
University of Calgary

PRISM Repository https://prism.ucalgary.ca

The Vault Open Theses and Dissertations

2013-05-01

Prion protein distribution and function in

the Enteric Nervous System of the

Gastrointestinal Tract of Mice

Alvarez Veronesi, Ana Laura

Alvarez Veronesi, A. L. (2013). Prion protein distribution and function in the Enteric Nervous

System of the Gastrointestinal Tract of Mice (Master's thesis, University of Calgary, Calgary,

Canada). Retrieved from https://prism.ucalgary.ca. doi:10.11575/PRISM/27434

http://hdl.handle.net/11023/679

Downloaded from PRISM Repository, University of Calgary



UNIVERSITY OF CALGARY 

 

 

Prion protein distribution and function in the Enteric Nervous System of the Gastrointestinal 

Tract of Mice 

 

by 

 

Ana Laura Alvarez Veronesi 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

 

 

DEPARTMENT OF GASTROINTESTINAL SCIENCES 

CALGARY, ALBERTA 

APRIL, 2013 

 

© Ana Laura Alvarez Veronesi 2013 



ii 

Abstract 

The prion protein (PrPC) is a membrane bound copper binding protein widely expressed 

throughout the body. Although the pathophysiological role of PrPC in prion diseases has been 

well established, its physiological function remains poorly understood. This study was 

designed to characterize the distribution of PrPC in the gastrointestinal tract, more 

specifically the enteric nervous system (ENS), and to establish a functional role of PrPC in 

the gut. We have shown that PrPC is expressed in the ENS of mice, both in neurons and 

enteric glial cells. In addition, Ussing chambers studies showed that PrPC is involved in 

neuronal and epithelial control of electrolyte transport; PrPC-deficient mice had decreased 

responses to electric field stimulation, bethanechol, and forskolin, compared to controls. 

However, this was not due to PrPC’s ability to bind copper. These studies show that PrPC is 

widely distributed in the ENS and has a physiological role in gastrointestinal function.  
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Chapter One: Introduction  

1.1 Overview 

Transmissible spongiform encephalopathies (TSEs) are fatal and infectious 

neurodegenerative disorders that affect humans and animals. The “protein-only hypothesis” 

suggests that the infectious agent that causes these disorders consists solely of protein. In 

1986, Stanley Prusiner and his team were the first to isolate the putative infectious protein, 

which they termed prion for proteinaceous infectious particle. They also hypothesized that 

the infectious agent causing TSEs consisted of PrPSc, a conformational isoform of a host-

encoded protein termed PrPC that could replicate without the need for nucleic acids. Because 

of this unique and novel method of replication, the prion protein, both infectious and normal 

isoforms, has been extensively studied. However, after decades of research, both the 

physiological function and the mechanism that leads to neurodegeneration remain poorly 

understood.  

 

This literature review will focus on describing what is known about the prion protein, its role 

in prion diseases and the putative pathway by which the infectious prions propagate to the 

brain. Furthermore, I will describe its putative physiological functions, focusing on its copper 

binding ability and its role in the gastrointestinal tract. In addition, I will be describing the 

enteric nervous system, specifically its role in secretory function, as we were interested in 

investigating PrPC in the enteric nervous system of the gastrointestinal tract.  
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1.2 Prion Diseases 

Prion diseases are a group of progressive and fatal neurodegenerative disorders that are 

known as transmissible spongiform encephalopathies (TSEs) and include bovine spongiform 

encephalopathy (BSE) in cattle (also known as mad cow disease), chronic wasting disease 

(CWD) in elk and deer, scrapie in sheep, and Creutzfeldt-Jakob Disease (CJD) in humans 

[1].  The neuropathological features associated with TSEs include neuronal loss, glial 

activation, ataxia and accumulation of misfolded prion protein aggregates in the brain, which 

results in spongiform degeneration. Thus, TSEs are characterized by motor dysfunction and 

dementia [2]. After infection and before the onset of clinical signs, there can be an incubation 

period lasting from 1.5 to more than 40 years and once the first signs of disease appear, death 

often occurs within a few months [2]. 

 

The pathophysiological event that leads to the development of TSEs involves conformational 

changes of the host-encoded prion protein (PrPC) into the infectious form (PrPSc) [3]. 

Molecular cloning studies were some of the first studies to suggest that PrPC and PrPSc were 

one and the same protein, but with different properties [4, 5]. While PrPC is mainly α-helical, 

detergent soluble and proteinase K sensitive, PrPSc consists largely of β-sheets, is detergent 

insoluble, proteinase K resistant, and can form protein aggregates.  

 

 Host-encoded PrPC is essential for infection and disease development. A key piece of 

evidence supporting this came from a study done in 1993, in which PrPC-knockout mice were 

shown to be resistant to disease development [6]. In order for PrPSc to accumulate in the brain 

and cause the previously mentioned neurodegenerative changes, it must first replicate and 
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propagate, and it cannot do so in the absence of PrPC.  This is because PrPSc can replicate and 

propagate using an unprecedented mechanism of replication—without the need of nucleic 

acids. The “prion-only” hypothesis [3, 7] suggests that PrPSc is the infectious agent that 

replicates and propagates by binding to PrPC thereby acting as a template to force PrPC 

refolding into PrPSc. Importantly, in order for prion disease to develop, PrPC must be present 

and there must be an initial exposure to PrPSc [8]. 

 

In humans, TSEs can arise from germ-line mutations of the prion gene (Prnp), as is seen in 

Fatal Familial Insomnia, Gerstmann-Sträussler-Scheinker Syndrome, and hereditary CJD. 

TSEs can also arise from somatic mutations or rare misfolding events, as in the case of 

sporadic CJD. In addition, CJD has been shown to arise from the use of TSE-contaminated 

surgical instruments, blood transfusions and skin lesions [9]. However, the most common 

form of TSEs is caused by oral exposure to the infectious prions [1]. The prion diseases that 

are acquired in this way include BSE, CWD, and variant CJD (vCJD). The BSE epidemic 

that took place in the United Kingdom a few years ago is thought to have arisen from 

consumption of meat products from cattle that were fed commercial feed made from meat 

and bone meal of BSE-affected animals [10].  

 

Because orally acquired TSEs are the most common, they are the most extensively studied. 

One of the most important questions regarding orally acquired prion diseases is: How does 

the infectious protein cross the gut (without being broken down) and then reach the brain 

where it causes the pathological disease? Although this question has not been fully 
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elucidated, several potential mechanisms, which will highlighted in the next section, have 

been suggested. 

 

1.3 From the gut to the brain 

The gastrointestinal tract wall is composed of different layers (Figure 1-1). The innermost 

layer is the mucosa, which consists of a single layer of epithelial cells overlying the lamina 

propria and resting on the muscularis mucosa [11]. While the epithelial cells aid in secretion 

and absorption, the lamina propria consists of glands, blood vessels and lymphatic vessels 

that provide nutrients to the epithelial cells and provide protection against disease. The 

muscularis mucosa consists of sparse bundles of smooth muscle fibers that can contract to 

change the shape of the lumen [12]. The submucosal layer is composed of dense connective 

tissue and a special nerve plexus— the submucosal plexus— that innervates the mucosa and 

submucosa and can control absorption, secretion and blood flow. The muscular layer, 

muscularis propria, consists of an inner layer of circular muscle and an outer layer of 

longitudinal muscle. These two layers are separated by the myenteric plexus, which provides 

neuronal innervation to these smooth muscle fibers and controls contraction and motility. 

Finally, the serosa, which consists of mesothelial cells overlying loose connective tissue, is 

the outermost layer of the gut [11]. 

 

Following ingestion, misfolded prions cross the gastrointestinal (GI) mucosal barrier by a yet 

unclear mechanism. However, several pathways have been suggested (Figure 1-2). Infectious 

prions have been shown to cross mucosal barriers in vitro through specialized antigen  
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Figure 1-1. Organization of the gastrointestinal tract. 

The wall of the gastrointestinal tract consists of four different layers: the mucosa, submucosa, 

muscularis propria and the serosa [11]. The mucosa consists of a single layer of epithelial 

cells, the lamina propria and the muscularis mucosa. The submucosa is composed of dense 

connective tissue and the submucosal plexus, which innervates the mucosa and submucosa. 

The muscularis propria consists of an inner layer of circular muscle and an outer layer of 

longitudinal muscle separated by the myenteric plexus. The outer layer of the gastrointestinal 

tract consists of mesothelial cells overlying loose connective tissue. Reproduced with 

permission from the Textbook of Gastroenterology, 5th edition [11] © John Wiley & Sons . 
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Figure 1-2. Potential mechanisms of transmissible spongiform encephalopathy (TSE) 

agent translocation across the intestinal epithelium [13].  

Microfold cells (M-cells) are specialized antigen sampling epithelial cells that have been 

suggested as plausible sites for the transport of TSE agents across the intestinal epithelium 

[14]. Orally administered PrPSc has been also shown to associate with ferritin, which can be 

transcytosed by intestinal epithelial cells [15]. Dendritic cells (DCs) can also acquire antigens 

directly from the intestinal lumen, and it has been shown that they can acquire PrPSc in vitro 

[16].  Reproduced with permission from Macmillan Publishers Ltd: Nat Rev Microbiol [13], 

© 2006. 
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sampling epithelial cells (M-cells) [14]. A recent study showed that following M-cell 

depletion, neuroinvasion and disease development were blocked, suggesting that M-cells are 

important sites of PrPSc uptake from the lumen of the gut [17]. Additionally, it has been 

shown that orally administered PrPSc is incorporated by M-cells in PrPC-knockout mice [18], 

thus suggesting that PrPC expression is not necessary for prion entry into the GI tract. A 

separate study found that PrPSc can associate with ferritin (an iron storage protein) and be 

transcytosed in vitro [15], providing another mechanism by which prions can cross the 

barrier. Dendritic cells (DCs) can also acquire PrPSc in vitro, and transport the infectious 

agent to lymphoid tissues in vivo [16]. In addition, it has been demonstrated that PrPC is 

expressed in neuroendocrine cells of the GI tract epithelium [19], suggesting a possible route 

of infection. PrPSc might contact PrPC in the lumen and convert it into PrPSc and then, the 

converted PrPSc could be transferred to adjacent nerve fibers. However, there is currently no 

agreement as to how the prion agent crosses the barrier. Because PrPC is a host-encoded 

protein that is expressed throughout the body and shares the same sequence as PrPSc [5], there 

is no immunological response to PrPSc in infected animals.  

 

After transport of PrPSc across the GI epithelium, infectious prions have been shown to 

accumulate and replicate in the gut-associated lymphoid tissues (GALTs) such as the Peyer’s 

patches, as well as the spleen, lymph nodes, tonsils, and appendix before spreading to the 

nervous system, in a process termed neuroinvasion [13]. It has been suggested that an intact 

immune system, including follicular dendritic cells (FDCs)—which are located in the 

germinal centers of Peyer’s patches— may increase agent uptake and delivery. Indeed, it has 

been shown that accumulation of PrPSc in Peyer’s patches is essential for neuroinvasion [20]. 
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In addition, reports have shown that FDCs are essential for accumulation of PrPSc in the 

spleen [21]. Within the spleen, the positioning of FDCs with respect to major splenic nerves 

control prion neuroinvasion, so that the closer FDCs are positioned to nerves, the faster prion 

neuroinvasion occurs [22]. These observations suggest that FDCs are key sites of prion 

replication and accumulation during TSE pathogenesis. The method by which prions are 

transferred from FDCs to nerve endings is not known, but lymphoid nodules have been 

proposed to be the entry point of infectious prions, as this is the regions where FDC 

processes are in close contact with nerve fibers of the enteric nervous system (ENS) [23]. In 

fact, it is believed that neuroinvasion is initiated in the ENS of the GI tract, followed by 

retrograde transport along sympathetic and parasympathetic nerve fibers to the central 

nervous system (CNS). PrPSc has been detected in the spinal cord [24] before being detected 

in the dorsal motor nucleus of the vagus of the brain. Once infectious prions reach the brain, 

PrPSc accumulates significantly both in astrocytes [25] and neurons [26]. Here, PrPSc 

accumulates and forms amyloid plaques; plaque formation leads to neuronal cell loss, glial 

activation and ataxia [13]. 

 

1.4 Physiological Role of PrPC 

Although the pathophysiological role of the prion protein has been extensively studied, the 

physiological function of PrPC is poorly understood. Normal cellular prion protein (PrPC) is a 

host-encoded 253 amino acid glycosyl-phosphatidyl-inositol (GPI)-linked extracellular 

membrane protein [27]. It is highly conserved in mammals [28], which suggests that it has an 

important physiological function. The structure of PrPC (Figure 1-3) consists of a well  
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Figure 1-3. Structure of the cellular prion protein (PrPC). 

A, PrPC has an unstructured N-terminal domain (gray) and a structure C-terminal domain. 

The α-helices are shown in red; the antiparallel β-sheets are shown in turquoise. B, PrPC has 

a signal peptide, five octapeptide repeats (OR) that can bind copper, a hydrophobic core (HC) 

and a charged cluster (CC) on its N-teminus. Proteinase K resistant fragment is shown in 

grey. MA membrane anchor region; GPI, glycosyl phosphatidyl inositol; CHO, glycosylation 

sites [1]. Reproduced with permission from Macmillan Publishers Ltd: Nat Rev Microbiol 

[29], © 2006 and John Wiley & Sons [30], © 2007. 

  

A 
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ordered C-terminal domain, composed of three α-helices and 2 small β-sheets, and a 

disordered, flexible N-terminal domain composed of two conserved regions; a segment 

consisting of five octapeptide repeats, and a hydrophobic segment [31]. The five octapeptide 

repeats of the N-terminus domain have been shown to bind copper atoms [32], thus a role for 

PrPC in copper homeostasis has been proposed. 

 

PrPC is highly expressed in the CNS. Within the CNS, high levels of PrPC are found in 

synaptic membranes of neurons [33], while lower levels of PrPC are found in astrocytes [34]. 

Expression has also been localized to other regions of the body including skeletal muscle 

[35], heart [36], kidney [37], secondary lymphoid organs and the gastrointestinal tract [38, 

39].  

 

Although several groups have examined the physiological role of PrPC, its function(s) 

remains unclear. Of note, mice that lack PrPC develop normally and show no evident 

phenotypic abnormalities when compared with wild type mice [40]. However, at the cellular 

level, it has been shown that PrPC-knockout animals have decreased levels of Cu/Zn 

superoxide dismutase activity, decreased tumor protein 53 (p53) and altered melatonin levels, 

among others [41, 42]. PrPC may play a role in lymphocyte activation, since PrPC abundance 

on the cell surface of primary human lymphocytes has been shown to be increased after cell 

activation with the lectin mitogen Concanavalin A [43].   

 

Because PrPC is highly expressed in neuronal synapses, where there are high concentrations 

of receptors and signalling molecules, it has been suggested to have a signalling role in these 



 

11 

cells [44]. Indeed, it has been demonstrated that PrPC interaction with caveolin-1 mediates 

the recruitment and activation of the tyrosine kinase Fyn [45], which triggers a signal cascade 

through the activation of Erk1/2 kinase [46]. Thus, a role for PrPC in cell survival has been 

suggested. Moreover, PrPC has been shown to interact with the neural cell adhesion molecule 

(NCAM) [47] at the neuronal cell surface, which promotes neurite outgrowth [48]. 

Additionally, Steele et al. [49] demonstrated a role for PrPC in neuritogenesis and neural 

precursor differentiation. 

 

1.4.1 PrPC and Copper Homeostasis 

As previously mentioned, PrPC has the ability to bind copper ions. The main copper-binding 

sites are located on the N-terminus of the prion protein (residues 60-91 in human PrPC). This 

region consists of octapeptide repeats of the sequence PHGGGWGQ [32] that have a binding 

stoichiometry of 1:1 with copper. Thus, the octapeptide repeats can bind five copper ions. 

 

Because PrPC can bind copper, a function for PrPC in copper homeostasis has been suggested. 

Copper is an important cofactor for a number of different metalloenzymes, such as 

cytochrome c oxidase, which has a role in mitochondrial respiration, and superoxide 

dismutase, an important antioxidant. Since copper is a redox-reactive metal, it can be 

extremely toxic as it can catalyze the formation of reactive oxygen species (ROS) that can 

cause damage within the cell [50].  

 

In addition, there are two major genetic disorders that are associated with dysregulated 

copper handling. Menkes disease is characterized by diminished uptake of copper by the gut 
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[51] due to lack of copper transporter ATP7A activity, which results in copper deficiency 

[52]. On the other hand, Wilson’s disease results from copper overload due to dysfunction of 

the protein ATP7B [53] and the inability of hepatocytes to remove copper from the body. 

Thus, copper accumulates and can lead to excessive oxidative stress in the liver and brain 

[54].  

 

It has also been reported that copper levels are elevated in patients with Alzheimer’s disease, 

Parkinson’s disease and amyotrophic lateral sclerosis [55]. As a consequence, copper levels 

must be tightly regulated, and once released into the environment, copper must be quickly 

cleared. Understanding the components that regulate copper homeostasis is important to treat 

diseases in which copper handling is disrupted. 

 

There is some evidence that suggests that PrPC might play a role in copper homeostasis. 

Copper is released from synaptic terminals in the CNS [56], where PrPC has been shown to 

be localized [57]. Binding of copper to PrPC triggers internationalization of the complex [33] 

via clathrin-coated pits [58]. Thus, PrPC at synaptic terminals could bind copper after it has 

been released and act as a buffer, thus protecting neurons against copper-induced oxidative 

damage.  

 

For example, studies have shown that there is decreased synaptic transmission in response to 

hydrogen peroxide in PrPC-deficient mice when compared to controls [33]; this is thought to 

occur because free copper decomposes hydrogen peroxide into ROS that alter synaptic 

vesicle release. In addition, PrPC-deficient cerebellar cells are more susceptible to oxidative 
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damage and toxicity by copper [59]. However, reduced levels of copper in the brain of PrPC-

deficient mice have also been reported [60, 61]. This is probably a result of decreased copper 

uptake by cells due to prion protein deficiency. In skeletal muscle, it has been shown that 

PrPC absence increases cytosolic oxidant activity in diaphragm muscle fibers [35], a result 

that is believed to be due to the ability of PrPC  to buffer ROS activity. 

Collectively, these results suggest that PrPC could play a protective role at the synapse of 

neurons and provide resistance against copper toxicity. 

 

1.5 The Enteric Nervous System (ENS) 

The ENS (Figure 1-4) is the part of the autonomic nervous system that is found in the wall of 

the GI tract and is unique because it has the capacity to mediate reflex activity without 

relying on commands from the CNS [62]. However, control of GI tract function by the 

autonomic nervous system does involve interactions between reflexes that pass through the 

sympathetic ganglia, reflexes that pass from the gut and back through the CNS, and local 

enteric reflexes [63]. 

 

This local network consists of two ganglionated plexuses: the myenteric plexus, situated 

between the longitudinal and circular muscle layers, which mainly controls contractility of 

the gut, and the submucosal plexus, situated between the circular muscle layer and the 

mucosa, which mainly controls ion transport and blood flow [62]. The ganglia that are 

localized to these plexuses and are interconnected by interganglionic strands consist of 

neurons and enteric glial cells (EGCs); glial cells being approximately two times more 

abundant than neurons [64]. The nerve processes that arise from these ganglia innervate  
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Figure 1-4. Organization of the enteric nervous system.  

The ENS consists of two ganglionated plexuses, the myenteric plexus and the submucosal 

plexus. The myenteric plexus is situated between the longitudinal and circular muscle layers 

and primarily controls motility, while the submucosal plexus, which is situated between the 

circular muscle and mucosa, primarily controls secretion and blood flow [63]. Reproduced 

with permission from Macmillan Publishers Ltd: Nat Rev Gastroenterol Hepatol [63], © 

2012, and from Springer Science and Business Media  [65], © 1978. 
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and control muscles of the gut wall, mucosal lining, blood vessels, and endocrine cells [63]. 

The ENS consists of a large number of enteric neurons (approximately 400-600 million in 

humans) that have been classified according to various characteristics, including 

neurochemistry [66, 67], and shape and function [68], among others, and can be identified 

with techniques such as electrophysiology [69], retrograde tracing, pharmacological analysis 

and immunohistochemistry [62]. 

 

1.6 Types of Neurons in the ENS 

1.6.1 Intrinsic Primary Afferent Neurons 

The reflex pathways involved in the control of physiological functions in the GI tract are 

activated through sensory neurons, also known as primary afferent neurons because they 

detect the state of the intestine and convey that information towards integrating nerve circuits 

and efferent neurons that innervate the muscles and glands [62]. They receive information 

from receptors in the mucosa (which can detect mechanical, thermal, osmotic and chemical 

stimuli in the lumen), and muscle (which can respond to stretch and tension) [70]. 

 

There are two distinct populations of primary afferent neurons that innervate the GI tract: 

extrinsic and intrinsic primary afferent neurons (IPANs). Extrinsic primary afferent neurons 

have their neuronal bodies located primarily in the spinal and nodose ganglia and extend their 

processes (vagal and spinal afferents respectively), which ultimately terminate in the ENS 

and thus modulate myenteric and submucosal functions. Enteric IPANs have their cell 

bodies, processes, and synaptic connections located in the myenteric and submucosal 

plexuses of the small and large intestine [71]. Their processes synapse around other IPANs, 
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interneurons and motor neurons, thus, they can control local reflexes without extrinsic 

innervation. The primary transmitter released by these neurons is acetylcholine (ACh). 

Approximately 26% of myenteric neurons [66] and 11% of submucosal neurons [62] have 

been found to be IPANs and can be identified by immunohistochemistry with antibodies 

against the calcium binding protein calbindin and the calcitonin gene-related peptide (CGRP)  

[66]. 

 

1.6.2 Interneurons 

Interneurons are responsible for integrating information from sensory neurons and providing 

it to motor neurons [62]. They also interact with extrinsic innervations from efferent 

(sympathetic and parasympathetic) and afferent (spinal and vagal) neurons, which help to 

coordinate interneuron activity.  

 

There are two classes of interneurons: ascending and descending interneurons. Both classes 

are immuno-reactive for choline acetyl-transferase (ChAT), calretinin, and substance P [67], 

among others, and transduce signals via release of ACh. About 70% of ascending 

interneurons receive synaptic input from IPANs [72]. Descending interneurons that are 

immuno-reactive for the enzyme nitric oxide synthase (NOS) have been shown to be 

involved in local motility reflexes [73]. Descending interneurons that are immuno-reactive 

for somatostatin have been suggested to be involved in the passage of the migrating 

myoelectric complexes along the intestine, as well as secretomotor and motility reflexes [62]. 
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1.6.3 Motor Neurons 

Motor neurons are found within the enteric plexuses and control gastrointestinal motility and 

ion transport. They act on a number of effector cells, including smooth muscle, blood vessels, 

mucosal glands, and secretory cells (chief, parietal, mucous and enterocytes) of the 

epithelium, among others [62].  

 

The majority of motor neurons that innervate both the longitudinal and circular muscle layers 

and thus control contractility, have their cell bodies in the myenteric ganglia, however, some 

can be found in the submucosal plexus as well [74]. Secretomotor neurons that innervate the 

mucosa have their cell bodies located in the submucosal plexus [75, 76], and can be revealed 

by immuno-reactivity with vasoactive intestinal polypeptide (VIP), a potent secretagogue 

[77]. Another class of secretomotor neurons are cholinergic [62] and can be revealed by 

immuno-reactivity with ChAT. 

 

In addition, motor neurons can be classified into two distinct classes: inhibitory and 

excitatory motor neurons. Inhibitory motor neurons can be identified by their immuno-

reactivity for their primary transmitters: NOS, which synthesizes the transmitter nitric oxide 

(NO), or VIP. Excitatory motor neurons, can be identified by immuno-reactivity for 

tachykinins or ChAT [78] and substance P, but not VIP [79].  

 

1.7 Mechanisms of Water and Electrolyte Transport 

The intestine functions as a secretory and absorptive organ. As a result, it must regulate the 

transport of fluids, nutrients, macromolecules and electrolytes across the epithelium.  
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Fluid and electrolyte transport is dependent on active and passive processes that involve 

various molecules including ion channels, pumps and transporters that are located on 

intestinal epithelial cells [80]. The net fluid movement across the epithelium is a result of 

active transport (both absorption and secretion) of sodium, chloride and bicarbonate ions, 

among others. 

 

1.7.1 Absorptive Pathways 

Absorption is primarily a result of luminal sodium entry into the cell. There are several 

mechanisms of sodium absorption in the small intestine that include nutrient-coupled Na+ 

absorption, electroneutral NaCl absorption and electrogenic sodium absorption [80]. 

Nutrient-coupled Na+ absorption involves the Na+-glucose co-transporter (SGLT1) [81], 

which is located on the apical membrane of enterocytes [82], and is responsible for 

transporting sodium ions coupled to glucose molecules (Figure 1-5). This movement of 

sodium into the cell generates a lumen-negative transepithelial voltage that facilitates 

paracellular Cl- and fluid absorption [80]. Electroneutral Na+ absorption is a result of apical 

membrane sodium permeability under basal conditions. In addition, a Na+/H+ exchanger 

(NHE3) located on the luminal membrane transports Na+ into the cell in exchange for H+ 

ions [83], a process that is coupled to a Cl-/HCO3
- exchanger [84] and the involvement of 

basolateral sodium pumps that remove the Na+ (Na+/K+-ATPase) and Cl-(ClC-2) from the 

cell. Electrogenic sodium transport into the cell predominantly occurs in the colon [80]. This 

transport occurs against a sodium concentration gradient and is mediated by the epithelial 

Na+ channel (ENaC).  
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Figure 1-5. Mechanism of sodium ion transport across the epithelial cell.  

There are several mechanisms of sodium absorption. Nutrient-coupled absorption involves 

the Na+-glucose co-transporter SGLT1, which transports sodium ions coupled to glucose, 

which leads to paracellular transport of chloride. Electroneutral Na+ absorption results from 

membrane sodium permeability under basal conditions. In addition, a Na+/H+ exchanger 

(NHE3) transports Na+ into the cell in exchange for H+ ions [83], a process that is coupled to 

a Cl-/HCO3
- exchanger [84] and the involvement of basolateral sodium pumps that remove 

the Na+ (Na+/K+-ATPase) and Cl- (ClC-2) from the cell. Reproduced with permission from 

Kapus and Szaszi [85], © 2008 Canadian Science Publishing. 
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1.7.2 Secretory Pathways 

Intestinal secretion is a result of the active transport of two principal ions: chloride (Cl-) and 

bicarbonate (HCO3
-)[86]. This process is under the control of several compounds that signal 

through membrane-bound or intracellular receptors that alter the level of intracellular 

messengers such as cAMP, cGMP and calcium, among others [87] and leads to inhibition of 

NaCl absorption and activation of Cl- secretion [86]. 

 

Cl- secretion involves the action of several proteins on the enterocytes (Figure 1-6). The 

Na+/K+ ATPase located on the basolateral membrane pumps three sodium ions out of the cell 

in exchange for 2 potassium ions. This creates a driving force that results in the entry of 2 

chloride ions, as well as sodium and potassium, into the cell via the Na+/K+/2 Cl- co-

transporter (NKCC1) that is also located on the basolateral membrane. While Cl- is secreted 

out of the cell via apical chloride channels, Na+ and K+ are recycled back through selective 

basolateral channels. The main channel responsible for chloride secretion into the lumen is 

the cystic fibrosis transmembrane conductance regulator (CFTR), which can also secrete 

bicarbonate ions [88]. However, other channels have also been identified, including ClC-2, a 

member of the chloride channel (ClC) family, and calcium-activated Cl- channels [89]. 

 

1.7.3 Paracellular Pathways 

In addition to the transcellular pathways mentioned, another route by which electrolyte 

transport must be controlled is the paracellular pathway.  

This pathway allows for the passive movement of ion and water down concentration and 

electrochemical gradients and is tightly regulated by the apical junctional complex. Both  
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Figure 1-6. Mechanism of chloride secretion across the epithelial cell.  

Chloride secretion involves the action of several proteins on the epithelial cells. The Na+/K+ 

ATPase pumps three sodium ions out of the cell in exchange for 2 potassium ions. This 

creates a driving force that results in the entry of 2 chloride ions, as well as sodium and 

potassium, into the cell via the Na+/K+/2 Cl- co-transporter (NKCC1). While Cl- is secreted 

out of the cell via apical chloride channels, such as CFTR and Calcium activated chloride 

channels (CaCC), Na+ and K+ are recycled back through selective basolateral channels. 

Reproduced with permission from Barrett and Keely [86], permission conveyed through 

Copyright Clearance Center, Inc. 

  



 

22 

tight junctions and adherens junctions work together to seal the paracellular space and thus 

limit solute flux and mucosal permeability [90]. 

 

1.8 Intracellular Regulation of Electrolyte Transport 

There are a number of different intracellular transduction pathways that are involved in the 

regulation of ion transport. Second messengers that are activated as a result of agonists 

binding to receptors in the enterocyte include cAMP, cGMP, calcium and 

phosphatidylinositol [87]. Activation of these messengers leads to the activation of protein 

kinases that phosphorylate proteins involved in ion transport. For example, the drug forskolin 

[91] and VIP [86] induce chloride secretion by activating adenylyl cyclase, and thus 

increasing intracellular cAMP levels. The muscarinic agonist bethanechol, acting at 

muscarinic receptors, increases ion transport through an increase in intracellular calcium 

levels [92]. 

 

1.9 Neuronal Regulation of Electrolyte Transport 

Neuronal regulation of electrolyte transport across the epithelium of the small intestine 

occurs through the extrinsic autonomic nerves (both sympathetic and parasympathetic 

pathways), and the ENS. Even though the ENS can function independently of the CNS, 

parasympathetic and sympathetic efferent fibers innervate the ENS and modulate its activity 

[93]. In addition, there is some direct innervation of the mucosa by sympathetic nerves [94]. 

While the parasympathetic nervous system enhances electrolyte secretion [95], the 

sympathetic nervous system mainly inhibits secretion and stimulates sodium absorption [96] 

by inhibiting cholinergic neurons [97]. Because of its inhibitory role, the sympathetic 
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nervous system is important for maintaining the balance between absorptive and secretory 

functions [97]. 

 

The reflex circuitry that takes part in neuronal regulation by the ENS begins with activation 

of IPANs that sense the environment and respond to mucosal stimulation. Information travels 

along processes of neurons, encoded as action potentials, to the cell bodies that are located in 

the plexuses and synapse with interneurons. Release of neurotransmitters at the synapse 

allows for the transmission of the message from the IPANs to the interneurons and 

subsequent activation of motor neurons. These motor neurons, which innervate the mucosa, 

act on enterocytes to stimulate ion transport or activate other effectors, including the 

vasculature, immune elements and endocrine cells [93]. 

 

For example, Cooke et al. [98] demonstrated that mucosal stroking of the guinea pig colon 

stimulates the release of endogenous 5-hydroxy-tryptamine (5-HT) from enterochromaffin 

cells. 5-HT acts on 5-HT1P receptors of IPANs and activates them to transduce a signal to 

cholinergic interneurons. Interneurons synapse with VIP secretomotor neurons that stimulate 

the epithelial cells to induce chloride secretion [99]. 

 

Because this reflex arc is predominantly local, it is possible to analyze neuronal control of 

ion transport by mounting pieces of intestine in Ussing chambers. This technique provides a 

system to measure active transport of ions across the epithelium [100] measured in the form 

of a short circuit current (ISC). By selectively blocking specific channels and transporters with 

specific drugs, or by blocking non-epithelial cell signalling (for example with the nerve 
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blocker tetrodotoxin [TTX]), or by substituting important ion, such as chloride, the 

contribution of these components to active ion transport can be determined [101]. 

 

Studies of intact mouse small intestine with Ussing chambers, have shown that under basal 

conditions there is net chloride secretion with little or no dependence on net sodium transport 

[102]. Blocking neurons with the neurotoxin TTX, has been shown to have no effect or 

reduce basal ion transport in guinea pig [103, 104], rat [92, 105], rabbit [106], and mouse 

[102] in vitro. Thus indicating that tonic neuronal activity is not implicated in basal ion 

transport in these species. 

 

Substances can modulate intestinal electrolyte transport directly, by acting on receptors of the 

enterocyte, or indirectly, by activating receptors located on ENS neurons that modulate 

endogenous neurotransmitter release [107]. For example, muscarinic cholinergic agonists 

(such as carbachol and bethanechol) produce an increase in basal ionic currents that are a 

result of net chloride secretion, by direct action on muscarinic receptors located on 

enterocytes [108]. Electric field stimulation (EFS) provides a useful tool to assess neuronal 

contributions to the control of ion transport with Ussing chambers [109]. Electrodes, which 

can be incorporated in the Ussing chamber set-up, can pass electrical currents at 

physiological frequencies (5-10 Hz) to stimulate all nerves in the preparation, causing release 

of neurotransmitters [109]. It has been shown that stimulation with EFS predominantly 

causes secretion of chloride in guinea pig [104] rabbit [110], rat [103], and mouse [111] 

small intestinal preparations. This response is completely abolished by TTX. 
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It has been demonstrated that the EFS response is in part mediated by acetylcholine acting on 

muscarinic receptors in some species. Neuronal stimulation after the addition of atropine (a 

muscarinic receptor antagonist) is decreased in guinea pig [103, 104], rat [105] and human 

[109], but is not affected in the rabbit ileum [110]. In the guinea pig, it has also been shown 

that there is no adrenergic component in the EFS-induced ion transport response [103], 

suggesting that more that 50 % of the EFS response is probably due to the action of non-

adrenergic, non-cholinergic transmitters. The nature of these transmitters is not well 

characterized, but it has been suggested that transmitters such as VIP, which is a potent 

secretagogue, might be involved [112]. 

 

1.10 PrPC Function in the Gastrointestinal Tract 

Evidence regarding the physiological role of PrPC in the GI tract is scarce. It has been shown 

that PrPC is expressed in the lateral membrane of human enterocytes, where it interacts with 

Src kinase, suggesting that PrPC might play a role in intercellular signalling [113] and cell-

cell adhesion [114].  More recently, Petit et al. [115], showed that absence of PrPC leads to 

altered paracellular permeability and impaired intercellular junctions, suggesting that the 

prion protein is involved in intestinal barrier function and maintenance. 

 

Recent studies in our lab, have demonstrated that the prion protein has a physiological role in 

the control of contractility of the gut that is believed to be due to its copper-binding ability 

[116]. In addition, Martin et al. [117] have demonstrated that PrPC-deficient mice develop 

worse DSS-induced colitis than wild type animals [117], and that PrPC levels are increased 

during inflammation in both the myenteric and submucosal plexuses of the mouse ENS. 
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These results are strengthened by a study published by Petit, et al.[115], which showed that 

absence of PrPC sensitizes mice to intestinal inflammatory disease in response to DSS. In 

addition, they showed that PrPC is involved in intestinal barrier function and maintenance and 

is mislocalized in patients with Inflammatory Bowel Disease (IBD). However, contrary to the 

studies done by Martin et al, [117], PrPC levels were not significantly different in IBD versus 

control samples. All this evidence suggests that PrPC could play a protective role in the gut. 

 

1.11 The Prion Protein and the ENS 

The ENS receives input from the CNS and is in close contact with the GI epithelial barrier; 

thus, it could be considered an initial route for PrPSc transmission from the gut to the brain. 

Indeed, some studies have reported that PrPSc was detected early in disease progression in the 

ENS of sheep. More specifically, PrPSc detection was greater in myenteric neurons 

expressing somatostatin than any other neuron, with lower expression observed occasionally 

in enteric glia [118]. 

 

Evidence regarding expression of host-encoded PrPC in the ENS is not well defined and 

somewhat controversial. Schmakov et al.  demonstrated that PrPC is expressed in nerve fibers 

and glial cells of the ENS [119]; while Ford et al. reported that PrPC-immuno-reactivity 

(PrPC-IR) in sections of mouse ileum was detected in myenteric neurons, with no detectable 

PrPC-IR in enteric glial cells [39]. Albanese et al. [120] reported that PrPC was mainly 

expressed in EGCs with little expression on neurons.  
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Furthermore, there is also controversy regarding PrPC localization within neuronal cells; 

while some argue that PrPC is localized to the synapse, others believe PrPC to be localized to 

neuronal cell bodies [121]. The identification of components within the ENS that are 

involved in neuroinvasion is not only important because this would contribute to the 

understanding of the factors involved in prion pathogenesis, but also because it might help in 

understanding the physiological role of this protein in the GI tract. 

 

1.12 Hypothesis and Objectives 

As previously mentioned, the physiological function of PrPC remains unclear and its function 

within the gut is not well understood. Furthermore, localization of PrPC in the ENS is 

controversial. Therefore, the first aim of my project was to characterize the prion protein 

in the gastrointestinal tract of mice using immunohistochemistry, since currently there is 

no agreement as to where PrPC is expressed. In addition, PrPC function with Ussing 

chambers was studied to determine its potential role in electrolyte transport.  

General Hypothesis: PrPC plays an important physiological role in the GI tract. 

Specific Hypothesis: PrPC is expressed in the ENS of the GI tract and plays an important 

physiological role in ion transport that is linked to its ability to bind copper atoms.  

Aims: 

1) Characterize PrPC in the enteric nervous system of the gastrointestinal tract using 

immunohistochemistry 

2) Study whether PrPC plays a role in control of ion transport using the Ussing 

chambers 
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1.13 Significance of the Study 

By characterizing PrPC in the ENS of mice and by studying the role PrPC plays in ion 

transport, we will be able to help further elucidate the physiological role this protein has in 

the GI tract. In addition, the identification of ENS components that express PrPC and may be 

involved in neuroinvasion might help in understanding the factors implicated in prion 

pathogenesis. 

 

Because prion diseases are only some of a broader group of protein misfolding disorders (that 

also include Alzheimer’s and Parkinson’s disease), studying the prion protein might also 

shed some light on the mechanisms of these other neurodegenerative disorders.  
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Chapter Two: Materials and Methods 

2.1 Animals 

2.1.1 Ethical Approval 

All animal protocols were approved by the Health Science Animal Care Committee at the 

University of Calgary and were conducted in accordance with the guidelines established by 

the Canadian Council of Animal Care. Animals were sacrificed by cervical dislocation after 

isofluorane exposure. 

 

2.1.2 Animals 

Mice with a targeted disruption of the prion gene (Prnp-/-) of the Zurich I strain [40] 

(backcrossed for >10 generations onto the C57BL/6 background) and their Prnp+/+ 

littermates, as well as PrPC over-expressors (Tga20) [122] and their wild-type littermates, 

were used in these experiments. Mice were matched for age and sex, and housed in cages 

with free access to standard laboratory chow and water. They were maintained in a double 

barrier unit in a room that had controlled temperature (22 ± 1 °C), humidity (65-70%), and 

light cycle (12 h light/12 h dark). 

 

2.2 Experimental Procedures 

2.2.1 Tissue Preparation for Immunohistochemistry 

Ileum segments from PrPC-knockouts (KO), wild type (WT) and PrPC-over-expressing (Tg) 

mice were collected, and placed in phosphate buffered saline (PBS) containing 1 µM 

nifedipine. Subsequently, they were opened along the mesenteric border, rinsed with PBS 

and pinned tautly mucosal side up onto Sylgard-coated petri dishes. Zamboni’s fixative was 
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used to fix tissues overnight at 4 °C. The next day, tissues were washed with PBS and stored 

in plastic vials filled with PBS containing sodium azide at 4 °C. Both the longitudinal 

muscle-myenteric plexus (MP) and submucosal plexus (SMP) were prepared by removing 

the mucosa and circular muscle using a dissecting microscope (whole mount preparations). 

Prion protein expression and morphological characteristics of the ENS in KO, WT and Tg 

mice were analyzed using single and double-labeling immunohistochemistry of whole mount 

preparations.  

 

2.2.2 General Immunohistochemical Procedure 

Whole mount preparations were washed three times in PBS containing 0.1 % Triton X-100 

for 10 minutes and then incubated in primary antibody at 4 °C for 48 h. The specificity of the 

prion antibodies was confirmed by using tissues from knockout mice, which showed no 

immuno-reactivity. Next, tissues were washed three times in 10 minute intervals with PBS 

and then incubated with the secondary antibody at room temperature for 2 h. Preparations 

were mounted onto slides and observed using a fluorescence or confocal microscope. 

 

2.2.3 Single-Labeling Immunohistochemistry 

Myenteric and submucosal plexus preparations of mice were incubated with three different 

PrPC antibodies that bind to different specific regions of the protein (Figure 2-1). In addition, 

antibodies against enteric glial cells (EGCs) and neurons were also used. Glial cells were 

identified using an antibody directed against the glial-fibrillary acidic protein (GFAP). 
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Figure 2-1. Prion antibodies and target sites used in this study.  

A, antibodies used in this study were monoclonal and bind different PrPC epitopes. B, SAF83 

is a conformational antibody that binds to residues 126-164 on the C-terminus of PrPC, 6H4 

is a linear antibody that binds to residues 144-152, and SAF32 is linear antibody that binds to 

residues 59-89 on the N-terminus of PrPC. Reproduced with permission from Aguzzi et al. 

[1], permission conveyed through Copyright Clearance Center, Inc., and John Wiley & Sons 

[30], © 2007. 
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Neurons were identified using an antibody directed against Protein Gene Product 9.5 

(PGP9.5) (Table 2-1). Secondary antibodies used for each primary antibody can be found in 

Table 2-1. PrPC, EGC and neuron immuno-reactivity (IR) was visualized with a Zeiss 

Axioplan fluorescence microscope (Carl Zeiss, Jena, Germany) using an x40 (Plan-Neufl, 

0.75 numerical aperture) lens. The gray-scale images were captures with a digital camera 

(QImaging, Surrey, BC). 

 

In order to determine whether the tissue fixation method affected prion distribution patterns, 

ileal tissues of wild type C57Bl/6 mice were fixed with two different fixatives: Zamboni’s 

and 4% paraformaldehyde (PFA). Tissues were subsequently stained for PrPC with either one 

of two prion antibodies (SAF83 or SAF32) and visualized with an Olympus FluoView 

FV1000 confocal microscope (Olympus America, Melville, NY) using a x60 (PlanApo N 

1.42 numerical aperture) oil-immersion lens. Optical sections acquired were 0.5 µm thick and 

are presented as a 1 µm z-stack.  

 

2.2.4 Double-Labeling Immunohistochemistry 

Double-labeling immunohistochemistry was performed using either one of two PrPC 

antibodies (SAF32 or SAF83) as well as different neuronal markers (Table 2-1). The tissues 

were either simultaneously or sequentially incubated with the two primary antibodies and 

subsequently their corresponding secondary antibodies. An Olympus FluoView FV1000 

confocal microscope was used to capture images.  

  



 

33 

Table 2-1. Antibodies used for immunofluorescence 

Antigen Source Dilution Detection Dilution 
SAF-83 Cayman 

Chemicals 
1:500 Donkey anti-

mouse CY3 
1:100 

SAF-83 Cayman 
Chemicals 

1:500 Goat anti-
mouse 
Alexa488 

1:200 

SAF-32 Cayman 
Chemicals 

1:500 Donkey anti-
mouse CY3 

1:100 

SAF-32 Cayman 
Chemicals 

1:400 Goat anti-
mouse 
Alexa488 
(Invitrogen) 

1:200 

6H4 Prionics 1:10,000 Donkey anti-
mouse CY3 

1:100 

Biotinylated 
Hu C/D 

Invitrogen 1:200 Streptavidin 
Alexa Fluor 
568 
(Invitrogen) 

1:200 

PGP9.5 Ultraclone 
 

1:2,000 Goat anti-rabbit 
FITC 

1:50 

GFAP Biomedical 
Technologies 

1:250 Goat anti-rabbit 
FITC 

1:50 

Synaptophysin 
(Synp) 

Abcam 1:100 Donkey anti-
rabbit CY3 

1:100 

NTPDase3 Jean Sevigny 
(Laval) 

1:100 Donkey anti- 
guinea pig CY3 

1:100 

nNOS BD Biosciences 1:250 Goat anti-rabbit 
FITC 

1:50 

VIP UBC Peptide 
Core 

1:500 Goat anti-rabbit 
FITC 

1:50 

VAChT Phoenix 
Pharmaceuticals 

1:250 Donkey anti-
guinea pig 
FITC 

1:50 

TH Chemicon, 
Millipore,  

1:500 Donkey anti-
sheep FITC 

1:50 

Calbindin Swant  1:500 Goat anti-rabbit 
FITC 

1:50 

The source of all secondary antibodies was Jackson ImmunoResearch (West Grove, PA) 

unless otherwise noted. 
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2.2.5 Data Analysis for Neuronal Counts 

For neuronal counts, we acquired images of ganglia labelled with the Hu C/D neuronal or 

nNOS antibody using a 40x (Plan-Neufl, 0.75 numerical aperture) objective lens of a Zeiss 

Axioplan fluorescence microscope (Carl Zeiss, Jena, Germany) and captured images with a 

camera and QCapture Pro 6.0 software. For Hu C/D neuron cell counting we measured field 

of view area and recorded number of neurons within that area using the ImageJ software 

(NIH). n=3 mice per group, minimum of 10 ganglia (myenteric plexus) or 20 ganglia 

(submucosal plexus) per mouse counted. In the case of nNOS, we counted numbers of 

nNOS-positive neurons within a single ganglion (n=3 mice per group, 20 ganglia per mouse). 

 

2.2.6  Study of Electrolyte Transport using Ussing Chambers 

Ussing chambers were used to study electrolyte transport in full-thickness preparations of 

mouse ileum in vitro. This experimental system consists of separating two halves of a 

chamber with the tissue of interest (in this case, mouse ileum), which is positioned vertically 

so that the mucosal membrane faces one half of the chamber, while the serosal membrane 

faces the other half. It provides a system to measure transport of ions, nutrients and drugs 

across epithelial tissues [100]. Both sides of the chamber contain identical electrolyte 

solutions (called the superfusate), which help to eliminate passive ion movement by 

balancing osmotic, hydrostatic, and chemical gradients across the tissue, thus measuring only 

active transport [101]. In addition, electrodes are placed on each side of the tissue to detect 

potential differences across the preparation, which are generated as a consequence of active 

ion transport.  
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The tissue is held under voltage-clamp conditions (typically zero volts), which allows for the 

clamping of the tissue cells’ potential at a chosen value by injecting current via two 

additional silver-silver chloride electrodes creating a short circuit current (ISC). The amount 

of ISC required to maintain the potential difference at zero volts reflects the net active ion 

transport across the tissue of interest [101]. 

The short-circuit current is equivalent to the sum of electrogenic ion movements so that:  

ISC = INa+ + IK+ + ICl- + IHCO3- [100]. 

This technique can be used to assess the contributions of different components to active ion 

transport, which can be done by substituting specific ions in the superfusate, selectively 

blocking or activating specific receptors, channels, or pumps by direct application of agonists 

or blockers to the bath, among others [101]. Furthermore, electric field stimulation can be 

used to assess neuronal contribution to electrolyte transport. Electrodes, which can be 

incorporated in the Ussing chamber set-up, pass low intensity currents across the tissues 

without directly altering ISC. Instead, EFS leads to stimulation of all neurons resulting in the 

release of neurotransmitters that affect electrolyte transport, leading to elevated ISC responses 

that return to base levels after stimulation ceases. 

2.2.7 Ussing Chamber Experimental Approach 

Electrogenic ion transport of ileal tissues from KO, WT and Tg mice was studied. Tissue 

segments were removed, opened along the mesenteric border and mounted in Ussing 

chambers (exposure surface area for ileum: 0.3 cm2). Tissues were allowed to equilibrate for 

20 minutes in oxygenated (95% O2–5% CO2; pH 7.4) Krebs buffer (warmed to 37 ºC) that 
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contained (in mM): NaCl (117), KCl (4.8), CaCl2 (2.5), MgCl2 (1.2), NaHCO3 (25), 

NaH2PO4 (1.2) and D-glucose (11) on the serosal half of the chamber. The mucosal side of 

the chamber contained the same Kreb’s buffer but D-glucose was substituted with an 

equimolar concentration of mannitol.  

 

The tissue was held under voltage-clamp conditions (0 mV) and the movement of ions across 

the epithelium was recorded as short-circuit current (ISC , µA/cm2). All drugs were added to 

the half chamber exposed to the serosa.  Electric Field Stimulation was used to stimulate ion 

transport. EFS was delivered via platinum electrodes using a Grass S48 stimulator and SIU50 

stimulus isolation unit.  The stimulation parameters were: 50V, 5 s duration, 1, 5 or 10 Hz.  

 

We wanted to determine whether there was a cholinergic component to the ion transport 

responses evoked by EFS at 10 Hz, thus, we stimulated ion transport with EFS before and 

after the addition of 10 µM atropine and measured the percent changes in EFS in all three 

groups of mice studied. 

 

In addition, we wanted to examine whether the absence or over-expression of PrPC affected 

cAMP-induced ion transport. Forskolin (10 µM), a cAMP-secretagogue, was added at the 

end of the experiment for this purpose and also to assess tissue viability (A sample trace can 

be seen in Figure 2-2). 

 

To determine whether PrPC expression affected muscarinic-induced ion transport at the 

epithelial level, we treated tissue preparations with the muscarinic agonist bethanechol  



 

37 

 

Figure 2-2. Ussing chamber experimental sample trace.  

An original recording demonstrating ISC responses after electric stimulation with 5 Hz, 10 Hz 

and the cAMP-secretagogue forskolin. 
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 (100 µM). In order to examine this, we also pre-treated tissues with either atropine (10 µM) 

or tetrodotoxin (300 nM) before the addition of 100 µM bethanechol. 

 

2.2.8 Role of Copper Binding in Ion Transport 

In order to determine whether ion transport differences were due to the prion protein’s ability 

to bind copper, mice were pre-treated with 0, 100 or 500 µM CuCl2 for ten minutes. 

Subsequently, 10 µM forskolin was added to the serosal bath and the ISC changes were 

measured to determine whether copper affected forskolin-induced ion transport.  

 

To determine whether the absence or over-expression of PrPC affected neurally-evoked ion 

transport after treatment with CuCl2, the above experiment was repeated but with EFS 

measurement before and after addition of CuCl2.  

 

2.2.9 Role of Nitric Oxide in Ion Transport 

In order to determine whether ion transport differences were due to increased release of NO 

by nitric oxide donors in the presence of copper, the above experiments were repeated in the 

presence of 500 µM PAPA NONOate (nitric oxide donor). 

 

Mice were pre-treated with 0, 100 or 500 µM CuCl2 for ten minutes. Subsequently, 0 or 500 

µM PAPA NONOate was added to the serosal side of the chamber followed by 10 µM 

forskolin. ISC was measured to determine whether PAPA NONOate alone or in the presence 

of copper affected forskolin-induced ion transport.  
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To determine the effect of CuCl2 and/or PAPA NONOate on neurally-evoked ion transport 

EFS was measure before and after treatment with CuCl2 and/or PAPA NONOate. The 

percent change in EFS before and after treatment was used to determine whether PrPC 

expression affected EFS-evoked ion transport. 

 

2.3 Drugs and Reagents 

Compounds used for these studies include PAPA NONOate (Cayman Chemicals, 500 µμM, 

Ann Arbour, MI, USA), Forskolin (Sigma Aldrich, 10 µμM, St Louis, MO), Bethanechol 

(Sigma Aldrich, 100 µμM), Copper chloride (Sigma Aldrich, 100  µμM, 500 µμM). All drugs 

were dissolved in distilled water, except forskolin, which was dissolved in 100% ethanol. 

 

2.4 Statistics 

Data are expressed as mean ± SEM with n-values given as number of animals. Multiple 

groups were compared using a one way- analysis of variance with post hoc analysis (Tukey’s 

multiple comparison test). When two sets of data were compared, a t-test was used. A value 

of p<0.05 was considered statistically significant. Statistical analyses were performed using 

GraphPad Prism 5 (GraphPad Instat software).  
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Chapter Three: Characterization of PrPC in the Enteric Nervous System of the 
Gastrointestinal Tract of Mice 

3.1 Introduction 

PrPSc, the infectious isoform of the prion protein that is ingested in variant Creutzfeldt-Jakob 

disease, must cross the gastrointestinal tract, replicate in the GALT and invade the nervous 

system in order to reach the brain and cause neurodegeneration [13]. In order for PrPSc to 

invade the brain, it must first replicate by converting host-encoded PrPC into its infectious 

isoform. Thus, PrPC expression and localization might affect the rate of infectious prion entry 

and replication. 

 

Because the enteric nervous system innervates the gastrointestinal tract, it has been suggested 

to be an important player in prion neuroinvasion [123]. As a consequence, characterizing the 

endogenous prion protein in the ENS could shed some light both into its physiological role 

(which is currently poorly understood) and its contribution to the spread of PrPSc from the gut 

to the brain.  

 

There is evidence that the prion protein is expressed within the ENS. A study done with 

transgenic mice expressing a green fluorescent protein reporter gene that is under the control 

of the PrPC gene, suggests that the prion protein is expressed in the neurons of both the 

myenteric and submucosal plexuses, as they found intensive green fluorescence protein 

fluorescence in these cells [124]. In 2002, Ford et al. [39] published a comprehensive study 

in which they looked at PrPC expression using both in situ hybridization and 

immunohistochemistry in various adult mouse tissues. They found PrPC to be widely 
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expressed. In the gastrointestinal tract, PrPC was found in the ENS, more specifically, the 

enteric neurons, with no detectable levels of PrPC found in the glial cells [39]. Contrary to the 

study done by Ford [39], Albanese et al. [120] showed that PrPC was predominantly 

expressed in enteric glial cells when compared to neurons both in wild type and PrPC over-

expressing mice using immunohistochemistry of whole mount myenteric plexus preparations.  

 

3.2 Aims 

Evidence regarding PrPC expression in the ENS is controversial. While some studies have 

described that PrPC is mainly expressed in neurons [39], other reports indicate that PrPC is 

predominantly found in enteric glial cells [120]. Thus, the first objective of this project was 

to characterize the prion protein in the ENS of the GI tract. Co-localization studies were 

performed to determine whether PrPC was expressed in neurons, enteric glial cells or both. In 

addition, because this project involved the use of PrPC-knockout, PrPC-wild type and PrPC–

over-expressing mice, it was important to determine whether PrPC expression altered the 

morphological characteristics of the ENS. Finally, we wanted to further characterize which 

neuronal populations expressed PrPC by carrying out double-labeling immunohistochemistry 

with different neuronal markers. 

 

3.3 Results  

3.3.1 Single-Labeling Immunohistochemistry: ENS morphology and PrPC expression 
pattern 

We sought to determine whether the expression of PrPC affected ENS morphology. However, 

we first wanted to determine whether the fixative used altered PrPC expression patterns. We 
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carried out single-labeling immunohistochemistry of C57Bl/6 wild type tissues fixed with 

either 4% PFA or Zamboni’s fixative (Figure 3-1). There were no differences in PrPC 

expression patterns in either myenteric or submucosal plexuses. However, there was a slight 

difference between the two fixatives— tissue fixed with Zamboni’s fixative had less 

background immunofluorescence. Thus, for all subsequent experiments, Zamboni’s fixative 

was used. 

 

Single-labeling immunohistochemistry indicated that there were no apparent differences in 

neuronal or enteric glial cell morphologies in KO, WT or Tg mice. EGC-IR and neuronal-IR 

were identical in all groups of mice studied (Figure 3-2A, B). The size of ganglia and the 

distribution of neuronal and glial cells within the ganglia were similar in all preparations 

analyzed. In addition, there were no significant differences in the numbers of neurons 

counted (labelled with the pan-neuronal marker Hu C/D) in neither the myenteric nor 

submucosal plexuses (Figure 3-2C).  

 

The use of the three prion antibodies, 6H4, SAF32 and SAF83, resulted in similar patterns of 

PrPC-immuno-reactivity in both myenteric (Figure 3-3A) and submucosal plexus (Figure 3-

3B) samples. Under identical exposure conditions tissue preparations from PrPC-deficient 

mice showed no PrPC-IR within the outlines of the ganglia, while wild type and PrPC over-

expressing tissues showed a similar pattern of PrPC-IR, with Tg tissues having stronger 

immuno-reactivity. Moreover, while PrPC-IR was very easy to detect in Tg submucosal 

tissues, wild type PrPC expression was low and sometimes it was difficult to distinguish the 

ganglia from the background. Of note, we found that submucosal plexus preparations 
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Figure 3-1. Ileal PrPC expression in the myenteric and submucosal plexuses of C75Bl/6 

mice. Single-labeling immunohistochemistry of PrPC in both the A, myenteric and B, 

submucosal plexuses showed that the fixation method used (either Zamboni’s fixative 

[ZAM] or 4 % paraformaldehyde [PFA]) did not affect the pattern of PrPC-IR. PrPC-IR was 

found to mainly surround neurons with both punctate and smooth staining, with some 

granular staining in the body of some neuronal cells. Bar: 25 µm. 
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Figure 3-2. Ganglia morphology of the myenteric and submucosal plexuses of PrPC-

deficient  (KO), wild type (WT) and PrPC-over-expressing mice (Tg).  Single-labeling 

with both A, the neuronal marker PGP9.5 and B, the enteric glial cell marker GFAP, in KO, 

WT and Tg mice showed that differential PrPC expression does not affect ganglion 

morphology in either myenteric or submucosal whole-mount preparations of mice studied. 

Bar: 20 µm. C, Numbers of neurons, labeled with the neuronal marker Hu C/D, is not 

significantly different among groups of mice studied (n=3). 
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Figure 3-3. Ileal PrPC expression in the myenteric and submucosal plexuses of PrPC -

deficient  (KO), wild type (WT) and PrPC-over-expressing mice (Tg). Single-labeling 

immunohistochemistry with three different PrPC antibodies (6H4, SAF32 and SAF83) in both 

the A, myenteric and B, submucosal plexuses of KO, WT and Tg mice showed that the three 

antibodies immuno-reacted similarly with PrPC. PrPC-IR in both WT and Tg ileal tissue was 

found surrounding neurons, with little expression inside the neuronal bodies. PrPC-IR in Tg 

whole-mount preparations was stronger than in WT preparations.  No PrPC was detected in 

preparations of PrPC-deficient mice. Bar: 25 µm. 
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presented high levels of background immuno-reactivity that was not reduced upon the pre-

treatment of the tissues with a blocking agent or the use of a different secondary antibody. In 

addition, we found that the PrPC pattern of expression consisted of both punctate and smooth 

processes in PrPC over-expressing mice while expression in wild type tissues was primarily 

punctate (Figure 3-4).  

 

We found that is was impossible to determine the exact cellular localization of the prion 

protein from these single-labeling studies as PrPC-IR was distributed throughout the ganglia; 

it was expressed more predominantly around neurons rather than in the neuronal cell bodies, 

but the expression did not appear to be of glial origin either.  

Because PrPC is a glycosyl-phosphatidyl-inositol-linked membrane bound protein [27], 

which could account for the difficulty in localizing PrPC within the ganglia, we decided to 

carry out double-labelling immunohistochemistry studies. 

 

3.3.2 Double-Labeling Immunohistochemistry: PrPC localization within ENS ganglia 

Double-labeling immunohistochemistry with the SAF32 and SAF83 antibodies was carried 

out (Results obtained with the SAF83 antibody are shown in this chapter. SAF32 results can 

be found in the appendix). While PrPC was absent in the myenteric plexus of PrPC-deficient 

mice, in the myenteric plexus of both WT and Tg mice, PrPC-IR was observed to co-localize 

with both neuronal (Figure 3-5A) and enteric glial (Figure 3-5B) cells, although co-

localization was stronger in neurons than glia. In the submucosal plexus (Figure 3-6) the  
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Figure 3-4. Ileal PrPC expression in the myenteric and submucosal plexuses of wild type 

(WT) and PrPC-over-expressing mice (Tg). The PrPC pattern of expression consisted of 

both punctate (arrows) and smooth (arrow heads) processes in PrPC-over-expressing mice. 

Expression in wild type tissues was primarily punctate. Bar: 25 µm. 
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Figure 3-5. Ileal PrPC expression in the myenteric plexus of PrPC-deficient  (KO), wild 

type (WT) and PrPC-over-expressing mice (Tg).  A, Double-labeling showed that PrPC-IR 

co-localized with the neuronal marker PGP9.5 in WT and Tg mice. B, In addition, PrPC co-

localized with GFAP in WT and Tg mice, though to a lesser extent, relative to PrPC-PGP9.5. 

No PrPC was detected in myenteric plexus preparations of PrPC-deficient mice. Arrowheads 

depict co-localization. Bar: 25 µm. Modified with permission [116], © 2012 John Wiley & 

Sons. 
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Figure 3-6. Ileal PrPC expression in the submucosal plexus of PrPC-deficient (KO), wild 

type (WT) and PrPC-over-expressing mice (Tg). A, Double-labeling showed that PrPC co-

localized with PGP9.5 in ileal whole mount preparations of WT and Tg mice. B, double-

labeling showed that there was also co-localization of PrPC with enteric glia, although to a 

lesser extent. No PrPC was detected in submucosal plexus preparations of PrPC-deficient 

mice. Arrowheads depict co-localization. Bar: 25 µm. Modified with permission [116], © 

2012 John Wiley & Sons. 
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results were similar; PrPC expression was absent in KO tissues, while in both WT and Tg 

preparations, double-labeling showed that PrPC-IR was co-localized with the neuronal cell 

marker PGP9.5 (Figure 3-6A) more strongly than with the glial cell marker GFAP (Figure 3-

6B). In addition, confocal images further confirmed our previous results that the pattern of 

PrPC staining was both smooth and punctate and found more predominantly around neuronal 

membranes.  

 

In order to conclusively confirm that PrPC was expressed in neuronal membranes, we used 

the ectonuclease NTPDase3, a specific neuron membrane marker [125], to label neurons. 

There were no differences in the distribution of NTPDase3 among WT, KO and Tg tissues 

when compared (Figure 3-7). We found that PrPC and NTPDase3 shared very similar 

distribution patterns and co-localized strongly in both wild type and PrPC over-expressing 

mice, leading us to conclude that PrPC was primarily found in neuronal membranes. 

 

Because PrPC is highly expressed in neuronal synapses of the CNS [57], we wanted to 

determine whether this was also true in the ENS, thus we labeled synaptic terminals with the 

marker synaptophysin (Figure 3-8). These studies showed that the pattern and intensity of 

synaptophysin immuno-reactivity was similar in all mice studied, regardless of PrPC 

expression levels. Furthermore, we found that in both WT and Tg mice, there was strong co-

localization of PrPC-IR with synaptophysin in both the myenteric and submucosal plexuses, 

confirming previous studies done in the neurons of the CNS [57]. 
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Figure 3-7. Ileal expression of PrPC and NTPDase3 in the myenteric and submucosal 

plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). 

Ileal tissues of double-labeled WT and Tg mice demonstrated extensive co-localization of 

PrPC and NTPDase3 in both the A, myenteric and B, submucosal plexuses. PrPC-IR was 

undetectable in the myenteric and submucosal plexuses of PrPC-deficient mice. Arrowheads 

depict co-localization. Bar: 25 µm. Modified with permission [116], © 2012 John Wiley & 

Sons. 
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Figure 3-8. Ileal expression of PrPC and synaptophysin (Synp) in the myenteric and 

submucosal plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated extensive co-

localization of PrPC and synaptophysin in both the A, myenteric and B, submucosal plexuses. 

PrPC-IR was undetectable in the myenteric and submucosal plexuses of PrPC-deficient mice. 

Arrowheads depict co-localization. Bar: 25 µm. Modified with permission [116], © 2012 

John Wiley & Sons. 
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3.3.3 Distribution of PrPC within neuronal populations of the ENS 

Since we found that PrPC was primarily distributed to neurons, immunohistochemistry with 

antibodies that specifically detect cholinergic (anti-VAChT antibody), secretomotor (anti-

VIP), sensory (anti-calbindin) and nNOS-positive neurons, were also used to try to determine 

if PrPC (labelled with either the SAF32 or SAF83 antibodies) was found in distinct types of 

neuronal cell populations. 

 

There were no apparent differences in the immuno-reactivity pattern or expression levels of 

any of the neuronal markers used for this study when KO, WT and Tg mice tissues were 

compared. Moreover, while PrPC-deficient preparations showed no PrPC-IR, both WT and 

PrPC over-expressing tissues displayed similar patterns of co-localization between the 

neuronal markers studied and the prion protein antibodies both in the myenteric and 

submucosal plexuses. 

 

VAChT-IR was punctate and primarily distributed to neuronal processes. Co-localization of 

PrPC with cholinergic neurons (Figure 3-9) was strong and predominantly found within 

neuronal fibers in both the myenteric and submucosal plexuses of WT and Tg mice.  

 

Calbindin-IR was detected both in neuronal cell bodies and processes. However, low levels 

of co-localization were found between the prion protein and the fibers of sensory neurons in 

the myenteric plexus (Figure 3-10A). PrPC was localized to neuronal processes and 

occasionally to cell bodies of calbindin-positive neurons in submucosal plexus preparations 

(Figure 3-10B).  
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Figure 3-9. Ileal expression of PrPC and VAChT positive neurons in the myenteric and 

submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated extensive co-

localization of PrPC and VAChT in both the A, myenteric (Bar: 50 µm) and B, submucosal 

(Bar: 25 µm) plexuses. PrPC-IR was undetectable in the myenteric and submucosal plexuses 

of PrPC-deficient mice. Arrowheads depict co-localization. 
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Figure 3-10. Ileal expression of PrPC and calbindin positive neurons in the myenteric 

and submucosal plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-

expressing mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated that 

PrPC did not co-localized extensively with calbindin neuronal bodies but did co-localize, to a 

low extent, with nerve fibers in the both the A, myenteric and B, submucosal plexus. PrPC-IR 

was undetectable in the plexuses of PrPC-deficient mice.  Arrowheads depict co-localization. 

The asterisk depicts lack of co-localization within cell bodies. Bar: 25 µm. 
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High levels of co-localization were found between PrPC and VIP-positive neurons (Figure 3-

11). While VIP-IR was punctate and found in neuronal processes in the myenteric plexus, 

immuno-reactivity in the submucosal plexus was found both in neuronal processes and 

within the neuronal cell bodies. Moreover, it was clear that PrPC was co-localized within 

these neuronal cell bodies both in the WT and Tg preparations, with higher PrPC expression 

in Tg tissue when compared to WT controls. 

 

Although PrPC did not co-localize strongly with nNOS-positive cell bodies (Figure 3-12A), 

we found some minor degree of co-localization with nNOS-positive fibers in both WT and 

Tg ileal tissues. In addition, there was no significant difference in the number of nNOS-

positive neurons when KO, WT and Tg preparations were compared (Figure 3-12B, KO, 6.6 

± 0.3, WT, 6.1 ± 0.3, Tg 6.4 ±0.3 neurons/ganglion). 

 

It has been previously reported that PrPC is expressed in sympathetic neurons [23], therefore 

we wanted to determine if we could confirm these results. We used the sympathetic neuronal 

marker tyrosine hydroxylase (TH) to determine whether this held true in the ENS of our mice 

model. Both myenteric (Figure 3-13A) and submucosal (Figure 3-13B) plexuses highly 

expressed tyrosine hydroxylase in KO, WT and Tg mice. PrPC expression did not alter TH-IR 

and the level of TH-IR was similar across all three groups of mice studied.  In addition, we 

found that PrPC was expressed in sympathetic terminals of both the myenteric and 

submucosal plexuses, but the degree of PrPC-TH co-localization was lower than that found 

for PrPC and cholinergic neurons. 
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Figure 3-11. Ileal expression of PrPC and VIP positive neurons in the myenteric and 

submucosal plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of WT and Tg mice demonstrated that PrPC co-localized with VIP 

fibers in the myenteric plexus (A), and VIP-positive neuronal bodies (asterisk) and fibers in 

the submucosal plexus (B). PrPC-IR was undetectable in the myenteric and submucosal 

plexuses of PrPC-deficient mice. Arrowheads depict co-localization. Bar: 25 µm. 
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Figure 3-12. Ileal expression of PrPC and nNOS positive neurons in the myenteric 

plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). A, 

Ileal tissues of double-labeled WT and Tg mice demonstrated that PrPC did not co-localize 

extensively with nNOS positive neuronal bodies but did co-localize with nerve fibers in the 

myenteric plexus. PrPC-IR was undetectable in the myenteric plexus of PrPC-deficient mice. 

Arrowheads depict co-localization. The asterisk depicts lack of co-localization within cell 

bodies Bar: 25 µm. B, There was no significant difference in the numbers of nNOS-positive 

neurons counted in KO, WT and Tg mice (n=20 ganglia/mice, 3 mice/group). Modified with 

permission [116], © 2012 John Wiley & Sons. 



 

59 

 

Figure 3-13. Ileal expression of PrPC and TH positive neurons in the myenteric and 

submucosal plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated that PrPC co-

localized with TH positive neuronal fibers in the both the A, myenteric and B, submucosal 

plexuses. PrPC-IR was undetectable in the plexuses of PrPC-deficient mice.  Arrowheads 

depict co-localization. Bar: 25 µm. 
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3.4 Discussion 

The enteric nervous system is the part of the autonomic nervous system that controls many of 

the functions of the gastrointestinal tract. These include blood flow, vasodilation, motility 

and secretion [63]. It has been suggested that neuroinvasion by the infectious prion protein 

begins in the ENS [123], thus an understanding of the function and localization of PrPC in the 

gut is of importance both to understand the pathophysiological role of PrPC in disease, as 

well as to further elucidate and characterize its physiological function in the gut. Since the 

primary functions of the ENS are control of contractility and ion transport, we were 

interested in studying whether PrPC is involved in these processes. 

 

In order to study the functional importance of the prion protein in the nervous system of the 

gut, we must first understand its expression within the components of the ENS so that we can 

get a general understanding of its importance for proper ENS function. Thus, this study 

sought to determine whether the prion protein was expressed in the enteric nervous system of 

mice and whether its absence or overexpression caused any major morphological changes 

that would indicate a possible role for the prion protein. We did this by carrying out 

immunohistochemistry of myenteric and submucosal plexus preparations from PrPC-

deficient, wild type and PrPC-over-expressing mice.  

 

In the initial characterization of PrPC in the ENS, we tried out three different prion 

antibodies, 6H4, SAF32, and SAF83. They consistently had similar patterns of immuno-

reactivity, thus we decided to carry out the remaining experiments with SAF32 and SAF83 as 

they bind to different parts of the protein and had lower background levels of fluorescence 
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that 6H4. The monoclonal SAF32 antibody binds to the N-terminus of PrPC, while SAF83 is 

a conformational antibody that binds to the C-terminus of the prion protein. By labelling 

PrPC with two antibodies that recognize separate epitopes we are minimizing the probability 

that the immuno-reactivity we are getting is due to the non-specific binding of the antibody 

to other proteins. For example, there is another member of the mammalian prion glycoprotein 

family called Shadoo (Sho) that displays some similarities to PrPC. Sho, which is highly 

expressed in the CNS, is a GPI-linked extracellular membrane protein that contains a 

hydrophobic segment that is the same length as PrPC and shows strong conservation: 12 of 20 

residues (112-131 Human PrPC) are identical or almost identical and another 6 are conserved 

hydrophobic [126]. Thus, although the PrPC antibodies should not bind to Sho, by using 

several prion antibodies we are verifying that this is not the case. Because control peptides 

are not available for SAF32 or SAF83, the inclusion of the PrPC-deficient mice also provided 

a valuable negative control to determine antibody specificity.  

 

As expected, we found that PrPC was clearly absent from the ENS of PrPC-deficient mice, 

while PrPC-over-expressors displayed higher levels of prion protein immuno-reactivity when 

levels were compared to wild type controls under similar exposure conditions. Moreover, we 

found that while the level of PrPC-IR was similar in both the myenteric and submucosal 

plexus preparations of PrPC over-expressing mice, wild types tissues seemed to have a 

slightly higher expression of prion protein in the myenteric plexus when compared to the 

expression in the submucosal plexus. One of the explanations for this observation is that 

submucosal preparations had very high background immuno-reactivity and thus sometimes it 

was difficult to differentiate the ganglia from the background. This non-specific staining was 
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seen in all mice studied, including wild type and PrPC over-expressors. However, it was more 

evident in wild type and knockout submucosal preparations, as exposure times for PrPC-over-

expressing tissues were lower than those for WT and KO to prevent overexposed images. 

While we tried various methods of decreasing the background staining (blocking with a 

donkey serum and trying different secondary antibodies) we found this to be impossible. Of 

note, we were not able to find any reports that contained images displaying PrPC labelling of 

whole mount submucosal preparations. This might be due to the difficulty of obtaining 

images with low background immuno-reactivity. 

 

Labelling of the myenteric and submucosal ganglia with glial and neuronal antibodies 

allowed us to see that there were no apparent differences in ENS morphology as a result of 

differential prion protein expression; ganglia were of similar shapes and sizes and number of 

neurons within the ganglia were comparable across all three groups of mice studied. In 

addition, co-localization studies showed that PrPC was primarily expressed in neuronal 

membranes and was also found in synaptic terminals. This supports previous evidence 

indicating that PrPC could have a role in neuroprotection and signalling [127]. 

 

Our results are consistent with a previous study that showed that PrPC was expressed in 

neurons of the ENS [39]. However, they are not consistent with a study published by 

Albanese et al. [120], which suggested that PrPC is predominantly found in enteric glial cells. 

The discrepancies between these and our studies might be a result of the approach used to 

determine PrPC localization. Both these studies used different prion antibodies and different 

methods to determine PrPC localization. Ford et al. [39] looked at immunohistochemistry of 
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full-thickness sections with the antibody MoPL1D (which binds to residues 90-108), while 

Albanese used immunohistochemistry of whole mount preparations with a rabbit monoclonal 

antibody. Albanese et al. [120] used the 03R22 antibody that recognizes the C-terminal 

residues 218-232, while we used SAF83, a monoclonal conformational antibody that binds to 

the C-terminus (residues 126-164), and SAF32, a linear monoclonal antibody that binds to 

the octapeptide repeat region within the N-terminus (residues 59-89). 

 

Moreover, the distribution of PrPC and GFAP immuno-reactivity appear to be similar. 

However, upon careful analysis of our preparations, it was clear that there was little co-

localization between the two. Because PrPC is localized to neuronal membranes, which are in 

close proximity to enteric glial cell processes, it might be difficult to distinguish prion 

distribution within enteric glial cells or neurons. To resolve this problem, we decided to use a 

neuronal marker that has been previously shown to be specific for neuronal membranes 

[125]. Upon labeling neurons with NTPDase3 we discovered that the distribution pattern of 

NTPDase3 was very similar to the labelling obtained with the prion antibodies. From this 

data we were able to conclude that PrPC is indeed co-localized within neuronal membranes. 

 

Co-localization experiments revealed that the majority of PrPC was localized to cholinergic 

neurons, more specifically cholinergic neuronal processes. As shown in Figure 3-9 there was 

extensive overlap of PrPC-IR with the cholinergic marker VAChT both in the myenteric and 

submucosal plexuses. In addition, submucosal plexus preparations showed overlap of PrPC-

IR and the secretomotor marker VIP both in neuronal processes and within neuronal cell 

bodies, suggesting that PrPC might play an important role in the secretory function of the 
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ENS. Although there was overlap between PrPC and other makers, the co-localization wasn’t 

as prominent. Because PrPC was widely distributed among most neuronal populations, we 

believe that PrPC might have an important general role in the ENS that is not dependent on 

neuron type. 

 

In conclusion, we found that expression of PrPC did not alter basic enteric nervous system 

morphology: ganglia looked healthy and comparable among all groups of mice studied. In 

addition, we found that the prion protein, although expressed both in enteric glia and 

neurons, was much more prominent in neurons, contradicting some previous reports that 

suggested PrPC is primarily found in enteric glial cells. Moreover, we showed that PrPC is 

widely distributed to most neuronal populations, with higher expression in cholinergic and 

secretomotor neurons. 

 

Based on these data, we speculated that PrPC might play a functional role in the ENS. Indeed, 

PrPC has been shown to have a protective role in inflammation. Martin et al. [117] showed 

that PrPC over-expressing mice are protected against DSS-induced colitis, while PrPC-

deficient mice have an increased damage score when compared to wild type controls. In 

addition, we have previously shown that PrPC plays a role in contractility of the gut [116], 

thus we wanted to study whether PrPC has a role in ion transport. 
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Chapter Four: Role of PrPC in Ileal Electrolyte Transport 

4.1 Introduction  

The ENS has two main digestive and defensive functions; regulate motility, a process 

predominantly controlled by the myenteric plexus, and regulate electrolyte transport, which 

is primarily controlled by the submucosal plexus [62]. Because PrPC was strongly expressed 

in both the myenteric and submucosal plexuses, especially at neuronal synapses, we 

hypothesized that PrPC would have a physiological role in the gut.  

 

Organ bath studies have previously shown that PrPC-deficient animals have decreased ileal 

contractility and enhanced nitric oxide (NO)-donor evoked ileal relaxation when compared to 

wild type controls. Moreover, treatment with a copper chelator inhibited NO-induced ileal 

relaxation in PrPC-deficient mice (but not wild type), indicating that the effects seen were due 

to the ability of the prion protein to bind copper [116]. Copper has been shown to be required 

for S-nitrosothiol formation and degradation [128]. In addition, it has been shown that copper 

is necessary for S-nitrosothiols to function since copper chelators decrease NO release and 

copper donors increase NO release [129]. Thus, in the absence of free copper ions, it was 

hypothesized that there would be less NO available to cause relaxation. The absence of PrPC 

in the PrPC-deficient mice led to increased levels of free copper that resulted in the release of 

NO and subsequent increased relaxation [116]. 
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4.2 Aims 

After finding that PrPC plays a role in contractility [116], which is associated with activity of 

the myenteric plexus, we decided to examine whether PrPC and its ability to bind copper 

atoms had a role in electrolyte transport.  

 

Freeman and MacNaughton reported in 2004 that increased NO levels led to hypo-

responsiveness to cAMP secretagogues [130]. Since free copper ions due to PrPC absence 

could lead to increased NO release and thus decreased cAMP production, we hypothesized 

that ion transport might be regulated by PrPC by a similar mechanism to that found in the 

contractility study. Thus, the second aim of my project was to study how electrolyte transport 

was affected in mice lacking or over-expressing PrPC when compared to controls, in order to 

further characterize the role of this protein in the gut. 

 

4.3  Results  

Ussing chamber studies demonstrated that there were no differences in baseline ISC in KO 

(26.4 ± 1.6 µA/cm2) and Tg (24.7 ± 1.4 µA/cm2) ileum preparations when compared to WT 

controls (24.7 ± 1.6 µA/cm2) (Figure 4-1A). Conductance, G, under baseline conditions was 

also similar across tissue samples of all three groups studied (WT: 38.9 ± 1.2 µS/cm2, KO: 

35.4 ± 1.5 µS/cm2, Tg: 37.6 ± 1.3 µS/cm2) (Figure 4-1B). 

 

4.3.1 PrPC-deficiency resulted in reduced EFS-induced electrolyte transport 

Electric field stimulation evoked frequency-dependent ion transport in the ileum of PrPC 

knockout, wild type and PrPC over-expressing mice; the higher the stimulation  
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Figure 4-1. Baseline electrolyte transport (ISC) and tissue conductance (G) of ileal 

preparations from PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice 

(Tg). 

Measurements of A, baseline ISC and B, conductance (G) showed that there were no 

significant differences among WT, KO and Tg ileal samples demonstrating that tissue 

integrity and permeability was comparable across groups of mice studied. n=22-25 mice per 

group. 
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frequency, the higher the electrolyte transport for all groups of mice studied. EFS resulted in 

two distinct peaks (Figure 4-2D); the first peak was a stimulus artefact (lasting approximately 

5 seconds) while the second peak reflected ion transport that results from neuronal 

stimulation. While there were no differences in ileal ion transport across groups in response 

to EFS at 1 and 5 Hz (Figure 4-2A, B), ion transport was significantly lower (**p<0.01) at 10 

Hz is KO animals (58.2 ± 5.4) when compared to wild type controls (102.2 ± 9.8) and Tg 

over-expressors (79.4 ± 6.5) (Figure 4-2C). 

 

We wanted to determine whether muscarinic receptor activation was involved in the 

decreased response to EFS in PrPC-deficient tissues. Experiments in the presence of atropine, 

a muscarinic receptor antagonist, were carried out (Figure 4-3). We found that addition of 

this drug at a concentration that completely abolished bethanechol-induced ΔISC, did not have 

a significant effect on the ISC responses to neuronal stimulation in WT, KO or Tg ileal 

preparations. 

 

In addition, we wanted to assess whether the decreased response to 10 Hz EFS was due to the 

ability of PrPC to bind copper, thus we measured EFS-evoked ion transport before and after 

the addition of 100 and 500 µM copper in the presence (Figure 4-4B) or absence (Figure 4-

4A) of the nitric oxide donor PAPA NONOate. The percent change of EFS-induced ion 

transport after the addition of copper in the presence or absence of PAPA NONOate was not 

different in KO and Tg animals when compared to WT controls, suggesting that the 

decreased electrolyte transport response seen at 10 Hz was not associated to the ability of 

PrPC to bind copper ions. 
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Figure 4-2. Effects of EFS on short circuit current (ΔISC) of ileal tissues from PrPC-

deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). 

EFS-evoked ISC responses to A, 1 Hz and B, 5 Hz were not significantly different in KO, WT 

and Tg ileal tissues. C, Responses to 10 Hz were reduced significantly in KO tissues when 

compared to WT controls. D, Sample trace of the 10 Hz responses in WT, KO and Tg 

preparations. **P<0.01, n=10 mice per group. 
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Figure 4-3. Percent change in electric field stimulation (EFS) after treatment with 10 

μM atropine in PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice 

(Tg). 

EFS responses were measure before and 10 minutes after the addition of the muscarinic 

antagonist atropine to the serosal bath and the percent change was calculated. Atropine 

addition did not alter EFS-induced ΔISC changes in WT, KO or Tg ileal preparations when 

compared to control (i.e. no atropine added) conditions. n=10 mice per group. A t-test was 

used to determine significance of atropine addition within groups. One-way ANOVA was 

used to determine significance between groups. 
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Figure 4-4. Effects of copper chloride (CuCl2) and the nitric oxide donor PAPA 

NONOate (N) on EFS-induced ion transport in PrPC-deficient (KO), wild type (WT) 

and PrPC-over-expressing mice (Tg). 

EFS-induced ion transport (10 Hz) was measure before and after the addition of A, CuCl2 or 

B, 500 µM of PAPA NONOate (N) and CuCl2, and the percent change in EFS was 

calculated. There were no significant differences in EFS-induced electrolyte transport in WT, 

KO or Tg tissues after the addition of CuCl2 or CuCl2 plus N. n=10 mice per group. 
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4.3.2 PrPC-deficiency resulted in reduced forskolin-evoked ion transport  

Addition of 10 µM forskolin, a cAMP secretagogue, to the serosal side of the ileal 

preparations induced a rapid increase in ISC that did not return to baseline conditions after 10 

minutes in WT, KO and Tg mice. Forskolin caused a diminished response to ISC in KO when 

compared to WT controls (***p<0.001) and Tg samples (**p<0.01) (Figure 4-5).  

 

Upon the addition of 100 or 500 µM CuCl2, there were no significant differences in the 

forskolin-induced response when copper-treated samples were compared to control 

conditions in WT, KO or Tg preparations (Figure 4-6A). A similar trend was seen upon 

addition of copper in the presence of the nitric oxide donor (Figure 4-6B). Nevertheless, 

although no statistical significance was reached, there was a decreased forskolin response in 

the WT 500 µM CuCl2 samples when compared to samples pre-treated with 0 or 100 µM 

CuCl2 both in the presence or absence of the NO donor.  

 

KO responses were diminished significantly (**p<0.01) when compared to WT in samples 

pre-treated with 0, 100 µM CuCl2 and 500 µM CuCl2 (Figure 4-6A). The same trend was 

seen upon the addition of PAPA NONOate (Figure 4-6B); KO responses, when compared to 

WT controls, were reduced significantly upon the addition of zero (*p< 0.05) and 100 µM 

(***p<0.001) CuCl2. However, at 500 µM CuCl2 the difference in the responses between WT 

and KO preparations were not significant.  

The forskolin-induced responses in Tg preparations, although lower than WT controls, were 

not statistically different. In addition, responses were not altered after the pre-treatment of 

tissues with copper or the NO donor.  
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Figure 4-5. Forskolin-induced short-circuit current responses of ileal tissues from PrPC-

deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). 

Forskolin-evoked ISC responses were significantly different in KO tissues when compared to 

WT controls and Tg ileal preparations. There were no significant differences when ΔISC 

responses of WT and Tg tissues were compared. n=21-22 mice per group, **p<0.01, 

***p<0.001. 
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Figure 4-6. Effects of copper chloride (CuCl2) and the nitric oxide donor PAPA 

NONOate (N) on forskolin-induced electrolyte transport in PrPC-deficient (KO), wild 

type (WT) and PrPC-over-expressing mice (Tg). 

A, We found that there were no significant differences in ΔISC responses upon the addition of 

100 or 500 µM CuCl2 when compared to control conditions in neither WT, KO or Tg 

preparations. However, KO responses were diminished significantly when compared to WT 

in samples pre-treated with 0 or 100 µM CuCl2. B, There were no significant differences in 

ΔISC responses upon the addition of 100 or 500 µM CuCl2 when compared to control 

conditions in WT, KO or Tg preparations. Nevertheless, KO responses were diminished 

significantly when compared to WT controls with no copper added. Upon the addition of 100 

µM CuCl2, the response became significantly different. At 500 µM CuCl2 the responses 

between WT and KO preparations were not significant. n=11-14 mice per group, *p<0.05, 

**p<0.01, ***p<0.001. 
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4.3.3 PrPC-deficiency resulted in reduced responses to bethanechol 

Addition of 100 µM bethanechol (Figure 4-7) to the serosal bath resulted in an increased ISC 

that returned to baseline levels in 5 minutes. This increase was completely abolished by the 

addition of 10 µM atropine (Figure 4-7B). Addition of 300 nM TTX (Figure 4-7C) to the 

serosal side of the preparation did not alter the bethanechol-induced increase in ISC. 

We found that the bethanechol response was lower in KO samples when compared to WT 

controls (*p<0.05), suggesting that PrPC alters electrolyte transport associated with 

muscarinic receptor activation at the epithelial level. 

 

4.4 Discussion 

This study was a continuation of previous published work that described functional 

differences in ileal contractility of wild type and PrPC-knockout mice [116]. The objective of 

this study was to assess the functional role of PrPC expression on ileal ion transport, which 

was accomplished by examining short circuit current responses (ISC) to various stimuli with 

Ussing chambers.  

 

We have demonstrated that KO animals have attenuated responses to electric field 

stimulation at 10 Hz, but not at 1 or 5 Hz, as well as reduced ion transport in response to 

forskolin and the muscarinic agonist bethanechol. PrPC over-expression did not result in 

increased ion transport; responses remained comparable to wild type controls. In addition, the 

decreased responses seen in PrPC-deficient mice were not a result of the prion protein’s 

ability to bind copper atoms, as pre-treatment with copper chloride and/or the nitric oxide 
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Figure 4-7. Bethanechol-induced short-circuit current responses of ileal tissues from 

PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). 

A, Bethanechol-evoked ISC responses were significantly different in KO tissues when 

compared to WT controls (*p<0.05). There were no significant differences when ΔISC 

responses in WT and Tg tissues or KO and Tg tissues were compared. n=8-10. B, Sample 

trace demonstrating that addition of the muscarinic antagonist atropine (10µM) complete 

abolished the bethanechol response. C, In addition, the neurotoxin TTX (300 nM) did not 

affect bethanechol-induced electrolyte transport. 
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donor PAPA NONOate did not alter the short-circuit current responses observed in KO or Tg 

animals when compared to WT controls. 

 

The ileal preparations from the three groups of mice studied did not have a significantly 

different baseline ISC (an indication of ion transport state) nor conductance (which indicates 

passive ion flow and thus is a measure of tissue permeability). These results show that the 

tissue integrity was not affected by differential PrPC expression and that permeability was 

comparable across mice studied. These observations are consistent with an unpublished study 

from our lab, which looked at permeability of FITC-dextran in vivo, that suggests that PrPC 

expression does not alter ileal permeability. However, the results are not compatible with 

other findings. 

 

Petit et al. [131] reported that PrPC-deficient mice display altered paracellular permeability 

and impaired intercellular junctions when compared to wild type controls. While we only 

used conductance measurements with the Ussing chambers in vitro, Petit et al. [131] used a 

more comprehensive approach. They looked at permeability differences both in vivo as well 

as in vitro, using a FITC-dextran flux assay in Ussing chambers. We cannot rule out that the 

discrepancies might be due to differences in the study conditions and technique set-up, as 

well as variances in diet or state of the animals used that could arise from differences in 

mouse housing facilities. 

 

PrPC-deficient mice had markedly reduced (~50%) EFS-induced ion transport responses 

compared to those of wild type and PrPC-over-expressing mice. Since PrPC was widely 
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expressed in VAChT-immuno-reactive neurons, we decided to explore whether there was a 

muscarinic component to this altered response. Treatment with the muscarinic antagonist 

atropine did not alter EFS responses, suggesting that cholinergic neurotransmitters acting at 

muscarinic receptors were not directly involved in the response to EFS in these preparations. 

These observations are similar to those seen by Sheldon et al. [102], who reported that ΔISC 

as a result of neuronal stimulation with veratridine was not affected by atropine addition in 

mouse jejunum. Previous experiments with rabbit ileum [106] also report no changes in ISC 

upon atropine treatment. However, the results differ significantly to what is seen in guinea 

pig preparations, as EFS responses are decreased ~40% in the presence of atropine [103]. In 

our hands, the majority of the ISC responses obtained with EFS in the mouse ileum had to be a 

result of the activation of a non-cholinergic component. The nature of the neurotransmitter 

responsible for this component was not identified in the present study, but may be a 

peptidergic transmitter, such as VIP. VIP was extensively co-localized with the prion protein 

in the submucosal plexus, is known to be a potent secretagogue [77] and it has been shown to 

be released in response to EFS in rabbit ileum [112]. In addition, electric field stimulation is 

a non-selective stimulus and thus has the potential to release a variety of neurotransmitters 

from enteric nerves, including both activators and inhibitors of mucosal electrolyte transport. 

The decreased EFS response in KO animals could be due to decreased secretion, or increased 

absorption. However, this was not fully studied in this project and requires further analysis. 

 

The neural pathway involved in chloride secretion is multi-synaptic [102] and although it 

primarily originates from neurons of the submucosal plexus, it might also involved neurons 

from the myenteric plexus. Indeed, it has been shown in guinea pigs that removal of the 
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myenteric plexus leads to increased EFS responses [103]. Although we would have liked to 

study the individual role of the submucosal plexus in the control of ion transport in the mouse 

ileum, it is difficult to obtain preparations that have an intact submucosal plexus and mucosa 

without the presence of the myenteric plexus [102]. Because we looked at full-thickness 

preparations that contained both plexuses, we were only able to assess the net effect of PrPC 

expression on neuronal stimulation. The smaller increase in ISC that occurs in the absence of 

the prion protein could be a result of decreased activation of peptidergic neurons or, for 

example, increased activation of sympathetic neurons that cause increased electrolyte 

absorption [93]. Thus, the involvement of a sympathetic component in the responses seen 

cannot be ruled out; further experiments are required to assess this. 

 

Because absence of the prion protein led to decreased ion transport, we expected that an 

over-expression of PrPC would lead to increased ISC levels. However, there were no 

significant differences in EFS-induced ion transport when compared to wild type controls. 

There are several possible explanations for this occurrence. PrPC could have a bell-shape 

curved effect on ion transport, such that either too little or too much PrPC expression leads to 

decreased electrolyte transport. 

 

In addition, PrPC has been shown to interact with different extracellular proteins, such as 

stress-inducible protein 1 (STI1) [132]. If electrolyte transport is dependent on PrPC 

interaction with other proteins, PrPC over-expression might not lead to increased responses, 

as the other protein might become rate limiting. Thus, responses by PrPC over-expressors 

would remain similar to wild types. 
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Furthermore, the PrPC-over-expressing mouse strain used in this study was developed in 

animals with a knockout background [122]. A study that looked at the prion protein’s role in 

skeletal muscle [35], used a different mouse strain that also over-expressed prion protein on a 

knockout background and found that this re-introduction did not lead to elevated responses 

but just rescued the knockouts to respond to wild type levels [35]. Thus, it is possible that 

PrPC over-expression in our study led to similar responses. 

 

We have previously demonstrated with organ bath studies that PrPC-deficient mice have 

reduced EFS-induced ileal contractions and increased NO-induced relaxation when 

compared to wild type controls that is due to dysregulated copper handling [116]. Upon 

finding that ion transport was reduced in knockout animals, we hypothesized that this 

decreased response was also associated with the ability of the prion protein to bind copper. 

However, in contrast to our last report, we were not able to conclude that the diminished 

response was a result of copper excess in PrPC-deficient mice. These results were surprising, 

as it has been demonstrated that PrPC binds copper atoms in neurons [32], thus suggesting 

that the copper binding ability of PrPC might have a functional role in these cells.  

 

Interestingly, PrPC deficiency did not only alter neuronal responses, but also altered ISC 

responses at the epithelial level. Both forskolin and bethanechol responses were significantly 

attenuated in PrPC-deficient mice, and PrPC over-expression seemed to rescue this response.  

 

The marked reduction in ileal ISC responses found upon addition of forskolin, suggest that 

PrPC might be involved in cAMP/PKA signalling at the epithelium. It has been shown 
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previously that PrPC transduces neuroprotective signal through a cAMP/PKA-dependent 

mechanism [133]. Chiarini et al. [133] showed that a PrPC–binding peptide triggered 

neuroprotective signals through a cAMP/PKA-dependent pathway. In addition, NO, which 

can be produced during intestinal inflammation or can be released following the addition of 

NO donors, has been shown to reduce forskolin-induced ISC and cAMP production [134, 

135]. Furthermore, copper atoms have been shown to increase release of NO by S-

nitrosothiols [129]. Thus, we wanted to determine whether the decreased response in KO 

animals was a result of excess copper and/or NO. However, we found that the presence of a 

NO donor did not affect ISC. Responses after the addition of different concentrations of CuCl2 

were not significantly different within groups of mice studied. In addition, we saw a small 

trend towards decreased forskolin-induced ISC upon the addition of 500 μM copper in WT 

tissues that was more comparable to forskolin-induced responses seen in KO animals. 

However, these results were not statistically significant and were not seen in PrPC over-

expressors. 

 

The ISC response to bethanechol was lower in KO tissues when compared to WT and Tg 

preparations, and the response was completely blocked by the addition of atropine, thus 

suggesting that there is an altered muscarinic response in PrPC-deficient mice. However, 

because the response was not blocked by the addition of TTX, we can conclude that 

bethanechol was acting on epithelial cells as opposed to neurons of the ENS.  These results 

are consistent with previous studies [136] and the concept that bethanechol acts directly on 

the enterocyte and not via an intermediate neurotransmitter. Furthermore, it has been 

demonstrated previously that bethanechol inhibits sodium-chloride absorption and stimulates 
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chloride secretion by a calcium-dependent mechanism [92]. Thus, we can conclude that the 

response seen in PrPC-deficient mice was due to decreased chloride secretion. The results are 

also consistent with the data obtained for the cAMP secretagogue forskolin, as both led to 

decreased ion transport responses. This suggests that prion protein expression affects ion 

transport responses at the level of the epithelium. 

 

Although reduced responses to forskolin and bethanechol in the ileal tissues from PrPC-

deficient mice are indicative of calcium and cAMP/PKA signalling at the epithelium, we 

were unable to localise PrPC-IR in epithelial cells. However, Morel et al. [114] reported that 

PrPC is expressed on functional complexes of Caco-2/TC7 cells  (a cell model that is 

morphologically and functionally similar to normal human enterocytes) and is also found 

throughout the human epithelium, below the apical brush-border [113]. However, other 

studies were not able to detect PrPC in enterocytes of mouse [39, 124].  

 

We were unable to determine the mechanism by which PrPC deficiency alters ion transport, 

thus, further experiments need to be carried out to assess this. Since PrPC has been found to 

interact with STI1 on the extracellular membrane and this interaction affects cAMP 

signalling [132], it would be interesting to determine whether this interaction plays a role in 

electrolyte transport responses. 

 

Overall, the result presented in this study suggest that the deficiency of the prion protein 

affects ion transport at the level of the enteric nervous system as well as the epithelial level, 

indicating that the prion protein is important and plays a functional role in the gut.   
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Chapter Five: Conclusions and Future Directions 

This project was designed to characterize the prion protein in the enteric nervous system of 

the gastrointestinal tract of mice. Even though the prion protein is highly expressed 

throughout the body and has been extensively studied with regards to its pathophysiological 

function, its physiological role in the gut remains poorly understood. 

 

The results of the immunohistochemical studies have shown that PrPC is widely expressed in 

the enteric nervous system of the mouse, both in the myenteric and submucosal plexuses. 

More specifically, PrPC was primarily found in neuronal membranes and synaptic terminals, 

with little expression on enteric glial cells. Prion protein deficiency or over-expression did 

not alter ENS morphology, however, its extensive distribution among different neuronal 

populations suggests that this protein plays an important role in these cells.  

 

Indeed, it was previously shown in our lab, that PrPC regulates contractility [116], a function 

primarily associated with activation of the myenteric plexus. Thus, we wanted to determine 

whether prion protein expression could play a role in control of electrolyte transport, as this 

is another one of the most important functions of the ENS. Ussing chamber studies 

demonstrated that PrPC expression is important for electrolyte transport and that its absence 

alters normal responses both at the neuronal and epithelial level. However, its over-

expression does not lead to increased ion transport, which was surprising. In addition, while 

the neurally-evoked responses seen in the KO tissues were not significantly different from 

those seen in Tg mice tissues, the responses seen at the epithelial level seemed to be 

somewhat rescued in the PrPC-over expressing mice compared to PrPC-deficient mice. 
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The mechanisms that underlie these responses were not clear from these studies. Treatment 

with the muscarinic antagonist atropine did not alter EFS-induced responses, nor did copper 

ions or the nitric oxide donor PAPA NONOate. Responses at the epithelial level were also 

not significantly affected by pre-treatment with copper ions or PAPA NONOate. This was in 

contrast to the results we had obtained previously in the contractility study, which showed 

that contractility defects in PrPC-deficient animals were due to excess copper associated with 

lack of PrPC. 

 

Because the prion protein’s copper binding role in electrolyte transport both at the neuronal 

and epithelial level was inconclusive, further experiments could be carried out to explore 

PrPC and its copper binding ability in control of ion transport. A possible Ussing chamber 

experiment could involve the pre-treatment of the WT, KO and Tg ileal tissues with a copper 

chelator, such as diethyldithiocarbamic acid (DEDCA). Copper chelation by DEDCA would 

reduce free copper available for PrPC to bind, thus we could determine whether reduced 

copper binding by PrPC affects short circuit current responses in response to electric field 

stimulation and forskolin. 

 

In addition, there are alternative experiments that could be performed to further study the role 

of copper in electrolyte transport. PrPC mutant transgenic mice have been generated that have 

His à Ala mutations in each of the five cooper biding sites on the N-terminus of the prion 

protein, thus they cannot bind copper. To determine whether the copper binding ability of 

PrPC alters electrolyte transport responses, Ussing chamber studies, like those performed in 

chapter 4, could be carried out with these transgenic mice. Responses to EFS, muscarinic 
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agonists, and forskolin could be analyzed and compared to those of wild type controls. If 

responses are altered, we can conclude that the ability of the prion protein to bind copper 

atoms affects electrolyte transport responses. 

 

Although we were unable to determine the mechanism by which the prion protein leads to 

decreased ion transport, there are several other plausible mechanisms that need further 

investigation. For example, the Stress-inducible Protein 1 (STI1) binds PrPC extracellularly 

and forms a complex that promotes neuroprotection via a cAMP-dependent protein kinase 1 

(PKA) dependent pathway [132]. In addition, the interaction of STI1 with PrPC increases 

intracellular calcium levels in cultured hippocampal neurons. The increased calcium influx is 

thought to be a result of α7 nicotinic receptor activation [137]. A similar mechanism could 

explain the functional role of PrPC in neuronal and epithelial regulation of ion transport.  

 

Acetylcholine, which is one of the principal neurotransmitters of the ENS, acts at nicotinic 

receptors on neurons. Because the interaction between PrPC and STI1 leads to increased 

calcium influx due to nicotinic receptor activation, it would be interesting to study whether 

nicotinic receptors are involved in neurally-evoked electrolyte transport responses in WT, 

KO and Tg mice. Thus, studies looking at nicotinic receptor activation in these mice could be 

carried out. The compound dimethylphenylpiperazinium (DMPP) has been widely used in 

Ussing chamber studies to stimulate nicotinic receptor activation. Short circuit current 

responses could be recorded after the addition DMPP to the serosal half-chamber to 

determine whether there is altered electrolyte transport in response to the nicotinic receptor 

stimulation. In addition, blockade of the nicotinic receptors could be achieved by pre-
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treatment of the tissues with a nicotinic antagonist, such as mecamylamine. Electric field 

stimulation could be applied to these preparations to determine whether blocking the 

nicotinic component of EFS alters ISC responses. In addition, we could explore the link 

between PrPC and STI1 by looking at responses before and after the addition of the STI1 

peptide to the Ussing chambers and determining how EFS and forskolin responses are 

affected when knockouts and PrPC over-expressors are compared to controls. 

 

We have demonstrated that PrPC deficiency leads to decreased neurally-evoked ion transport.  

Because electric field stimulation is a non-selective stimulus, it has the potential to release a 

variety of neurotransmitters from enteric nerves, including both activators and inhibitors of 

mucosal electrolyte transport. Thus, the decreased EFS response in KO animals could be due 

to decreased secretion, or increased absorption. In order to determine which components of 

the neurally-evoked response lead to altered ion transport in KO animals, we need to analyze 

how the different neuronal subpopulations alter responses to EFS.  

 

We found that the prion protein was widely expressed in sympathetic and secretomotor 

neurons, thus, it would be interesting to explore how expression of the prion protein in these 

neuronal populations affects ion transport responses. In order to determine how sympathetic 

innervation affects EFS, we could carry out Ussing chamber studies in which EFS is applied 

after pre-treatment of the tissues with a sympathetic receptor blocker, such as guanethidine. 

We expect that blockade of the sympathetic component would lead to decreased absorption. 

Therefore, we could determine how absorptive responses are affected by differential PrPC 

expression.  
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In addition, we believe that the decreased short-circuit current responses seen in KO animals 

could be a result of altered activation of peptidergic neurons. Since VIP was extensively co-

localized with PrPC and it has been shown to be released in response to EFS in rabbit ileum 

[112], it would be interesting to determine whether VIP is involved in the decreased 

response. Treatment with VIP could help to determine whether short-circuit current 

responses are affected due to differential PrPC expression.  Furthermore, treatment with a 

VIP receptor antagonist, such as PG 97-269 before the application of EFS could help to 

elucidate the contribution of VIP to the EFS-evoked response. 

 

A previous study examining the role of PrPC in permeability, demonstrated that there were 

decreased levels of intercellular junction proteins at cell contacts in PrPC-deficient mice 

[115]. Thus, there is a possibility that proteins involved in ion transport are down-regulated 

or mislocalized in epithelial cells, thus leading to altered transport responses. It would be 

really interesting to examine expression levels of these proteins in WT, KO and Tg tissues. 

 

Previous studies have demonstrated that PrPC-deficient animals have increased levels of 

inflammation and that PrPC over-expression attenuates disease in the colon [117], therefore 

decreased ion transport in PrPC-deficient mice could lead to less efficient ways to clear 

inflammatory agents and thus lead to worse DSS-induced colitis. Studying electrolyte 

transport responses in inflamed tissues of KO, WT and Tg mice could also be carried out to 

determine whether PrPC plays a role under these pathophysiological conditions. 
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In conclusion, these studies have characterized PrPC expression in the enteric nervous 

system, demonstrating that prion protein expression does not affect ENS morphology and is 

primarily expressed in a variety of neuronal populations. In addition, we have provided new 

knowledge on the physiological role of the prion protein in regulation of intestinal ion 

transport. However, the exact mechanism of action needs further investigation to provide a 

better assessment of the function of PrPC in the GI tract. 
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Appendix  

In order to determine which neuronal populations expressed PrPC, we carried out double-

labelling immunohistochemistry with two different prion antibodies, SAF32, and SAF83.  

While SAF83 images are shown in chapter 3, the images obtained with the SAF32 antibody 

can be found in this appendix. 

 

While PrPC was absent in the myenteric plexus of PrPC-deficient mice, in the myenteric 

plexus of both WT and Tg mice, PrPC-IR was observed to co-localize with both neuronal 

(Figure A-1A) and enteric glial (Figure A-1B) cells, although co-localization was stronger in 

neurons than glia. In the submucosal plexus (Figure A-2) the results were similar to those 

seen with myenteric plexus preparations, PrPC was predominantly found in neurons rather 

than enteric glial cells. In order to confirm that PrPC was expressed in neuronal membranes, 

we used the NTPDase3 antibody to label neuronal membranes. We found that PrPC was 

highly co-localized with NTPDase3 in both wild type and PrPC overexpressing mice (Figure 

A-3), leading us to conclude that PrPC was primarily found in neuronal membranes. More 

specifically, PrPC was expressed in synaptic terminals (Figure A-4). 

 

In addition, co-localization studies with different neuronal markers showed that PrPC was 

highly co-localized with the excitatory motor neuron marker VAChT (Figure A-6), the 

secretomotor neuron marker VIP (Figure A-7) and the sympathetic neuron marker TH 

(Figure A-9). Lower levels of co-localization were found within nNOS-positive neurons 

(Figure A-5), and intrinsic primary afferent neurons, as shown with the marker calbindin 

(Figure A-8). 
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Figure A- 1. Ileal PrPC expression in the myenteric plexus of PrPC-deficient  (KO), wild 

type (WT) and PrPC-over-expressing mice (Tg).  A, double-labeling showed that PrPC-IR 

co-localized with the neuronal marker PGP9.5 in WT and Tg mice. B, in addition, PrPC co-

localized with GFAP in WT and Tg mice, though to a lesser extent, relative to PrPC-PGP9.5. 

No PrPC was detected in myenteric plexus preparations of PrPC-deficient mice. Arrowheads 

depict co-localization. Bar: 25 µm. 
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Figure A- 2. Ileal PrPC expression in the submucosal plexus of PrPC-deficient (KO), 

wild type (WT) and PrPC-over-expressing mice (Tg). A, Double-labeling showed that 

PrPC co-localized with PGP9.5 in ileal whole mount preparations of WT and Tg mice. B, 

double-labeling showed that there was also co-localization of PrPC with enteric glia, although 

to a lesser extent. No PrPC was detected in submucosal plexus preparations of PrPC-deficient 

mice. Arrowheads depict co-localization. Bar: 25 µm. 
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Figure A- 3. Ileal expression of PrPC and NTPDase3 in the myenteric plexus of PrPC-

deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). Ileal tissues of 

double-labeled WT and Tg mice demonstrated extensive co-localization of PrPC and 

NTPDase3 in both the A, myenteric and B, submucosal plexus. PrPC-IR was undetectable in 

the plexuses of PrPC-deficient mice. Arrowheads depict co-localization. Bar: 25 µm. 
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Figure A- 4. Ileal expression of PrPC and synaptophysin in the myenteric and 

submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated extensive co-

localization of PrPC and synaptophysin (Synp) in both the A, myenteric and B, submucosal 

plexuses. PrPC-IR was undetectable in the myenteric and submucosal plexuses of PrPC-

deficient mice. Arrowheads depict co-localization. Bar: 25 µm. 
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Figure A- 5. Ileal expression of PrPC and nNOS-positive neurons in the myenteric 

plexus of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing mice (Tg). 

Ileal tissues of double-labeled WT and Tg mice demonstrated that PrPC did not co-localize 

extensively with nNOS-positive neuronal bodies (asterisks) but did co-localize with nerve 

fibers in the myenteric plexus. PrPC-IR was undetectable in the myenteric plexus of PrPC-

deficient mice. Arrowheads depict co-localization. Bar: 25 µm. 
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Figure A- 6. Ileal expression of PrPC and VAChT positive neurons in the myenteric and 

submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated extensive co-

localization of PrPC and VAChT in both the A, myenteric and B, submucosal plexuses. PrPC-

IR was undetectable in the myenteric and submucosal plexuses of PrPC-deficient mice. 

Arrowheads depict co-localization. Bar: 25 µm. 
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Figure A- 7. Ileal expression of PrPC and VIP positive neurons in the myenteric and 

submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated that PrPC co-

localized with VIP fibers in the myenteric plexus (A), and VIP-positive neuronal bodies and 

fibers in the submucosal plexus (B). PrPC-IR was undetectable in the myenteric and 

submucosal plexuses of PrPC-deficient mice. Arrowheads and asterisks depict co-

localization. Bar: 25 µm. 
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Figure A- 8. Ileal expression of PrPC and calbindin positive neurons in the myenteric 

and submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-

expressing mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated that 

PrPC did not co-localize extensively with calbindin neuronal bodies (asterisks) but did co-

localize, to a low extent, with nerve fibers in the both the A, myenteric and B, submucosal 

plexus. PrPC-IR was undetectable in the plexuses of PrPC-deficient mice.  Arrowheads depict 

co-localization. Bar: 25 µm. 
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Figure A- 9. Ileal expression of PrPC and TH positive neurons in the myenteric and 

submucosal plexuses of PrPC-deficient (KO), wild type (WT) and PrPC-over-expressing 

mice (Tg). Ileal tissues of double-labeled WT and Tg mice demonstrated that PrPC co-

localized with TH positive neuronal fibers in the both the A, myenteric and B, submucosal 

plexuses. PrPC-IR was undetectable in the myenteric and submucosal plexus of PrPC-

deficient mice.  Arrowheads depict co-localization. Bar: 25 µm. 


