative. Both PFA and Zamboni’s were dissolved in 

0.1 M sodium phosphate buffer (PBS). Fixed tissue was washed of the fixative four times 

with a 1 M PBS. The mucosal and muscularis layers were removed to produce both the 

submucosal and myenteric plexus preparations to be used.  

 Depending on the secondary antibody used, normal goat or horse serum (5%) in 

PBS was used for blocking. The blocker had 0.1% Tween added and was applied for 1 

hour before application of the primary antibody. All antibodies used for 

immunohistochemistry were diluted with Antibody Diluent purchased from Dako 

(Burlington, Canada). Two different rabbit anti P2Y1 receptor primary antibodies were 

added for 24 to 48 hours at 4°C at concentrations between 1:200 and 1:2000. Alomone 

Labs (Jerusalem, Israel) and Abcam Inc (Cambridge, USA), respectively, manufactured 

the two primary P2Y1 antibodies used. The primary antiserum was then removed and the 

tissue was washed an additional three times with a 1 M PBS. The Alexa fluor-conjugated 

(555nm) secondary antibody, either goat anti rabbit or donkey anti rabbit (1:2000) in 

order to determine optimize staining technique, was applied at room temperature for 1 
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hour followed by four more PBS washes. Both secondary antibodies were purchased 

from Invitrogen (Burlington, Canada). A control was established by completing the 

staining protocol without application of the primary antibody Tissue was mounted on 

slides with buffered glycerol and examined using an epifluorescence microscope 

(Olympus BX51). Images of the stained tissue were taken with a Coolsnap CCD camera 

and ImagePro software.  

2.2 Drug Preparation and Use 

The following drugs were used from Tocris and were dissolved in distilled deionized 

water (ddH2O): suramin and MRS2179. Nifedipine, hexamethonium and phorbol 12,13-

dibutyrate were purchased from Sigma and dissolved in dimethyl sulfoxide, ddH2O and 

ddH2O, respectively. Cayman chemical manufactured the 9-11-dideoxy-11α, 9α-epoxy-

methanoprostaglandin F2α, which is also known as U-44619. U-44619 was dissolved in 

ddH2O and was kept frozen in the -20 °C freezer.   
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Chapter 3 

Results 

3.1 The Role of Purinergic Neurotransmission in Submucosal Arteriole 

Vasodilation  

 

Control preparations of guinea pig distal ileum sections were studied for 

approximately 60 mins following dissection of the animal. Each animal dissection 

produced one tissue preparation for the study (n= 38). From each tissue preparation, we 

selected an arteriole with an approximate 100 µm diameter (97.9 ± 18.1 µm) to study its 

vasodilation response via nerve stimulation. 

Arterioles were pre-constricted to approximately 60% the original diameter with 

PG-F2α (400 nM; 61.7 ± 11.5 µm) for approximately 120 sec each time. Nerve 

stimulation (6 sec, 20 Hz, 40V) by a stimulating electrode positioned on a myenteric 

ganglion, between 3 – 5mm away orally from the monitored branch, consistently elicited 

vasodilation in pre-constricted control vessels.  

In this study, hexamethonium (100 µM) was continuously applied to eliminate 

nicotinic involvement in any vasodilation response. Thus, revealing non-cholinergic 

neural signaling in the long vasodilator reflex. In 60% of both practice and experimental 

trials, a vasodilator response to nerve stimulation was present, identifying the presence of 

a non-nicotinic reflex component. Those preparations that exhibited a non-nicotinic 

component were used for the protocol, the rest were excluded. 
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3.1.1 Effects of Suramin, a Non-specific P2 Antagonist  

 

Tissue preparations that exhibited a non-nicotinic component were treated with 

suramin (100 µM, n=6), a non-selective P2 receptor antagonist. Figure 9 shows two 

sample recordings (top and bottom) for the suramin protocol at each stage of the 

experiment: control, suramin application, and suramin washout. Suramin treatment did 

not affect the viability of the tissue preparation (Figure 10; Figure 11). Tissue viability 

for each preparation, and between each experiment, was determined by reproducibility of 

the diameter both before and during constriction with PG-F2α. The diameter before and 

during constriction were stable within preparations and between repetitions (100.9 ± 5.4 

µm and 62.2 ± 3.6 µm, respectively; p= 0.8 and p= 0.9, respectively (Figure 10). Tissue 

viability was also monitored by response to PG-F2α application. Specifically, the time 

between the point of PG-F2α application and the start of stable constriction was defined 

as the constriction response. Stabilization of constriction was defined by at least ten 

seconds of diameter stability, based on fluctuation of less than 5 micrometers in either 

direction; not including incidental cursor jumps from vessel boundaries. Moreover, in 

these preparations the onset of the constriction response to PG-F2α remained unaltered 

through each repetition for a preparation (38.5 ± 6.9 sec; p= 0.3; Figure 11). 
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Figure 9. The Effects of Suramin on Nerve Stimulated Vasodilation Responses.  
Two examples of nerve stimulated vasodilation during control (with hexamethonium 
100µM), suramin (100µM + hexamethonium) and washout (again, only with 
hexamethonium). Bolded lines indicate marks the duration of superfusion of 
prostaglandin. Arrows indicate nerve stimulation of myenteric ganglia approximately 3-5 
mm away from monitored submucosal arteriole.  
A: Suramin application altered vasodilation response to nerve stimulation in one of two 
ways: abolishment of response or decrease of response. In the top tracing, suramin 
application eliminated the nerve stimulated vasodilation response (n= 2). Specifically, the 
tracing shows the diameter remained at the stable constriction level. In the bottom 
tracing, suramin application resulted in a decrease in nerve stimulated vasodilator 
response (n= 4).  However, the response in these preparations was still evident above 
stable constriction diameter.  
B: In all trials, preparations reestablished a vasodilation back to control levels, following 
a 10 minute wash after suramin application. 
  



 

39 

 

 

 

 

 

 

 

Figure 10. Stable Submucosal Arteriole Diameter Indicate Tissue Viability.  
Tissue viability was determined by the average blood vessel diameter remaining 
consistent prior to, and during treatment, washout, and after nerve stimulation. 
A: Baseline diameter (µm) was defined as the diameter for each preparation before 
application of prostaglandin and the corresponding constriction. It was taken for 30 
seconds before pre-constriction in each trial. The bar graphs represent the average 
baseline diameter of 6 preparations (± SEM). The baseline diameter was stable between 
tissue preparations and within individual trials (100.9 ± 5.4 µm; p= 0.8).  
B: Constriction diameter (µm) was the stable diameter produced by pre-constriction with 
PG-F2α (400 nM). It was determined by averaging the diameter of stable constriction 
both before and after nerve stimulated vasodilation (± SEM; n= 6).  The constriction 
response to PG-F2α application remained constant throughout each protocol and trial 
(62.2 ± 3.6 µm; p= 0.9). 
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Figure 11. Reproducible Response Time to PG-F2α Application is Indicative of 
Tissue Viability in the Presence of  Suramin.  
Sustained tissue health was also identified by submucosal arteriole response to PG-F2α 
application. Specifically, the time for PG-F2α to produce stable vessel constriction was 
defined as the constriction response and was used to determine response consistency to 
drug application. The response time to application of PG-F2α was stable within and 
between controls, including during the application of suramin (38.5 ± 6.9 sec; p= 0.3). 
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Suramin application significantly decreased or eliminated the vasodilator response 

evoked by nerve stimulation. Suramin application attenuated the vasodilator response by 

approximately 46% when compared to control responses (n= 6, p< 0.04; Figure 10). 

Moreover, the response to suramin application was reversible after a ten-minute washout 

period, where the vasodilator response returned back to control levels (Figure 9B; Figure 

12). In 33% of preparations, suramin application completely abolished the vasodilation 

response. The sample tracings outlined in  Figure 8A, are representative of a complete 

elimination of nerve stimulated vasodilation (top, n= 2) and a reduced vasodilation 

response (bottom, n= 4). However, there are no significant differences between the 

control, treatment and washout for either the amplitude, as determined by the maximal 

response height, or the duration, as determined by the width of half the height (half 

width), of the vasodilation (see example of data collection in Figure 8B). 

 

3.1.2 Effects of MRS 2179, a P2Y1 Receptor Specific Antagonist  

 

Superfusion of MRS 2179 significantly decreased the nerve evoked vasodilator 

response by approximately 42% (n= 5, p< 0.03; Figure 13). The constriction and baseline 

diameters were stable throughout the protocol (92.4 ± 9.9 µm and 60.7 ± 6.3 µm, 

respectively; both p= 0.9, respectively; Figure 14) and the constriction delay time was 

also consistent (36.5 ± 6.5 sec; p= 0.9; Figure 15). All responses were reversible 

following a ten minute washout of MRS 2179 (Figure 13 - "Wash"). 
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Figure 12.The Effect of Suramin (100 µM) Application on Nerve Stimulated 
Vasodilation Response. 
 Submucosal blood vessel diameter was monitored to determine purinergic characteristics 
of long vasodilator reflex response. Blood vessels were pre-constricted with PG-F2α and 
a subsequent nerve stimulation of a myenteric ganglion produced vasodilation in the 
submucosal arteriole. Vasodilation response defined as the average peak area (µm•sec; ± 
SEM) of arteriole diameter change as determined by Prism Graph Pad area under the 
curve analysis. Hexamethonium (100 µM) was added to the superfused bath to eliminate 
cholinergic involvement in any vasodilation response. Application of suramin, a P2 
antagonist, decreased the response to nerve stimulation by approximately 46% compared 
to the hexamethonium control (n= 6, p< 0.04). The vasodilation response returned to 
control levels after a 10 min washout of suramin ("Wash"). 
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Figure 13.Effect of MRS 2179 (10 µM) Application on Nerve Stimulated 
Vasodilation Response.  
Application of suramin (100 µM) altered vasodilation of submucosal arterioles and 
therefore, indicated a purinergic component involved in the long vasodilator reflex (see 
Figure 12). Application of MRS 2179 was then used to identify the possible role of the 
purinergic receptor subtype, P2Y1, in this reflex. Specific P2Y1 inhibition by MRS 2179 
decreased the vasodilation response to nerve stimulation by approximately 42% 
compared to the hexamethonium control (n=5, p< 0.03), which returned after washout. 
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Figure 14.Stable Submucosal Arteriole Diameter Indicate Tissue Viability.  
The return of vessel diameter after treatment with MRS 2179 and nerve stimulation is 
suggestive of continued tissue viability. A: Baseline diameter (µm) was taken for 30 sec 
before pre-constriction with PG-F2α in each trial. The bar graphs represent the average 
baseline diameter of 6 preparations (± SEM). The baseline diameter was stable between 
tissue preparations and within individual trials (92.4 ± 9.9 µm; p= 0.9). B: Constriction 
diameter (µm) was determined by averaging the diameter of stable constriction, produced 
by PG-F2α application, both before and after nerve stimulated vasodilation (± SEM; n= 
5).  The constriction response to PG-F2α application remained constant throughout each 
protocol and trial (60.7 ± 6.3 µm; p= 0.9). 
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3.1.1 Immunohistochemistry 

 

The MRS 2179 data presented in 3.1.2 indicated that the purinergic receptor, P2Y1, 

was involved in the long vasodilator reflex response. Immunohistochemistry was used to 

establish the location of the receptor in the enteric nervous system, and to determine the 

receptor neuronal subtypes.  

Labeling with the rabbit polyclonal α P2Y1 antibody (Alomone Inc, Jerusalem, Israel) 

followed by an Alexa fluor-conjugated donkey α rabbit (555 nm; 1:2000; Invitrogen,  

Burlington, Canada) produced uniform staining throughout cells both in the myenteric 

and submucosal plexus, as well as high background levels of stain (Figure 16). This 

pattern of labeling was seen at a range of concentrations (1:200 - 1:2000 dilution) 

regardless of the fixative used, neutral buffered formalin (NBF, 10%), paraformaldehyde 

(4%), or Zamboni's fixative (4%). 

The immunohistochemical protocol was repeated with a second P2Y1 receptor 

primary antibody (Abcam Labs, Cambridge, USA) to determine the reproducibility of the 

initial staining pattern (both n= 21; 1:1000; Figure 17). The optimal fixative used for this 

antibody was NBF (10%).  To minimize the effect of background staining a goat α rabbit 

secondary (1:2000; Invitrogen, Burlington, Canada) replaced the donkey α rabbit 

secondary, after high background levels were again evident with the new primary 

antibody (not shown). As is visible in both Figure 16 and Figure 17, the antibody stained  
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Figure 15. Repeated PG-F2α Application Caused Similar Constriction Responses in 
the Presence of MRS 2179.  
Reproducibility of the constriction response time of the submucosal arteriole to 
application of PG-F2α identified sustained tissue health. The response time to application 
of PG-F2α remained constant in all preparations, including during application of MRS 
2179 (36.5 ± 6.5 sec; n=5; p= 0.9). 
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Figure 16. Immunohistochemistry images of Alomone P2Y1 primary antibody.  
The staining was uniform with high background staining at all antibody concentrations 
(1:200 to 1:2000 dilution).  Control protocol with no primary produced no staining. The 
dotted line outlines ganglia. The scale bar is in the bottom right. 
A: Guinea pig ileum submucosal plexus visible at the x20 objective (1:400 dilution). 
Scale bar represents 20 µm. 
B: Guinea pig ileum myenteric plexus with a x40 objective (1:1000 dilution). Scale bar 
represents 10 µm. 
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Figure 17. Immunohistochemistry images of Abcam Labs P2Y1 primary antibody.  
The second primary antibody resulted in near ubiquitous staining localized to cells not 
needed here, only in results.  Background staining was decreased by replacing the 
original donkey anti-rabbit secondary with a goat anti-rabbit secondary (both 1:2000 
dilution). Scale bar represents 10 µm in both A and B. 
A: Guinea pig submucosal plexus at x40 objective (1:1000 dilution).  
B: Guinea pig myenteric plexus at x40 objective (1:1000 dilution). 
  



 

49 

 

consistently with both primary antibodies through the majority (less than 5 ganglionic 

cells in each slide left unstained) of cells in the ganglia of both the submucosal plexus 

and the myenteric plexus. The uniform staining appears to be cytosolic, but this was not 

confirmed. The antigen for P2Y1 antibody was not available, consequently preventing an 

antibody pre-absorption evaluation. However, a control was established by completing 

the staining protocol without application of the primary antibody (not shown). 

 

3.1 Vasodilator Response to Phorbol Dibutyrate Activation of Protein Kinase C  

 

Control preparations of guinea pig ileum were dissected to expose specific layers of 

the intestinal wall. Submucosal arterioles with an approximate baseline diameter of 90 

µm were monitored aboral to stimulation (85.0 ± 4.8 µm; n=35). Nerve stimulation or 

mechanical mucosal stimulation was used to elicit vasodilation responses. Specifically, in 

preparations that had been dissected to expose the myenteric plexus, nerve stimulation (6 

sec, 20 Hz, 40V) by an electrode 3 - 5 mm away from the vessel was used to produce a 

vasodilation in the arteriole after (n= 18) PG-F2α induced constriction.  The remaining 

preparations had aboral mucosal layer intact and vasodilation was elicited by 4 repeated 

brush strokes of the mucosa within a 3 s period (n= 17).  

PDBu (1 µM), a PKC activator, was used to treat tissue preparations of the guinea pig 

distal ileum. PDBu activation of PKC produces neural changes in the ENS that closely 

mimic changes found in models of IBD. This novel protocol attempted to create a model 

of ENS excitability similar to the excitability changes found in IBD in order to 
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characterize the effect of the altered ENS on intestinal circulation.  Preliminary data using 

single chamber preparation indicated that superfusing with PDBu interfered with PGF2α 

induced vasoconstriction. Prior to PDBu treatment, PG-F2α produced a stable 

constriction that was not reproducible after PDBu application (n= 4; Figure 18). In order 

to prevent the interference and produce stable constriction in the monitored vessel, while 

still investigating the result of PDBu application a double chamber tissue bath was used. 

This configuration resulted in two separate superfusion chambers, one oral and one 

aboral. The double chamber allows a single tissue preparation to be treated independently 

in each the oral and anal sections. In this case, it was to prevent one treatment from 

interfering with the other, as pre-constriction by PG-F2α is necessary to produce 

vasodilation by either nerve stimulation or mucosal stroking.   

Initially, a plexiglass divider was used to separate the two portions of the double 

chamber, however, unilateral trypan blue dye application indicated a complete seal in 

only 18% of preparations (n= 11). In an attempt to obtain a reproducible seal, a custom 

Sylgard divider was designed to separate the two portions. The Sylgard divider 

consistently maintained the seal and was used for all double chamber recordings used for 

data analysis (n= 24, including optimizing test preparations). The double chamber 

technique has been used previously, but optimal superfusion positions have not been 

established.  To elucidate these positions, analyses of multiple permutations of flow 

orientations were attempted and the data (not shown) indicated that aboral flow running  
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Figure 18.Effect of Phorbol 
Dibutyrate (PDBu) on PG-F2α 
Action.  
Previous control tracings for each 
of the shown preparations had a 
stable constriction response to PG-
F2α application. However, after 3 
min superfusion of PDBu (1µM), 
application of PG-F2α no longer 
produced a stable constriction 
diameter. Arrows indicated the 
point of PG-F2α (400 nM) 
application. It should be noted that 
the diameter fluctuations are not 
stimulated changes in blood vessel 
diameter, but sporadic movement 
by the arteriole walls after PG-F2α 
application. 
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diagonally across each portion of the tissue provided the most consistent results. 

Independent perfusion, monitored by flow rate, was maintained within a 0.5 mL 

differential (within the range of 11 - 13mL/min), and temperature, was maintained within 

a 0.2°C differential (within the range of 35.0 - 36.0°C), verified consistency between both 

halves of the preparation. The reproducibility of the responses, as well as the trypan blue 

dye test (see previous paragraph), indicated that the divider provided an intact barrier.  

The double chamber protocol resulted in stable vasoconstriction in the submucosal 

arterioles in response to PG-F2α. However, nerve stimulated vasodilation was not 

significantly altered by treatment with PDBu (1 µM; 5 min) after washout, measured at 

both 5 and 15 min (n=7; Figure 19).  Both baseline and constriction diameter remained 

stable throughout the protocol (Figure 20). The time delay for the constriction response 

was also stable for the duration of the experiment (Figure 21). The treatment with PDBu 

produced no change in the magnitude of vasodilation nerve stimulated responses 

compared to control.  

Mucosal stroking is an established protocol for vasodilation stimulation (Vanner et al. 

1993b). The blinded treatment, either PDBu or no treatment, was attempted to compare 

paired data (individual preparations from adjacent preparations from one animal). 

However, a reproducible protocol was not established with the divider. Specifically, only 

7 individual preparations of 17 produced mucosal stroking induced vasodilation. Of the 7 

individual preparations that responded to the stimulation, only 2 sets of paired data were 

completed. Due to the small data size and the difficulty of the protocol to reproduce  
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Figure 19. The Effect of PDBu (10 µM) Application on Nerve Stimulated 
Vasodilation Response.  
PDBu was applied to the myenteric plexus exposed oral portion of the double chamber 
tissue bath. Nerve stimulated vasodilation produced no changes compared to control 
response in the aboral submucosal arteriole pre-constricted with PG-F2α (n= 7). 
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Figure 20. Stable Submucosal Arteriole Diameter Indicate Tissue Viability.  
The return of vessel diameter after the treatment washout of PDBu (10 µM) and the nerve 
stimulation is suggestive of continued tissue viability.  
A: Baseline diameter (µm) was taken for 30 sec before pre-constriction with PG-F2α in 
each trial. The bar graphs represent the average baseline diameter of 7 preparations (± 
SEM). The baseline diameter was stable between tissue preparations and within 
individual trials (84.2 ± 7.2 µm; p=  0.6).  
B: Constriction diameter (µm) was determined by averaging the diameter of stable 
constriction, produced by PG-F2α application, both before and after nerve stimulated 
vasodilation (± SEM; n= 7).  The constriction response to PG-F2α application remained 
constant throughout each protocol and trial (50.1 ± 3.0 µm; p= 0.9). 
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Figure 21. Repeated PG-F2α Application Caused Similar Constriction Responses 
after Treatment with PDBu (10 µM). 
Reproducibility of the constriction response time of the submucosal arteriole to 
application of PG-F2α identified sustained tissue health. The response time to application 
of PG-F2α remained constant in all preparations, including after washout of PDBu 
treatment (18.4 ± 4.3 sec; p= 0.9). 
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response, no determination of the effect of PDBu treatment on brush stroke induced 

vasodilation response was identified. 
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Chapter 4 

Discussion 

Characterizing the control of GI blood flow is important in both physiological and 

pathophysiological conditions. In physiological conditions, adequate blood flow is 

required for GI protective and digestive functions (Hatoum et al. 2003). During an 

ischemic episode, function can be altered in a variety of tissues: muscle motility, neuron 

action and mucosal damage (Mohamed and Bean 1951; Cabot and Kohatsu 1978; 

Cassuto et al. 1979; Mayers and Johnson 1998). These changes are also evident in the GI 

inflammatory disease, IBD, and may be associated with alterations in blood flow.  

Control of blood flow in the GI tract by the ENS is only partially identified and 

the effects of intestinal changes during IBD have not been associated with changes in 

blood flow and its control. The primary goal of my thesis was to characterize purinergic 

transmission of the LVD, specifically looking at P2 receptors and the P2Y1 subtype. The 

secondary goal was establishing a protocol that looked at how changes in neural activity, 

including excitability, affect reflex vasodilation of the arterioles.  

4.1 The Role of Purinergic Neurotransmission in Submucosal Arteriole 

Vasodilation  

The first objective was met by monitoring myenteric nerve stimulated 

vasodilation in submucosal arterioles. Vasodilation responses were repeatedly elicited in 

pre-constricted arterioles by nerve stimulation of the MP.  This observation recreates the 
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findings by Vanner (2000) that the MP has a role in vasodilation. The MP takes part in a 

reflex pathway designated as the LVD, which is represented in Figure 22.   

The LVD has a known cholinergic component in signal transmission, which was 

again detected during this protocol. Specifically, application of the nicotinic antagonist, 

hexamethonium, was used to eliminate nicotinic neurotransmission involved in the reflex 

as characterized by Vanner (1993b) using the same preparation and apparatus. After 

initial application of hexamethonium, 32% experiments did not produce any vasodilation 

response by nerve stimulation. The elimination of the vasodilation response verifies that 

vasodilation is strictly mediated by ACh acting on nicotinic receptors in some reflex arcs 

as was indicated by Vanner (1993b).  

In the remaining 58% of control preparations, a vasodilation response was 

produced by stimulation in the presence of hexamethonium. Further protocols were 

completed with additional pharmacological antagonists, either suramin or MRS 2179. 

Suramin, a non-selective purinergic antagonist acting on P2 receptor subtypes, 

completely prevented vasodilation in one third of the preparations (Figure 9A Top). In 

the remaining preparations, suramin significantly decreased the vasodilation by 

approximately 46% compared to the control response. Both observations indicated that a 

purinergic component, mediated by P2 receptors, was evident in the LVD. 

Based on the observed purinergic component in the LVD, MRS 2179, a P2Y1 

specific receptor antagonist, was applied in a different set of tissue preparations along 

with hexamethonium. The P2Y1 antagonist decreased the nerve evoked vasodilatory  
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Figure 22. Updated proposed ENS control of vasodilatory reflexes  
The figure previously seen in the Introduction (Figure 3) updated to incorporate evidence 
from my thesis. Receptors on vasodilatory neurons; blue – nicotinic, orange – P2Y1, pink 
– P2X3, purple – P2X2. 
A Cholinergic vasomotor neuron with singular action of Ach on nicotinic receptors (blue) 
to produce vasodilation. Adapted from MacNaughton et al (1997). 
B The most probably location of the P2Y1 receptors (orange) are on SMN that act both on 
secretor cells in the mucosa and submucosal arterioles. This is the most likely spot for 
P2X2 receptors (purple) that may be part of purinergic control of vasodilation.  
C Bifurcating SMN that have nicotinic receptors (blue) are the most likely location for 
P2X3 receptors (pink) which may also be involved in the purinergic component of 
vasodilation. 
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response by approximately 42% (Figure 13). However, application of MRS 2179 did not 

abolish the response in any trial, which occurred twice after application of suramin. This 

indicated that there is a role for the P2Y1 receptor in the reflex but is not the only 

purinerigc subtype mediating the action of ATP in the LVD.  Therefore, there may be 

additional purinergic involvement in the LVD since suramin blocks a variety of P2 

receptor subtypes, including fEPSP producing P2X receptors.  

Further studies are required to identify the additional purinergic component in the 

LVD that is blocked by suramin. Specifically, application of P2X specific antagonists 

would determine the role of fEPSP producing receptors in the LVD. The P2X2, and P2X3 

receptors have been found on the majority of ENS neurons in the guinea pig ileum 

(Vulchanova et al. 1996; Poole et al. 2002; Gao et al. 2006; Ren and Bertrand 2008).  It is 

possible that these receptor subtypes are also involved in LVD neurotransmission. 

Castelucci et al (2002) identified the P2X2 receptor in both non-cholinergic SMNs 

and IPANs of the SMP. Localized submucosal vasodilation reflexes are activated by 

SMP IPANs and would result in action of SMNs on the blood vessel (Vanner et al. 

1993b). The SMNs can also act to produce vasodilation in LVD mediated responses 

(Vanner and Macnaughton 2004).  

The P2X3 receptor is also found in the SMP, but on cholinergic neurons. Brookes 

et al (1991) found P2X3 receptors on calretinin reactive neurons that project both to the 

mucosa and arterioles (Figure 22C). The presence of this receptor on neurons that act on 
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arterioles makes it another strong candidate for additional purinergic transmission in the 

LVD.  

Due to increased function of non-cholinergic transmission, including purinergic 

and serotonergic (Wynn et al. 2004; Nurgali et al. 2007; O'Hara et al. 2007), confirmation 

and identification of physiological control of these components is crucial.  

Purinoreceptors including P2X2, P2X3, and P2Y1 are all altered in TNBS IBD models 

(Guzman et al. 2006).  Moreover, P2X3 is increased in human IBD (Yiangou et al. 2001). 

The effects of these alterations on GI blood flow cannot be elucidated without 

understanding the roles and locations of these receptors in physiological conditions.  

In order to determine the role of P2X2 and P2X3 in the LVD, the pharmacological 

protocol used in my thesis could be used.  For instance, both of these subtypes are 

inhibited by 2’,3’-O-(2,4,6-trinitrophenyl) adenosine 5’-triphosphate (TNP-ATP).  

Therefore, application of TNP-ATP could be used to block the action of P2X2 and P2X3 

in preparations to MP nerve stimulated vasodilation and determine the role of the 

receptors in the LVD. 

4.1.1 Location of P2Y1 Receptors in the LVD 

 Identifying the activating component of P2Y1 receptors in the LVD further 

characterized the reflex, and thus warranted the use of immunochemistry techniques to 

determine receptor locations. Initially, a primary antibody specific for mouse P2Y1 was 

used with a goat anti rabbit secondary antibody. Over a variety of dilutions and 

magnifications, the background fluorescence was too high to accurately determine the 
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staining pattern of the primary antibody. An alternate primary antibody was used to 

repeat the immunohistochemistry with the different secondary antibody, donkey anti 

rabbit, which minimized background levels. Staining for P2Y1 receptors in both enteric 

ganglia produced a similar pattern of staining, regardless of the primary antibody used or 

the background staining level (Figure 16; Figure 17). The punctated staining may be 

indicative of intracellular staining. Unfortunately, the staining pattern was not verified as 

accurate because one limitation of this study was the pre-absorption technique was not 

completed since no antigen was available. 

 The staining indicated that locating the receptor on specific neuronal subtypes 

involved in the reflex was not possible. The ubiquitous punctated staining may accurately 

indicate the receptor location in the ENS. Previous studies using guinea pig tissue and 

reverse transcriptase polymerase chain reaction have determined that P2Y1 mRNA is 

found in both plexuses in the guinea pig ENS, but these techniques were limited as it 

could not identify the specific location within the plexuses (Gao et al. 2006). The 

nonspecific staining was not expected because previous studies have successfully located 

the receptor in the murine model (Giaroni et al. 2002). Giaron et al (2002) used 

immunohistochemistry to determine the presence of P2Y1 receptors in both plexuses on 

murine neurons immunoreactive for nitric oxide synthase (NOS). These are neurons that 

act to inhibit longitudinal muscle contraction.  However, there were also cells that were 

immunoreactive to only P2Y1, but not to NOS, which indicates that P2Y1 may be present 

in a variety of cells. 
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  The cytosolic staining of P2Y1 may correlate to increased purinergic activity 

found during inflammatory models.  It is possible that the receptors are stored in cellular 

vesicles. Double staining techniques with an additional antibody, specific to neuronal 

cytoplasm, may be used to verify the staining location. Neuron-specific enolase (NSE) is 

considered a superior marker for neuronal somata (Vento et al. 1999) and could be used 

to indicate if P2Y1 receptors were located in neural cell bodies.  

Evidence from the literature has identified the P2Y1 receptor throughout the ENS 

(Giaroni et al. 2002; Hu et al. 2003; Monro et al. 2004; Fang et al. 2006).  Giaroni et al 

(2002) stated that P2Y1 was found in both the MP and SMP on NOS immunoreactive 

neurons in the mouse. This indicates that P2Y1 is involved in inhibitory actions of 

descending interneurons and motor neurons. Furthermore, both Hu et al (2003) and 

Monro et al (2004) determined that sEPSP in the guinea pigs SMP is mediated by action 

of ATP on the P2Y1 receptors.  A sEPSP, lasting a few seconds or more, could affect the 

degree and duration of vasodilation caused by submucosal vasodilator neurons. Most 

recently, Fang et al (2006) found that these receptors are found on SMN in the SMP 

using MRS 2179 pharmacological studies. These studies verify the role of P2Y1 in the 

ENS, specifically on VIP reactive SMNs that have axons acting on both secretor cells and 

submucosal arterioles. Thus, despite a lack of new evidence, this information gives strong 

evidence that the most likely location of the P2Y1 receptor involved in the LVD is on the 

SMNs of the SMP (Figure 22B).  
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It is possible to verify the location of the P2Y1 receptor component in the SMP, 

but not specifically on the SMN. In order to produce SMP specific alterations, the double 

chamber tissue bath could be used to separate the MP from the SMP. Since one side has 

only MP, application of MRS 2179 unilaterally would determine if the effects duplicated 

in one or both of the tissue portions. If the submucosal arteriole response was altered only 

during application on the SMP exposed portion, it would greatly limit the possible neural 

types involved.  

4.2 Developing an in vitro Model Mimicking Neuron Hyperexcitability in 

Inflammation 

  

 Application of phorbol dibutyrate (PDBu), was used to attempt induce artificial 

hyperexcitability in enteric IPANs. The resulting hyperexcitable neurons are also seen in 

inflammatory models of IBD and could act to model specific changes. Furthermore, it 

was evident in preliminary data collected by the Vanner lab that current inflammatory 

models prevented reproducibility in arteriole diameter experiments because stable 

preconstruction could not be established.   

 Application of PDBu in a single chamber tissue bath prevented stable arteriole pre-

constriction with PG-F2α (Figure 18). The unstable pre-constriction is consistent with 

what might be expected based on pharmacological action of both PDBu and PG-F2α. 

Specifically, PDBu activates both novel and conventional subtypes of protein kinase C, 

including the PKC that is activated by PG-F2α action on the G-protein coupled 
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prostaglandin F receptor (Mosior et al. 1995; Narumiya et al. 1999). Therefore, 

application of PDBu activates PKC and subsequent PG-F2α application cannot produce a 

signal cascade since PKC is already activated. Therefore, the double chamber tissue bath, 

divided with a custom made Sylgard divider, was utilized to restrict superfusion of PDBu 

to the MP exposed oral portion. 

 Since the protocol requires removal of the mucosa and submucosa to reveal the MP, 

any IPAN involved with the LVD would be mostly removed with those layers except 

near the axon terminal found in the MP ganglia (Figure 22). It was possible that PDBu 

would cause hypersensitivity in the IPAN axon terminus and their action on interneurons 

in the MP ganglia would be altered, which would affect vasodilation caused by nerve 

stimulation. However, application of the PDBu on the MP portion of the double chamber 

tissue preparation produced no significant alterations to the vasodilation response (Figure 

19). Therefore, since the alterations in excitability occur based on changes to AHP, 

visible differentiated responses in the reflex pathway may require the full IPAN. 

Therefore, the intact neuron may be required to see functional changes, such as 

vasodilatory response, from neuronal hypersensitivity.  

 In order to determine if this was the case, the neurons were kept intact by leaving 

the mucosal layer on and stimulating vasodilation by mucosal stroking. Previous studies 

have shown that submucosal arteriole vasodilation can be elicited by mechanical 

stimulation of the mucosa layer (Vanner et al. 1993b; Patton et al. 2005). These studies 

were only completed in single chamber tissue baths; this was the first time attempting 
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mucosal brush stroking using the double chamber tissue bath. Nevertheless, despite 

replicating mucosal stimulated vasodilation in single chamber preparations, the same 

stimulus in double chamber tissue baths did not produce consistent or reproducible 

vasodilatory responses in submucosal arterioles even in control trials. This novel 

approach still requires optimization to establish it as a physiologically relevant model of 

neuronal excitability. 

 The main difference between the single and double chamber is the addition of the 

Sylgard divider that separates the two portions of the tissue. Since it is placed over the 

tissue, the divider may add significant mechanical stress on the preparation. Further 

studies would be required to verify the divider as the issue. A protocol that repeats 

mucosal stimulation in the same preparation both with and without the divider would 

determine if the divider affects mucosal stimulated vasodilation.   

 Establishing an in vitro model of neuronal excitability would allow its use for 

understanding aspects of the alterations in inflammation and most importantly the effects 

on vasodilation reflexes. This would ultimately provide a better understanding of blood 

flow to the gut. Even though this protocol does not result in a complete model of GI 

inflammation, it does include specific alterations. Therefore, a model could be a basis in 

understanding blood flow alterations based on specific changes establish of inflammatory 

diseases.  

 Further studies could identify tissue dividers that would not induce, or would 

minimize, mechanical stress to the mucosa, if it was found to be the issue. A possible 
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solution would be to use silicone, maintaining a complete seal without applying direct 

pressure on the tissue. Following the establishment of a functional divider that allows for 

reproducible vasodilation by mucosal stimulation, the use of pharmacological antagonists 

along with AH neuron hyperexcitability could characterize neuron activity and other GI 

reflex changes. These changes would indicate alterations in blood flow and vasodilation, 

which are associated with IBD and other GI inflammatory diseases.  

 Future research should establish a robust model of hyperexcitability that allows 

videomicroscopy methods as it will be invaluable in determining alterations in blood flow 

control. Greater understanding of the role of purinergic transmission in the LVD, as well 

as other neurotransmitters, and how it is affected by hyperexcitability, may provide novel 

targets for the pharmaceutical treatment. Therefore, these treatments could target the 

specific mechanisms that cause blood flow alterations in IBD.  

 

4.3 Summary and Conclusions 

 

 The primary objective of my thesis was to further identify the neurotransmitters and 

receptors involved in enteric nervous system controlled vasodilation of submucosal 

arterioles. My hypothesis was that there is purinergic involvement in the long vasodilator 

reflex in the guinea pig. Application of pharmacological antagonist, hexamethonium, 

eliminated any role of nicotinic receptors involved in the long vasodilator reflex while 

identifying the role of purinergic receptors using purinergic antagonists.  Application of 
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either suramin or MRS 2179 resulted in decreased vasodilation response and thus, 

indicated the role of P2 receptors, specifically P2Y1 receptors in the long vasodilator 

reflex. Immunohistochemical techniques were attempted in order to possibly establish the 

class of neurons where P2Y1 receptors were located along the long vasodilator reflex. 

However, the staining produced, after multiple attempts at optimization, was not 

conclusive. Current literature indicates that P2Y1 receptors are located on secretomotor 

neurons found in the submucosal plexus of the guinea pig ileum. Further studies 

involving using the double chamber technique may result in verifying the P2Y1 receptor 

is located in the submucosal plexus. However, improved immunohistochemical 

techniques, such as possibly a guinea pig specific P2Y1 antagonist, would be required to 

accurately identify the receptor on secretomotor neurons.  

 The action of suramin, a non-specific P2 antagonist, indicates that there may be 

additional purinergic involvement in the long vasodilator reflex. Specifically, in one third 

of trials, suramin application completely eliminated the vasodilation response. Therefore, 

additional research is required to identify other purinergic receptors involved in the 

reflex. Based on the possible location and function, it is likely that the receptors, P2X2 

and P2X3 are involved in the vasodilation response. TNP-ATP, which blocks both P2X2 

and P2X3, may be applied to determine the role of these receptors in the reflex.  

 Finally, my other aim was to develop an in vitro model that mimicks the neuronal 

hyperexcitability found in inflammatory bowel disease. I applied PDBu to induce 

hyperexcitability in the enteric nervous system that resembles the hyperexcitability seen 



 

69 

 

in IBD. However, no paradigm was established after multiple attempts to establish a 

viable protocol. Future research should be focus establishing a viable protocol could be 

the base in understanding inflammation induced changes to blood flow and the possible 

role in the etiology of the disease state. Additionally, establishing an inflammatory bowel 

disease model involving the use of in vitro videomicroscopy would be more cost and time 

efficient. 
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