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Abstract 

Swine dysentery, a production limiting diarrhea in swine, is responsible for profound 

economic loss annually. Brachyspira hyodysenteriae is the etiological agent responsible 

for colonization of the colon and development of classical swine dysentery. Like 

Brachyspira hyodysenteriae, Brachyspira hampsonii causes mucohemorragic diarrhea 

which is indistinguishable from swine dysentery. 

Classical swine dysentery has been characterized as a malabsorptive diarrhea in which 

Na+ and Cl- absorption is abolished in diarrheic pigs. However, characterization of the 

transporters responsible for these alterations in ion transport have not been studied. 

Thus, this thesis focuses on the pathophysiological mechanisms involved in altering the 

colonic mucin environment and the alterations in ion transport responsible for the 

development of diarrheal disease. 

Both secretory and absorptive responses were characterized in the colon of 

experimentally challenged pigs infected with Brachyspira hyodysenteriae or Brachyspira 

hampsonii. Anion secretion was assessed in Ussing chambers by measuring short-

circuit current following agonist addition. Additionally, 22Na and 36Cl radiolabelled 

isotope fluxes in Ussing chambers were used to assess changes in unidirectional and 

net ion transport. 3H-mannitol radiolabelled isotope fluxes were also used to assess 

barrier function. Changes in ion channel and transporter mRNA and protein expression 

in the colon of diseased pigs was assessed by RT-qPCR and western blot. To 

determine the role of cytokines on modulation of ion channel and transporter function 

RT-qPCR was used to assess gene transcripts throughout the porcine colon. Finally, to 
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provide a mechanism for the alterations in ion transport, Caco-2 monolayers were 

exposed to both cytokines and a Brachyspira hampsonii lysate. 

Anion secretion along with Na+ and Cl- absorption was significantly reduced in the colon 

of diarrheic pigs infected with Brachyspira hyodysenteriae and Brachyspira hampsonii, 

with no change in epithelial barrier function. This response was attributed to a decrease 

in channel and transporter mRNA and protein. The only cytokine significantly up-

regulated throughout the colon of diseased pigs out of the 12 cytokines examined was 

IL-1α. IL-1α was responsible for the decrease in the anion exchanger DRA mRNA but, 

not chloride channel CFTR or the cation exchanger NHE3 mRNA expression as 

indicated by Caco-2 monolayers exposed to human recombinant IL-1α for 24 hours. 

Interestingly, Caco-2 monolayers exposed to a Brachyspira hamspsonii lysate had 

significantly reduced mRNA expression of both CFTR and NHE3 after 48 hours of 

exposure accompanied by a significant increase in IL-1α expression. 

I conclude, that although the observed decrease in anion secretion would not contribute 

to diarrheal development, it would begin to explain some of the pathophysiological 

changes in mucin rheological properties observed within the colon. These changes in 

the colonic mucin environment benefit Brachyspira species allowing for greater growth 

and colonization. On the other hand, the significant decrease in Na+ and Cl- absorption 

in the colon of diarrheic pigs due to loss of NHE and DRA mRNA and protein define the 

pathophysiological mechanism by which this malabsorptive diarrhea develops. These 

changes in ion transport are attributed to both the host’s cytokine response and direct 

effects of Brachyspira species. 
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Chapter 1 - Introduction 

 

1.1 Rationale 

Enteric pathogens infecting pigs, resulting in diarrheal disease causes substantial 

economic loss in swine producing countries each year. Brachyspira hyodysenteriae the 

etiological agent of swine dysentery results in the formation of diarrheal disease 

accompanied by mucus induction and what is thought to be fecal blood (290). Like B. 

hyodysenteriae, emergent Brachyspira hampsonii causes clinical symptoms 

indistinguishable from B. hyodysenteriae (49). Disease associated with Brachyspira 

spp. results in low mortality but, high morbidity, resulting in poor feed conversion and 

stunted growth (68). These two pathogens are of significant importance to the North 

American swine industry as cases of Brachyspira colitis are on the rise due to 

restrictions regarding antibiotic use.  

The pathophysiological mechanisms involved in the colon of pigs infected with these 

two Brachyspira spp. are not well characterized. Previous studies attempting to 

characterize ion transport in the colon of diseased pigs have been limited to B. 

hyodysenteriae with no studies assessing B. hampsonii. Diarrhea caused by B. 

hyodysenteriae has been characterized as being malabsorptive in nature with no 

increase in luminal anion secretion (13, 277). Decreased absorption of both Na+ and Cl- 

was observed in the colon of diseased pigs and attributed to be the cause of diarrheal 

development (13). However, due to assumptions made and techniques used by the 

previous authors regarding the ionic flux of these ions, these previous studies could be 

erroneous. Furthermore, the changes in ion channels and transporters required to carry 

this decreased absorptive response have not been characterized. 
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In addition to the development of diarrhea, mucus induction is another clinical sign 

associated with the pathogenesis of both B. hyodysenteriae and B. hampsonii (49, 121, 

266). Recent studies assessing changes in mucin expression in the colon of B. 

hyodysenteriae diseased pigs has revealed elevated production of gel-forming mucins 

MUC2 and MUC5AC (251). Other studies have shown that B. hyodysenteriae is 

attracted to mucins suggesting that these changes are beneficial to the pathogen (161, 

207, 223, 251). Anion secretion is required for proper release of mucins from goblet 

cells and heavily influences mucin rheological properties (98, 115, 148, 151, 253). 

Although anionic secretion has been previously suggested to be unaffected during B. 

hyodysenteriae infection, these findings seem unlikely due to the presence of severe 

inflammation throughout the colon of diseased pigs (277). Therefore, the changes in 

mucin production must be paired with changes in anion channel function and 

expression, which has not been characterized in the colon of swine infected with either 

pathogen. 

Together the scope of this thesis is to identify and characterize the cellular mechanisms 

supporting the altered colonic mucin environment and development of diarrhea. 

Identifying and understanding the pathophysiological mechanisms involved in the 

porcine colon during diarrheal episodes provides new targets for subunit vaccine 

development. Furthermore, this research provides new insight into potential 

pathophysiological mechanisms involved in human intestinal spirochetosis. 
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1.2 Objectives 

 

1. To characterize the electrogenic anionic secretory response in three segments of 

the porcine colon in healthy and Brachyspira infected pigs 

2. To characterize electroneutral Na+ absorption in the apex colon of diarrheic pigs 

infected with Brachyspira spp. 

3. To characterize electroneutral Cl- absorption in the apex colon of diarrheic pigs 

infected with Brachyspira spp. 

4. To determine if Brachyspira spp. cause altered paracellular movement of solutes 

in the porcine colon  
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1.3 Hypotheses 

 

1. Brachyspira spp. decrease electrogenic anion secretion throughout the porcine 

colon resulting in altered mucin rheological properties favoring spirochete 

colonization.  

2. Brachyspira spp. decrease electroneutral Na+ absorption in the porcine colon 

contributing to the development of diarrheal disease. 

3. Decreased electroneutral Cl- absorption in the porcine colon in diseased pigs 

contributes to the diarrheal disease 

4. Tight junction permeability is not different from control in the colon of Brachyspira 

diseased pigs 
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Chapter 2 – Literature Review 

2.1 Brachyspira species 

 Brachyspira are large gram-negative, anaerobic but oxygen tolerant spirochete 

bacteria belonging to the phylum Spirochaetes (118). These bacteria are characterized 

by their coiled morphology and unique movement patterns caused by the 14-18 

periplasmic flagella associated with each cell (53, 233). Some Brachyspira species have 

been associated with diarrheal disease, which has been shown to affect a wide range of 

hosts, including humans, swine, and small rodents (49, 77, 121, 146). Some of these 

pathogenic strains infect specific animal host’s, while others exhibit widespread host 

pathogenicity.  

2.1.1 Brachyspira species in swine 

Swine dysentery, also commonly known as bloody scours, is an infectious 

disease that causes mucohaemorrhagic diarrhea in pigs during the grower and finisher 

phases of production (290). The etiological agent of swine dysentery in the 1970s was 

named Treponema hyodysenteriae which was modified to Serpula, and then Serpulina 

and has since been renamed and is known as Brachyspira hyodysenteriae today (121, 

233, 289, 291). The cecum and colon are the primary sites of inflammation and lesions 

caused by swine dysentery (8). The first appearance of swine dysentery dates back to 

1921 in the Midwestern United States (75). However, swine dysentery became a 

significant problem during the 1950’s and 1960’s in many swine raising countries. By 

the early 1970’s, it was estimated that 38% of swine herds in the United States were 

infected with swine dysentery and cost the American swine industry $200 million 

annually (122). The occurrence of swine dysentery disappeared during the 1980’s, and 
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1990’s due to the use of antimicrobials and management practices but remerged in 

North America in 2007 and has since been a difficult disease to eradicate from swine 

herds around the world (117, 208, 209).   

In October 2009, grower pigs with clinical signs identical to those of swine 

dysentery were observed in two commercial swine barns in Saskatchewan. Analysis of 

samples submitted to the University of Saskatchewan did not identify the known 

causative agent of swine dysentery, Brachyspira hyodysenteriae (266). However, 

through the use of polymerase chain reaction (PCR) targeting the Brachyspira NADH 

oxidase (nox) gene, it was determined that the amplicon matched the clade II of the 

recently described Brachyspira hampsonii (49, 263, 266). Based on analysis of nox 

gene sequences Brachyspira hampsonii was clustered into two distinct clades I and II 

(49). Clades I and II were subsequently referred to as Brachyspira hampsonii strain 

30599 and Brachyspira hampsonii strain 30446, respectively (266); however, today 

genetic analysis of B. hampsonii isolates using multilocus sequence typing has 

determined there are 4 distinct genetic groups, replacing the old clade designations 

(208). Currently, Brachyspira hampsonii continues to circulate throughout swine herds 

worldwide (49, 198, 262).   

Other Brachyspira species that have recently emerged and are of interest due to 

the lack of evidence in their ability to produce clinical disease in pigs include 

Brachyspira murdochii, Brachyspira suanatina, and the zoonotic Brachyspira pilosicoli. 
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2.1.2 Brachyspira species in humans 

Brachyspira infections in humans is referred to as human intestinal spirochetosis 

and like their swine counterparts colonize the colon of their host. The two etiological 

agents associated with human intestinal spirochetosis are Brachyspira aalborgi and 

Brachyspira pilosicoli (136, 304). Infection with these two bacteria results in diarrheal 

disease associated with mucus induction (206, 261, 307). Traditionally, human 

spirochetes have been largely believed to be non-invasive like their swine counterparts, 

however, spirochetes have been observed within human epithelial cells and 

subepithelial macrophages, suggesting that the pathogenesis between Brachyspira 

species that infect humans and swine may differ (101, 102).  

The prevalence of human intestinal spirochetosis is relatively low in countries 

with a high standard of living while the incidence of the disease is common in poorer 

areas (307). In well developed countries, two specific people groups are at the greatest 

risk of intestinal spirochetosis; first being homosexual males and second being peoples 

infected with human immunodeficiency virus (HIV) (307). Although speculative, the 

increased infection in homosexual men is likely due to the fact that human intestinal 

spirochetosis is likely sexually transmitted, while those with HIV are more susceptible to 

infection due to the fact that they are immunocompromised (173, 294). 

In both swine and humans, the pathophysiological mechanisms involved in the 

pathogenesis and development of diarrheal disease by Brachyspira spp. remain poorly 

understood. However, in order to explore the pathologies associated with these bacteria 

the basic physiology of the colon must be explored. 



8 
 

2.2 The colonic epithelium 

 The transport of solutes, electrolytes, and water in the colon is controlled by a 

highly polarized layer of epithelium covering the lumen. This epithelial layer consists of 

four major cell types including columnar cells, goblet cells, enterochromaffin cells, and 

tuft cells which are continually shed and rapidly renewed (20, 55, 103). These individual 

cells are organized into crypts. Near the base of the colonic crypts, new cells arise from 

stem cells, with all cell types migrating from the bottom of the crypts to the top where 

these cells undergo apoptosis after 4-5 days and are immediately replaced (51).  

These four cell types that make up the epithelium have a wide variety of 

functions responsible for maintaining homeostasis within the gastrointestinal tract. 

Columnar cells are responsible for the majority of ion transport, with epithelial cells 

within the colonic crypts having high anionic secretory activity while cells on the villus 

tips have an absorptive function (129, 171). Goblet cells are responsible for secreting 

mucins which together are responsible for creating and maintaining the complex 

framework of the protective mucus overlaying the colonic epithelium (287). This mucus 

layer provides the first line of defense against bacterial pathogens and toxins that pose 

a threat to the colonic epithelium. Enterochromaffin cells are a type of enteroendocrine 

cell that function as chemosensors responsible for the majority of the body’s serotonin 

production having a regulatory effect on gastrointestinal motility and secretion (25, 104, 

203). Like enterochromaffin cells, tuft cells are thought to be chemosensory cells, 

however, at the current time, the exact role of these cells is unknown (219). Paneth 

cells, unlike the other cell types, do no migrate toward the villus tips, instead, they 

remain interspersed among the stem cell populations located in the bottom of crypts. 



9 
 

Together these cell types work in conjunction with one another maintaining electrolyte 

and fluid homeostasis and protecting the host from enteric pathogens and 

environmental toxins. 

2.3 Epithelial transport 

The vast majority of epithelial transport occurs through active transport of ions 

through columnar cells in the gastrointestinal tract creating the driving force for fluid 

transport. Under basal conditions, the colon has an absorptive function with Na+ and Cl- 

being absorbed and K+ and HCO3
- being secreted (32). These processes of absorption 

and secretion are carried out by specific ion channels and transporters that will be 

explained in depth (Figure 1.1). 

2.3.1 Absorption 

The bulk transport of Na+ and Cl- in the colonic epithelium is due to electroneutral 

absorption by luminal Na+/H+ exchanger (NHE) isoforms NHE2 and NHE3 and Cl-

/HCO3
- exchanger SLC26A3 also known as downregulated in adenoma (DRA) (4, 43, 

135, 181). Both NHE3 and DRA are critical in maintaining electrolyte, and fluid 

homeostasis as knockout of these genes results in diarrheal development (280, 327). 

The remaining absorption is electrogenic and is due to absorption through a luminal 

epithelial sodium channel (ENaC), and transcellular/paracellular absorption of Cl- (246).  
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Figure 1.1. Overview of ion transport processes within the mammalian colon. 

This schematic outlines the major ion channels and transporters involved in ion 

transport within the epithelium of the mammalian colon. The far-left cell depicts a 

secretory epithelial cell found within the crypt responsible for anion and potassium 

secretion. The middle and far-right cells depict absorptive cells responsible for the 

absorption of Na+ and Cl-. All transporters are found in a single columnar transporting 

cell and are separated for clarity. CFTR = cystic fibrosis transmembrane conductance 

regulator. BK channels = big potassium channels. CaCC = calcium-activated chloride 

channels. KCNQ1 = potassium voltage-gated channel subfamily Q member 1. KCNE3 = 

potassium voltage-gated channel subfamily E member 3. KCNN4 = potassium calcium-

activated channel subfamily N member 4. NKCC1 = Na+-K+-2Cl- co-transporter 1. NHE 

= Na+/H+ exchanger. ENaC = epithelial sodium channel. DRA = downregulated in 

adenoma. Na+/K+ ATPase = sodium-potassium ATPase. 
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As both electroneutral and electrogenic absorptive processes are ATP-independent and 

are unable to transport Na+ against its electrochemical gradient, the ATP-dependent 

Na+/K+ ATPase pump is required to maintain a negative membrane potential. Na+/K+ 

ATPase works by utilizing ATP to actively transport 3 Na+ out of the epithelial cell while 

allowing the entry of 2 K+ (33, 155, 170). As a result of this process, the Na+ 

concentration within the cell remains low compared to the extracellular fluid, and cellular 

membrane voltage is negative, which creates the driving force for luminal Na+ 

absorption (181). To maintain the driving force generated by the Na+/K+ ATPase, K+ ions 

are removed from the cell through apical and basolateral K+ channels (273). Regional 

differences in electroneutral and electrogenic Na+ absorption have been described with 

electroneutral transport being the predominant route of absorption in the proximal colon 

while electrogenic absorption is the primary mode of Na+ transport in the distal colon 

(63, 246, 255). However, during diarrheal episodes resulting in chronic stimulation by 

mineralocorticoids, ENaC expression has been observed throughout the colon and 

ileum to help mitigate electrolyte and fluid loss (279, 324). 

2.3.2 Secretion  

Epithelial secretion refers to the luminal movement of Cl-, HCO3
- and K+ as well 

as basolateral transport of K+. Like the absorptive process, secretion is achieved by 

active transport of Na+ and K+ via Na+/K+ ATPase. The subsequent efflux of K+ through 

apical and basolateral K+ channels causes hyperpolarization of the cellular membrane 

driving Cl- and HCO3
- secretion through apical anion channels. Due to the low 

intracellular concentrations of Na+ and negative membrane potential established by 

Na+/K+ ATPase, Cl- concentrations are restored by the basolateral Na+-K+-2Cl- 
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cotransporter (NKCC1) (116). Epithelial secretion within the gastrointestinal tract is 

responsible for clearance of enteric pathogens and is important for mucin secretion and 

rheological properties (253). Disturbances in epithelial secretion can result in the 

development of diarrhea, pathogen colonization, and altered mucin environment. 

The cystic fibrosis transmembrane conductance regulator (CFTR) is the 

predominant luminal Cl- and HCO3
- secretory channel in the colonic epithelium (110).  

CFTR is mainly activated by protein kinase A (PKA), but also by other second 

messenger pathways, including protein kinase C (PKC), Ca2+/calmodulin-dependent 

kinase, cGMP dependent kinase depending on the initial stimulus (52, 56, 145, 152, 

160, 295, 310, 317). Elevated cAMP or Ca2+ concentrations activates either cAMP or 

Ca2+-activated K+ channels, hyperpolarizing the cell resulting in subsequent opening of 

CFTR due to phosphorylation of the channel (56, 193). CFTR activation by second 

messengers cAMP and Ca2+ inhibits both electroneutral Na+ absorption through the 

Na+/H+ exchanger NHE3 and electrogenic Na+ absorption through ENaC, resulting in 

net secretion of the epithelium (62, 113). 

 Besides CFTR, apical Cl- secretion is achieved via calcium-activated chloride 

channels (CaCC) located on the apical surface of enterocytes in the gastrointestinal 

tract (124). As their name suggests, CaCCs are activated by elevated intracellular 

concentrations of Ca+ produced by stimulation of G-protein coupled muscarinic 

receptors by acetylcholine. Three families of CaCCs are expressed within the colon 

including CLCAs, Anoctamins and Bestrophins. Anoctamin 1 (ANO1) also known as 

TMEM16A is the primary CaCC present in the gastrointestinal tract responsible for 

luminal Cl- secretion (235, 236). The importance of TMEM16A in the gastrointestinal 
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tract has been debated, with one study suggesting that loss of TMEM16A only minimally 

affects total Cl- currents, while another study suggests that TMEM16A is not only 

required for Ca2+, activated Cl- secretion but also CFTR mediated Cl- transport (26, 

222).  

A large proportion of the driving force for the secretory process is a result of K+ 

secretion hyperpolarizing the epithelial cell and increasing the electrochemical driving 

force for Cl- efflux. Apical K+ secretion from within the cell to the lumen of the colon is 

primarily due to BK channels (KCNMA1 and 4) also called Maxi-K due to their large 

conductance of K+ through cell membranes (272). BK channels are activated by 

membrane depolarization and elevated concentrations of Ca2+ due to the fact that they 

contain a voltage-sensor and binding site for Ca2+ (69).   

K+ channels facilitate K+ secretion from within the cell primarily to the basolateral 

membrane however, a splice variant of KCNN4, KCNN4c is located on the apical 

membrane and responsible for apical K+ transport (21, 23). Like anion secretion, K+ 

secretion occurs by activation of K+ channels by second messengers cAMP or Ca2+. 

KCNQ1 and KCNE3 are activated by elevated cAMP concentrations aiding in 

hyperpolarization of the epithelial cell driving apical Cl- efflux (278). Increases in Ca2+ 

activate KCNN4 causing the basolateral and apical exit of K+. KCNN4 appears to be 

essential for driving Cl- secretion as KCNN4 null mice had complete loss of agonist-

induced Ca2+ activated Cl- secretion in their distal colon and small intestine (89).  

2.4 The colonic mucus layer 

The first layer of defense to pathogens within the gastrointestinal tract is a 

complex mucus layer overlying the gastrointestinal epithelium (169). This mucus layer is 



14 
 

made of highly glycosylated proteins known as mucins. In the colon, two types of 

mucins are expressed, secreted gel-forming mucins (MUC2) secreted by goblet cells 

and transmembrane mucins (MUC3, 12, 13, 17) (147, 149). The colonic mucus layer is 

composed of two layers consisting of an inner adherent layer and an unattached outer 

layer consisting mainly of the secreted gel-forming mucin MUC2 (147). The outer mucus 

layer is inhabited by commensal bacteria while the inner mucus layer is impenetrable to 

bacteria, preventing pathogens from gaining access to the mucosal surface (147). 

Underlying the inner mucus layer is the glycocalyx consisting of transmembrane mucins 

anchored to the mucosal surface of enterocytes forming a barrier which is thought to 

have similar properties as the secreted mucus layers (149). 

Anionic secretion, specifically HCO3
- secretion through CFTR has been shown to 

heavily influence the properties of secreted mucins such as MUC2 (98, 114, 115, 151, 

253). Gel-forming mucins are stored at a low pH in a high Ca2+ concentration 

environment within goblet cells and upon secretion require Ca2+ chelation. Ca2+ 

chelation of mucins occurs by binding of HCO3
- subsequently allowing electrostatic 

forces to unfold and expand, increasing mucin volume by more than 1000-fold (148, 

253). Cl- secretion has also been shown to interact with Ca2+ and alters mucin 

rheological properties related to viscosity (90). If apical anion secretion is not present 

gel-forming mucins aggregate and accumulate trapping bacteria and debris resulting in 

mucosal damage (98, 114, 253). 

Secretion of mucus throughout the gastrointestinal tract not only acts as a 

protective barrier but also helps to lubricate and flush pathogens distally as a means of 

preventing enteric infection (148). Alterations in the mucus layer overlying the colonic 
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epithelium has been shown in numerous enteric infections (39, 115, 143, 251). 

Paradoxically, some of these infections such as those caused by Brachyspira 

hyodysenteriae and Brachyspira hamposonii elevated mucus production resulting in 

mucus disorganization and de novo synthesis of MUC5AC and increased production of 

MUC2 thought to aid in bacterial colonization (251, 323). Combining what is known in 

vivo with assays performed in vitro, B. hyodysenteriae infections alter the colonic mucin 

environment by up-regulation of IL-17A, increased goblet cell differentiation by up-

regulation of forkhead box protein A3 (FOXA3) and SAM pointed domain-containing 

ETS transcription factor (SPDEF), and by unidentified bacterial components released by 

neutrophil elastase that increase mucin production through the MAPK3/ERK1 pathways 

(252). Other infections such as those caused by Clostridium difficile and 

enterohemorrhagic Escherichia coli results in a reduction of this protective barrier 

through reduced mucin secretion or destruction of the existing mucus layer (39, 142). 

Thus, modification of the mucus layer overlying the colonic epithelium contributes to the 

pathogenesis of many enteric pathogens. 

2.5 Innate immunity in the colonic mucosa 

As previously discussed, the mucus layer overlying the colonic epithelium acts as 

the first barrier to invading pathogens preventing mucosal damage. However, some 

pathogens secrete toxins or gain direct access to the underlying epithelium resulting in 

the initiation of an immune response. The first line of the innate immune system is to 

use a range of sensors known as pattern-recognition receptors (PRRs) located on the 

surface of both immune and non-immune cells that sense pathogen-associated 

molecular patterns (PAMPs) (6, 211, 241). PAMPs are molecules found on the surface 
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of many microorganisms that do not exist on mammalian cells (211). These include 

lipopolysaccharide (LPS) on the surface of Gram-negative bacteria, lipoteichoic acids 

on Gram-positive bacteria, as well as peptidoglycan and flagellum from many bacterial 

species (5). The main PRRs that detect pathogens in the colon are Toll-like receptors 

(TLRs) expressed on the surface of macrophages, dendritic cell, neutrophils, and 

epithelial cells (6, 184). Recognition of PAMPs by their respective TLR causes 

activation of NF-κβ and MAPK signaling pathways resulting in the secretion of pro-

inflammatory cytokines (76). 

2.6 Cytokine modulation of ion channels 

Epithelial and immune cells secrete a large number of cytokines, in response to 

PAMPs that act as a bridge for communication between other immune cells and the 

adaptive immune system, while having strong regulatory effects on ion channel function. 

Several proinflammatory and regulatory cytokines have been shown to have excitatory 

and/or inhibitory effects on ion secretion, absorption, and intestinal barrier function 

(234). A number of cytokines have been identified in the blood and colon of pigs 

suffering from diarrheal disease caused by Brachyspira hyodysenteriae. Blood cytokine 

profiles of diarrheic pigs identified IL-1β to increase during the onset of diarrhea, and 

TNF-α expression increased at peak dysentery while IFN-γ was not detected after 

inoculation (176). Colonic samples revealed a slightly different cytokine profile with up-

regulation of IL-1β, IL-6, IL-8, and IL-17A in the mid-section or apex colon of diseased 

pigs (252). Interestingly, porcine colonic explants exposed to live B. hyodysenteriae had 

elevated expression of IL-1α after 8hrs of exposure with no change in IL-8, IFN-γ, or 

TNF-α (322). Many of these cytokines identified cause modification of ion channel and 
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transporter function and are capable of contributing to the development of diarrheal 

disease and modification of the colonic mucin environment aiding in spirochete 

colonization. 

2.6.1 Effect of cytokines on anion secretion 

Many studies have assessed the effect of cytokine regulation on anionic 

secretion through CFTR and CaCCs in colonic derived cell lines. Proinflammatory and 

anti-inflammatory cytokines are produced by two types of T lymphocytes that express 

CD4 and CD8 on their cell surfaces (27). T lymphocytes expressing CD4 produce a 

large proportion of cytokines which are further classified into two distinct groups known 

as Th1 and Th2 cytokines, with Th1 cytokines primarily being proinflammatory and Th2 

being anti-inflammatory/regulatory (27). The cytokine profile in the blood and colon of 

diarrheic pigs infected with B. hyodysenteriae has identified TNF-α, IL-1α, IL-1β, IL-6, 

IL-8, and IL-17A the cytokines involved in the pathogenesis of the disease (176, 322). 

This section will focus on these cytokines and what is known regarding their regulation 

of ion transport.   

Th1 proinflammatory cytokine TNF-α has been studied extensively as it is 

produced by inflammatory cells populating the epithelial surface in patients suffering 

from cystic fibrosis (CF) and inflammatory bowel disease (IBD), both of which are 

diseases caused by altered anion transport (17, 156, 210, 215). Secreted by activated 

macrophages, TNF-α has been shown to down-regulate CFTR mRNA expression in 

human colorectal HT-29 cells after only 4hrs of exposure (220). Interestingly, CFTR 

mRNA expression was decreased as a result of TNF-α reducing the half-life of CFTR 

mRNA transcripts rather than suppressing the rate of transcription (220). Another study 
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assessing the synergistic effects of TNF-α and IFN-γ on Cl- secretion determined that 

cAMP and calcium-activated short-circuit currents were significantly reduced, supported 

by a reduction in CFTR protein expression after 48hrs of exposure in human colorectal 

T84 cells (87). In another study, however, TNF-α caused elevated cAMP-activated 

anionic secretion through CFTR but not CaCCs in submucosal glands in porcine 

trachea and primary bronchus (18). 

Another proinflammatory cytokine, IL-1β has been noted to be of importance in 

the pathogenesis of cystic fibrosis and inflammatory bowel disease (204, 298). IL-1β 

has been shown to have a biphasic effect CFTR mRNA expression in T84 cells (44). 

The effects of IL-1β on CFTR expression were determined to be dose dependent as 

cytokine concentrations between 0.25-0.5 ng/ml had a stimulatory effect while 

concentrations >1.00 ng/ml were inhibitory (44). Like TNF-α, IL-1β also induced cAMP-

activated secretion via CFTR in porcine airway submucosal glands (18). NF-κβ has 

been implicated in elevating CFTR expression after exposure to IL-1β in T84 and Calu-3 

cells by causing an increase in CFTR gene promoter activity (45). 

Much less is known regarding the effects of IL-6, IL-8, and IL-17A on anionic 

secretion. One study observed that IL-8 was responsible for a decrease in β2-adrenergic 

induced Cl- secretion in rat and human alveolar epithelial type II cells by a decrease in 

CFTR activity and biosynthesis (265). Another study found that IL-17A elevated 

forskolin-stimulated HCO3
- secretion through CFTR in human bronchial epithelial cells 

(HBE) by an undetermined mechanism (175). At the current time, there are no studies 

assessing the role of IL-6 on anion secretion. 
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IL-1α is of particular interest as this cytokine was significantly upregulated in 

colonic explants exposed to live Brachyspira hyodysenteriae (322). IL-1α has previously 

been shown to cause an increase in short-circuit current (Isc) in rabbit ileum within 30-

minutes of exposure to 5ng/ml (50, 58). Furthermore, myofibroblast cells preincubated 

with IL-1α significantly elevated Isc in acutely juxtaposed T84 monolayers (131). 

However, the increase in Isc in all cases was attributed to elevated expression of PTGS1 

and PTGS2 resulting in elevated production of PGE2 rather than an increase in channel 

expression. 

2.6.2 Effect of cytokines on electroneutral Na+ absorption 

Loss of electroneutral Na+ absorption in the gastrointestinal tract is a major 

contributor to the development of diarrheal disease (280, 335). TNF-α has been shown 

to repress NHE3 mRNA and protein expression through phosphorylation of Sp1 and 

Sp3 transcription factors by a cAMP-dependent protein kinase in human colorectal 

C2BBe1 cells (9). Additionally, TNF-α also down-regulated NHE2 mRNA and protein 

expression through activation of NF-κβ in C2BBe1 cells (10). Suppression of these two 

NHE isoforms by TNF-α was further supported by significant impairment of 

electroneutral Na+ absorption in C2BBe1 cells (9, 10).  

IL-1β has also been shown to inhibit NHE function in the gastrointestinal tract. A 

recent study has shown that IL-1β strongly reduces mRNA and protein expression of 

Na+/H+ exchanger regulatory factor 3 (NHERF3) in human colorectal Caco-2BBE cells 

(194). Reduced expression of NHERF3 has been identified in the inflamed intestine of 

both ulcerative colitis patients and murine colitis models (186, 330). The absence of 

NHERF3 leads to dysfunction of NHE3 however, it is not a result of decreased mRNA or 
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protein expression but rather an increase in protein turnover due to reduced membrane 

retention time (59, 130). Other studies have shown that mice lacking the Na+/H+ 

exchanger regulatory factor 1 (NHERF1) and Na+/H+ exchanger regulatory factor 2 

(NHERF2) have reduced NHE3 activity and transporter abundance on the brush border 

membrane of jejunum and colon while mRNA levels remain unchanged (40, 54).  

Unlike the effects of TNF-α and IL-1β, IL-17A has been shown to elevate NHE3 

protein expression in cultured human kidney (HK-2) cells after 72hrs of exposure (230). 

This increase in NHE3 protein was attributed to increased expression and 

phosphorylation of serum and glucocorticoid regulated kinase 1 (SGK1) stimulated by 

IL-17A addition (230). Although these studies were performed in kidney-derived cells, it 

is possible that similar effects occur in gastrointestinal epithelia. 

The role of IL-1α on modifying NHE isoform expression and function has not 

been well studied. Previous studies have found that basolateral stimulation of rabbit 

ileum with human IL-1α decreases both Na+ and Cl- absorption while stimulating Cl- 

secretion (58). These effects were mirrored closely when rabbit ileal samples were 

stimulated with PGE1 which resulted in net Cl- secretion, however, when ileal samples 

were first treated with IL-1α and subsequently exposed to PGE1 the magnitude of 

change in net flux and electrical properties was reduced (58). These findings suggested 

that the effects of IL-1α and PGE1 are not additive in nature, suggesting a common 

pathway (58). Additionally, in another study assessing enterocyte-subepithelial 

myofibroblast interaction exposure of human colon 18Co or P2JF cells preincubated 

with IL-1α grown acutely juxtaposed to T84 cells significantly elevated basal Isc (131). 

This effect was attributed to upregulation of PTGS1 and PTGS2 expression in 18Co and 
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P2JF cell lines and production of PGE2 (131). Both PGE1 and PGE2 bind to prostanoid 

receptors EP2 and EP4 which results in the synthesis of cAMP (72).Thus, these previous 

studies suggest that IL-1α inhibits Na+ absorption by elevation of cAMP instead of 

modulating Na+ transporter gene expression. 

2.6.3 Effect of cytokines on electroneutral Cl- absorption 

SLC26A3 also known as downregulated in adenoma (DRA) is a Cl-/HCO3
- 

exchanger that has been implicated as the major route of electroneutral Cl- absorption 

in the colon (270). Loss of DRA has been determined to be a major contributor to the 

development of diarrhea in patients suffering from congenital chloride diarrhea (CLD) 

and IBD (162, 321, 327). Furthermore, knockout of DRA in mice resulted in diarrheal 

development (157).  

Studies assessing cytokine modulation of DRA function and expression are 

limited however, some have reported inhibitory effects. TNF-α decreases DRA mRNA 

and protein expression in Caco-2, HT-29 cells as well as crypt derived ileal enteroids 

from mice (178). Additionally, mice injected with TNF-α had significantly decreased DRA 

mRNA and protein expression in their ileum and colon (178). These effects were 

attributed to TNF-α activation of NF-κβ decreasing DRA promoter activity resulting in 

decreased gene and protein expression (178). 

Like TNF-α, IL-1β has been shown to decrease DRA mRNA expression in Caco-

2 after 24hrs of exposure suggesting that IL-1β inhibits DRA gene transcription (328). 

Interestingly, DRA expression was not altered in Caco-2 cells exposed to IL-6 for 24hrs 

(328). 
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2.7 Mechanisms of bacterial-induced diarrhea in the gastrointestinal tract 

At the current time, five general mechanisms are responsible for the 

development of diarrheal disease in the gastrointestinal tract (133). These mechanisms 

are as follows 1: elevated anionic secretion of Cl- and HCO3
- into the lumen. 2: reduced 

electroneutral Na+ absorption via NHE3. 3: reduced Cl- absorption via DRA. 4: 

increased paracellular permeability through disruption of tight junctions. 5: reduced Na+ 

and glucose absorption via SGLT1 (133) (Figure 1.2). 

Enteric bacterial pathogens alter ion transport in the gastrointestinal tract by two 

main modes of action through direct regulation of ion transport and/or barrier function or 

indirectly through cytokines, neuropeptides or effacement of absorptive villi (133). This 

section focuses on known pathophysiological mechanisms employed by enteric 

bacterial pathogens resulting in diarrheal development in both humans and livestock. 

2.7.1 Human enteric pathogens 

A number of bacterial enteric pathogens that cause diarrhea in humans have 

been well characterized.  Although these bacteria are not a concern in food animal 

medicine, it is possible that in the future they may be.  This section will focus on the 

pathophysiological mechanisms of Vibrio cholera, Clostridium difficile and Shigella 

species. 

2.7.1.1 Vibrio cholerae  

Vibrio cholerae is an enteric pathogen that causes severe diarrhea in areas of 

the world where people that do not have access to clean drinking water. Through 

ingestion, V. cholerae colonizes in the host’s small intestine where it releases toxins. V. 

cholerae has several toxins that are released, one of which is cholera toxin (CT).  
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Figure 1.2. Alterations in ion transport known to cause diarrhea. 

Cellular mechanisms known to cause diarrhea within the gastrointestinal tract. CFTR = 

cystic fibrosis transmembrane conductance regulator. CaCC = calcium-activated 

chloride channels. NHE3 = Na+/H+ exchanger isoform 3. DRA = downregulated in 

adenoma. SGLT = sodium/glucose co-transporter. 
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CT initially binds to the GM1 ganglioside receptor on the mucosal surface of enterocytes 

in the small intestine (134). CT is made of an A subunit and five B subunits in which the 

A subunit is bound pentameric ring of B subunits, where the B subunits are responsible 

for delivery of the A subunit into the cell through the GM1 receptor (46, 134).   

The A subunit increases cAMP production by ADP-ribosylating a GTPase, which 

is responsible for regulating adenylate cyclase (56). The production of cAMP activates 

PKA, phosphorylating CFTR, resulting in anion secretion (56). Elevated cAMP driven 

secretion results in inhibition of electroneutral Na+ absorption through NHE2 and NHE3 

contributing to the development of diarrhea (113, 292). 

 In addition to CT, V. cholerae releases three additional toxins that manipulate ion 

channel transport further supporting the secretory diarrheal phenotype. Among these 

toxins is accessory cholera toxin (ACE), which activates Ca2+-dependent anion 

secretion, however, cAMP and cGMP mediated anion secretion was unaffected (306). 

NAG-stable toxin increases cGMP production by activating guanylyl cyclase, thus 

leading to phosphorylation of CFTR by cGMP-dependent protein kinase (PKG) (244, 

316). V. cholerae cytolysin (VCC) is the final toxin that creates anion permeable pores 

in epithelial cells creating large vacuoles, in addition to having cytolytic effects on red 

blood cells (174). 

 In addition to the three toxins that modulate ion transport, V. cholerae produces 

three toxins that affect barrier function by causing the breakdown of tight junction 

proteins contributing to diarrheal development. One of these toxins is 

hemagglutinin/protease or HA/P which is an extracellular protease that cleaves the tight 

junction protein occludin, resulting in re-arrangement of zonula occluden-1 (ZO-1) 
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around cell-to-cell boundaries (326).  RTX (repeats in toxin), another V. cholerae toxin, 

causes loss of barrier function decreasing transepithelial resistance (TER) by cross-

linking actin monomers into oligomers (93, 177). The final barrier function altering toxin 

is Zot, which is biologically inactive until it is cleaved into a 12kDa peptide by a V. 

cholerae specific protease (309). This peptide causes loss of barrier function by binding 

to an apical receptor called zonulin which is expressed on the surface of epithelial cells 

in the small intestine and is responsible for the disassembly of tight junctions (319). A 

smaller six amino acid peptide derived from Zot named AT-1002 has also been shown 

to decrease transepithelial resistance due to redistribution of ZO-1 away from cell to cell 

tight junction boundaries (109). Collectively V. cholerae releases three toxins that result 

in secretion and malabsorption of electrolytes in conjunction with three toxins that alter 

barrier function resulting in severe, life-threatening diarrhea.  

 V. cholerae induces changes in the small intestinal mucin environment by 

causing mucus hypersecretion that peaks and then subsides (227). Ileal loops in rabbits 

exposed to CT had rapid mucus secretion that lasted only 3-5 hours after toxin 

exposure leading to goblet cell depletion (185). CT and ACE result in elevated anion 

secretion in response to increased levels of cAMP and Ca2+ which both acutely regulate 

mucin secretion in gastrointestinal and airway epithelium by activating PKA and PKC (2, 

38, 70). This depletion of mucus is likely beneficial to V. cholerae as it must penetrate 

the mucus layer overlaying the epithelium to bind the GM1 ganglioside receptors (134). 

At the current time, there are no in vivo or in vitro studies assessing specific changes in 

mucin composition following V. cholerae infection. 
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2.7.1.2 Clostridium difficile 

C. difficile is a dynamic pathogen that takes advantage of a host that has been 

exposed to a broad-spectrum antibiotic suppressing the commensal microbial 

population (315). Its inability to outcompete other bacteria species keeps it at bay and 

normally is found in the gastrointestinal accounting for 2-3% of the microbial population 

(315). The pathogenic process of C. difficile begins with colonization of the colon 

followed by the release of two exotoxins, Toxin A and B (TcdA and TcdB), as well as an 

additional toxin produced by some strains of C. difficile named binary toxin (CDT) (240). 

Before being internalized, TcdA binds to glycoprotein gp96 expressed on the apical 

surface of colonocytes (218). 

Conversely, TcdB binds to apically expressed chondroitin sulfate proteoglycan 4 

(CSPG4) and poliovirus receptor-like 3 (PVRL3) (182, 333). Together these two toxins 

disrupt the cytoskeletal structure and barrier function by glycosylating the small GTPase 

protein Rho (302). Furthermore, the binary toxin (CDT) an actin-specific ADP 

ribosyltrantransferase produced by some C. difficile strains exacerbates the effects of 

TcdA and TcdB by causing disorganization of the cytoskeleton leading to an even more 

severe diarrhea (7, 19). 

Studies have shown that TcdA has a direct effect on ion transport and barrier 

function. Purified TcdA has been shown to cause accumulation of Na+, Cl-, K+ and total 

protein in rabbit colon (190). Additionally, Ussing chamber studies using guinea pig 

ileum have demonstrated that TcdA induces significant changes in paracellular 

permeability and decreases electrogenic Na+ absorption through ENaC while inducing a 

Cl- secretory response (212). Furthermore, TcdA alone and in conjunction with TcdB 
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has been shown to decrease Downregulated in Adenoma (DRA) protein levels but not 

mRNA both in vivo and in vitro (66). Although TcdA has been considered the primary 

cause of the pathogenesis caused by C. difficile, one study has shown that TcdB 

causes inhibition of the critical NHE3 isoform by facilitating protein internalization, thus 

contributing to diarrheal disease (125). These findings would suggest that TcdA in 

conjunction with TcdB are responsible for the pathogenesis caused by C. difficile 

infections. 

C. difficile induced diarrhea is contributed to by severe inflammation and the 

release of neuropeptides. TcdA and TcdB cause an inflammatory response resulting in 

tissue damage and fluid exudation (133). Cytokine profiles of patients suffering from C, 

difficile infections show upregulation of IL-1β, IL-6, IL-8, IL-17A, and IL-16 (331). TcdA 

and TcdB cause the release of proinflammatory cytokines TNF-α and the release of IL-

1β and IL-6 by direct activation of monocytes (88). Upregulation of these cytokines as 

described previously have strong regulatory effects on ion transport within the 

gastrointestinal tract and likely directly contribute to diarrheal development.  

In addition to causing the release of proinflammatory cytokines, C. difficile also 

causes activation of enteric nerves causing the release of neuropeptides; Substance P 

(SP), calcitonin gene-related peptide (CGRP) and neurotensin which have been shown 

to induce Cl- secretion (47, 158, 245). Together these mechanisms contribute to the 

pathophysiology of C. difficile infections resulting in diarrheal disease. 

C. difficile has been shown by many groups to bind to mucins both in vivo and in 

vitro and is thought to facilitate the delivery of toxins to the epithelium (80, 84, 128). 

However, little information is known regarding the changes that occur to the mucin 
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environment within the colon of humans. To date, only one study has examined 

changes in mucin properties in colonic biopsies and fecal samples (79). Interestingly, 

patients suffering from C. difficile infections had reduced levels of the secreted mucin, 

MUC2 in both their stool and tissue with no change in the cell-surface mucin, MUC1 

(79). The hypothesis is that a decrease in MUC2 allows for greater binding of C. difficile 

to surface mucins (79). Mucin galactose residues are exposed in patients suffering from 

C. difficile and potentially are the receptor required for TcdA binding subsequently 

driving colonization and pathogenesis of the disease (79). 

2.7.1.3 Shigella species 

There are four Shigella species that cause diarrheal disease in humans which 

include S. sonnei, S. flexneri, S. dysenteriae, and S. boydii (133, 191, 226). S. sonnei 

and S. flexneri are the two most common species responsible for diarrheal disease in 

developed countries (1). S. dysenteriae and S. boydii infections are rare but, S. 

dysenteriae induces diarrhea that is the most severe of all four Shigella spp. due to its 

production of Shiga toxin which can cause hemolytic uremic syndrome (133).  

The mechanism that Shigella species utilize to gain access into epithelial cells is 

multipart and involves uptake by epithelial cells by utilizing a type III bacterial secretion 

system (T3SS) (166). Shigella species first move across M cells in the colonic epithelial 

layer and translocate the basolateral membrane (243). Afterward, the bacteria attach to 

the basolateral surface of epithelial cells and through the T3SS, forms a pore in the 

cellular membrane (34, 312). Delivery of T3SS effector proteins results in actin 

remodeling and polymerization resulting in uptake of the bacterium (166). The presence 
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of actin tails on Shigella species allows for cell to cell movement, increasing the ability 

of the bacteria to colonize the intestinal epithelium (247).   

Shigella species cause an inflammatory diarrhea by causing an initial release of 

IL-1β after destroying macrophages when emerging from M-cells (275, 329). The 

inflammation is then significantly increased due to the presence of free bacteria on the 

basolateral side of the epithelial cells, which allows access to Toll-like receptors.   

These bacteria have evolved to evade the host’s immune system by a series of 

mechanisms. One of these mechanisms is the alteration in LPS acetylation which 

reduces TLR4 activation allowing for free bacteria to evade detection (46). Additionally, 

Shigella species inject a number of effector proteins that alter the host’s immune system 

that modulates the host’s diarrheal response. These proteins include OspF, OspG, and 

IpaH (133). OspF targets MAP kinase signaling by inhibiting ERK1/2, p38, and JNK 

(187). These kinases control the production of proinflammatory cytokines including IL-1, 

IL-6, and TNF-α. Furthermore, MAP kinases are also targeted by IpaH which is a 

ubiquitin ligase (264). IpaH ubiquitinates Ste7, a MAPKK which causes degradation of 

the protein, consequently, MAP kinase signaling is inhibited preventing further 

production of proinflammatory cytokines. In contrast, OspG causes interference with 

ubiquitination of phospho-IκBα, preventing its degradation (167). Under normal 

conditions phosphorylation of Iκβα causes its degradation allowing for NFκβ 

translocation and transcriptional activation (24). Inhibition of NFκB activity subsequently 

inhibits further synthesis of cytokines (167). 

Shigella species cause loss of absorptive function by actively destroying the 

epithelial cells and compromising barrier function within the GI tract contributing to 
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diarrheal disease. Tight junction proteins claudin-1, ZO-1, ZO-2, and occludin are 

negatively impacted during Shigella infections, however, a specific toxin that causes the 

breakdown of these proteins has not yet been identified (267). In addition to altered 

barrier function, Shigella species have been shown to increase intracellular calcium 

concentrations, stimulating Cl- secretion while inhibiting NHE3 activity (73, 168). 

Like other human enteric pathogens Shigella species, specifically S. boydii and 

S. sonnei have been shown to bind to human colonic mucins (254). Interestingly, these 

two Shigella species did not bind rat colonic mucin or human/rat small intestinal mucins 

suggesting the presence of a specific binding site on human colonic mucins required for 

colonization (254). In another study, S. flexneri was shown to induce significant changes 

in mucus rheological properties and composition in the human colon-derived cell line 

HT29-MTX (288). In infected monolayers, the mucus layer overlying the HT29-MTX 

cells was dense and tightly bound to the epithelial cells and mostly made of MUC5AC, 

which is not normally expressed in the colon in vivo (229, 288). It is thought that 

changing the mucus structure to a denser more tightly bound layer likely facilitates 

access to the colonic epithelial surface allowing for greater colonization (288).  

As I have discussed earlier anion secretion is critical for proper secretion and 

expansion of gel-forming mucins like MUC5AC (98, 253). However, Shigella species do 

not appear to inhibit cAMP or Ca2+ anion secretion; rather they elevated intracellular 

Ca2+ concentrations driving Cl- secretion (73). Ca2+ however, affects intestinal mucin 

rheological properties, in which mucins become smaller and denser as Ca2+ 

concentrations increase (90). Elevation of intracellular Ca2+ likely explains the tightly 
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bound dense mucus observed in HT29-MTX cells infected with S. flexneri, thus, 

allowing for greater colonization and subsequent infection.  

2.7.2 Production animal enteric pathogens 

 Severe economic losses are endured each year due to enteric pathogens that 

cause high morbidity and mortality in production animals across the globe. Infections of 

the gastrointestinal tract are associated with increased cost of production due to the use 

of antimicrobials, decreased feed conversion and mortality. Production animals refer to 

animals raised for human consumption and include beef and dairy cattle, swine, and 

poultry. This section will focus on the pathophysiological mechanisms of bacteria that 

cause diarrhea in production animals as well as humans and will include E. coli, 

Salmonella, and Brachyspira. 

2.7.2.1 Escherichia coli 

E. coli is a facultative anaerobe that makes up a small part of the microbial 

population within the gastrointestinal tract of healthy individuals (154). There are, 

however, five species of E. coli that have obtained pathogenic attributes that are 

responsible for severe, life-threatening diarrhea. These pathogenic E. coli strains 

include enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), 

enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli 

and diffusely adherent E. coli (DAEC). Collectively, these E. coli strains are of interest to 

both human and production animal medicine. This section will focus on enterotoxigenic 

E. coli (ETEC) as it is major E. coli strain involved in enteric colibacillosis in swine (196).  

ETEC induced diarrhea is characterized as a secretory diarrhea due to the high 

loss of ions and water in the small intestine during infection. ETEC secretes two 
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essential toxins known as heat-stable (ST) and heat-labile (LT) enterotoxins which are 

the main contributors to the development of diarrheal disease (300). ST is a peptide 

consisting of 18-19 amino acids while LT is a heterohexameric protein consisting of an 

A subunit and five smaller B subunits (3, 106, 284). The receptor for ST is guanylyl 

cyclase C (GC-C) which is expressed on the surface of intestinal epithelial cells, while 

LT like cholera toxin, binds to the monosialoganglioside GM1 receptor on the surface of 

epithelial cells (83, 140, 213). Binding of the heat-labile toxin results in luminal anion 

secretion by elevating cAMP production resulting in activation of PKA, subsequently 

phosphorylating CFTR (256). In contrast, binding of heat-stable toxin also causes 

activation of CFTR, however, this occurs through elevating levels of cGMP by 

stimulating guanylate cyclase causing translocation of the CFTR protein to the surface 

of the apical membrane (91, 108). Together these two enterotoxins cause net secretion 

of Cl- and HCO3-, and water into the lumen of the jejunum while inhibiting electroneutral 

Na+ absorption via cAMP inhibition of NHE isoforms (339, 340).  

 ETEC is responsible for promoting major changes to the mucus environment 

within the small intestinal. The mucus layer overlying the small intestine is unlike that of 

the colon in which the mucus layer is less dense and loosely attached (150). ETEC heat 

labile enterotoxin has been shown to induce MUC2 expression resulting in elevated 

mucin secretion which aids in colonization (179). ETEC takes advantage of this change 

in the mucus environment by secreting EtpA, an adhesin that facilitates mucin 

attachment (179). The present data suggests that EtpA allows for binding to both 

secreted mucins such as MUC2, as well as transmembrane mucins like MUC3 (179) 

Interestingly, ETEC also secretes YghJ, a metalloprotease and EatA, a secreted serine 
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protease that both degrade intestinal mucins allowing for greater access to the surface 

of small intestinal enterocytes and transmembrane mucins (180, 195). By modifying the 

mucin environment in the small intestine, ETEC effectively gains access to the surface 

epithelium allowing for binding of GM1 receptors facilitating diarrheal development. 

2.7.2.2 Salmonella species 

Salmonella species remain one of the most diverse bacteria with over 2600 

different serotypes (313). Some of these species are host specific while others are host-

adaptive and cause disease in a variety of animals as well as humans. Food production 

animals such as cattle, swine, and poultry can all be infected by Salmonella species 

resulting in production limiting diarrhea, systemic infections, and in some cases death 

(22, 141, 285). Salmonella shedding by infected animals occurs through contact with 

saliva, skin, and feces subsequently, infecting other animals and posing a threat to 

human health by consumption of contaminated meat and animal handling (78).  

Contamination of carcasses occurs at slaughterhouses where cross-contamination 

between healthy animals and animals that are shedding Salmonella can occur (14).  

Salmonella species are gram-negative bacteria that cause inflammation induced 

diarrhea in humans and animals by colonizing in the ileum, cecum, and colon. All 

Salmonella share the ability to invade their host through uptake by both phagocytic and 

nonphagocytic intestinal cells by secreting effector proteins (313). This invasion 

mechanism is due to Salmonella’s ability to use a type III protein secretory system 

which encodes for T3SS1 and T3SS2 proteins required to enter M-cells, epithelial cells, 

and dendritic cells (41, 60, 86). Among the T3SS1 effector proteins SopE, SipA, SopE2, 

and SopB have been best characterized. Salmonella strains that express SipA or SopE 
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exclusively provoke inflammation of the mucosa while SopE2 and SopB do not cause 

inflammation unless accompanied by SipA or SopE (119, 338). 

Further studies suggest that effector protein SopE in S. typhimurium depends on 

Rho GTPases and caspase- 1 to elicit a proinflammatory response in vivo (214). SopE 

and SopE2 activate Rho GTPases, which triggers actin-mediated host cell invasion 

(120). Hence, Rho GTPase is thought to act as a signal that triggers caspase-1 

releasing IL-1 and IL-18 causing inflammation of the gastrointestinal mucosa (159). 

Once the pathogen invades the host cell, expression of SopE and T3SS1 desists (120). 

This means that these effector proteins are of critical importance for the invasion of 

gastrointestinal epithelial cells but not for later stages of the infection.  

T2 proteins have been characterized to aid Salmonella species in survival once 

the epithelial cells have been invaded. These effector proteins have been shown to 

cause inhibition of various aspects of endocytic trafficking, including fusion between 

lysosomes and Salmonella-containing vacuoles (SCVs) (308). Additionally, T2 proteins 

aid in the avoidance of NADPH oxidase-dependent destruction by macrophages, and 

interference with the localization of inducible nitric oxide synthase (iNOS) to the SCV 

(48, 97, 311). Together these effector proteins cause substantial physiological changes 

resulting in the development of diarrhea. 

Infection of cell lines with Salmonella has been shown to cause chemokine and 

cytokine secretion and upregulation of prostaglandin-endoperoxide synthase 2 (PTGS2) 

formerly known as cyclooxygenase 2 (Cox-2) (30, 37). It has been previously shown 

that S. typhimurium infection of human intestinal xenographs increases basal, as well as 

Ca2+ and cAMP-stimulated ion transport resulting in secretion of Cl- and HCO3- into the 
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lumen (30). PTGS2 inhibitors reversed this secretory response along with suppressing 

PGE2 secretion (30). Furthermore, another study demonstrated that the release of 

prostaglandins PGE2 and PGF2α in HT-29 infected cells with S. dublin was able to elicit 

Cl- secretion in naive T84 cells in vitro (257).   

 Infection of HT-29/cl.19 cells with Salmonella increased total and membrane 

abundance of CFTR and Na+-K+-2Cl- co-transporter (NKCC1) in a manner dependent 

on PTGS2 (257). Cl- secretion is dependent on NKCC1 to replenish Cl- within the cell 

through the basolateral membrane. It has been suggested that Salmonella infections 

may cause increased synthesis of NKCC1 allowing for increased Cl- secretion (257). 

These findings suggest that Salmonella induces secretory diarrhea dependent on the 

upregulation of PTGS2 and prostanoid synthesis. 

Although Salmonella invades gastrointestinal cells, barrier function is unaffected 

by S. typhimurium infections unlike other bacterial pathogens such as V. cholerae (105, 

319, 326). The use of gut loop clearance studies using C14 labeled mannitol on rhesus 

monkeys and rabbits infected with S. typhimurium revealed that barrier function was not 

disrupted in the jejunum, ileum or colon (105). These findings suggest that invasion by 

Salmonella species does not alter tight junction permeability, consequently having no 

additive contribution to diarrhea.   

Alternatively, studies using a variety of cell lines such as MDCK, Caco-2, and 

T84 cells have observed decreased TER and decreases in expression of tight junction 

proteins after infection with Salmonella (85, 172, 296). In vitro experiments examining 

specific tight junction proteins have displayed a reduction in ZO-1 and occludin 

expression after only 2 hours of infection in T84 cells (172). A subsequent study found 
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that claudin-1 expression was decreased during T84 cell infection with S. typhimurium 

(189). These studies suggest that disruption of tight junctions resulting in impaired 

barrier function may contribute to diarrheal development during Salmonella infections. 

 Studies assessing changes in the mucin environment of the small intestine 

following Salmonella infection appear to be limited to the serovar S. typhimurium and 

are conflicting in their reports (15, 336). One study observed a decrease in goblet cell 

abundance and altered mucin composition in the ileum of mice infected with S. 

typhimurium (15). In contrast, another study found that wild-type mice infected with S. 

typhimurium had elevated expression and production of MUC2 which was important in 

limiting colonization, as MUC2-/- mice had a significantly greater bacterial load (336). 

However, another study has provided evidence that S. typhimurium binds to a neutral 

mucin termed Mucus-Rs and is thought to be the initial binding site in the small intestine 

(314). At the current time, it is unclear whether changes in the mucin environment 

benefit the pathogen or the host, as it appears that both may potentially benefit. More 

research is needed in this area to determine the role of mucins in the pathogenesis of 

Samonella species. 

2.7.2.3 Brachyspira species 

Little is known regarding the pathophysiological mechanisms involved during 

Brachyspira infections resulting in diarrheal disease. The colon is the primary site of 

bacterial colonization resulting in inflammation and the formation of lesions. Diarrhea 

ensues accompanied by large amounts of mucus and some fecal blood. 

Studies assessing the alterations in electrolyte and solute transport in the colon 

by Brachyspira has been limited to the swine isolate Brachyspira hyodysenteriae. B. 
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hyodysenteriae has been described to cause malabsorptive diarrhea in which Na+ and 

Cl- absorption is abolished in diarrheic animals (13). These conclusions were made 

based on experiments performed in infused isolated colonic loops in anesthetized 

control and diseased pigs (13, 277). However, pilot experiments on isolated colonic 

loops in healthy pigs utilizing radiolabelled 22Na and 36Cl were used to demonstrate 

linear changes in radiolabelled flux which led the authors to use a simplified version of 

the Berger and Steele equation (13, 28, 277). When diarrheic animals were assessed, 

total volume and concentration of non-isotope Na+ and Cl- was used to indirectly 

calculate lumen to blood and blood to lumen fluxes (13, 277). Thus, the authors state 

that non-linear changes in ion flux would result in erroneous results.  

Luminal Cl- secretion appears not to contribute to diarrheal development during 

B. hyodysenteriae infections, as diarrheic pigs had no change in blood to lumen Cl- flux 

when compared to controls (277). Furthermore, agonist-induced net HCO3
- secretion by 

40mM theophylline was abolished in diarrheic pigs (277). Basal values of cAMP and 

cGMP were not elevated in B. hyodysenteriae diseased pigs (277). These findings 

suggest that diarrhea caused by B. hyodysenteriae is unlike that of many other enteric 

pathogens such as V. cholerae and enterotoxigenic E. coli which induce diarrhea 

primarily by cyclic nucleotide-activated anion secretion (91, 108, 244, 256, 316). 

A key defining feature of Brachyspira infections in both swine and humans is the 

massive induction of fecal mucus accompanying diarrhea (49, 121, 127, 206, 266). The 

altered colonic mucus environment along with Brachyspira’s affinity for mucins has been 

studied in depth. Brachyspira hyodysenteriae and the zoonotic spirochete Brachyspira 

pilosicoli have been shown to be attracted to mucin concentrations of 6-8% which 
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closely mirrors the viscosity of the mucus layer overlying the colonic epithelium (223). 

Furthermore, B. hyodysenteriae has been shown to have a strong chemotactic 

response towards porcine mucin components serine and fucose while, also binding to 

mucin carbohydrate structures (161, 207, 251). These findings have suggested that the 

mucin layer overlaying the colonic epithelium is pertinent for spirochete colonization and 

growth. Other studies have focused on the alterations in mucin production within the 

colon during Brachyspira infections. 

Two groups have determined that both B. hyodysenteriae and B. hampsonii 

significantly alter the mucin environment in the colon of diarrheic pigs (251, 323). Under 

normal physiological conditions, the mucus layer covering the colonic epithelium is 

primarily composed of the secreted gel-forming mucin MUC2 (147, 149). B. 

hyodysenteriae infections resulted in elevated production of MUC2, while both B. 

hyodysenteriae and B. hampsonii caused de novo synthesis of MUC5AC, a gel-forming 

mucin usually produced in the gastric mucosa and not in the colon (229, 251, 323). 

Furthermore, the mucus layer in the colon of diarrheic pigs became disorganized 

compared to control pigs (251, 323). In B. hyodysenteriae infections the changes in 

mucin production were attributed to three mechanisms, the first being the ability of IL-

17A to induce mucus secretion in HT29 MTX-E12 cells, the second being exposure of 

live B. hyodysenteriae to neutrophil elastase which resulted in mucus secretion 

dependent on MAPK3/ERK1 pathways, and lastly elevated goblet cell hyperplasia (251, 

252). 

Interestingly, the combined effects of IL-1β, IL-6, IL-8, IL-17A and neutrophil 

elastase did not induce mucus secretion. These findings suggest that the degradation of 
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membrane proteins on the surface of B. hyodysenteriae by neutrophil elastase results in 

the release of toxins that alter transcriptional processes. These changes in the mucin 

environment have been suggested to create a niche for Brachyspira elevating the 

number of mucin binding sites for the bacterium, promoting growth and colonization 

(251). 
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Brachyspira spp. cause diarrheal disease in multiple animal species by colonization of 

the colon, resulting in colitis, mucus induction and disrupted ion transport. Unique to 

spirochete pathogenesis is the immense production of mucus resulting in a niche mucin 

environment favoring spirochete colonization. Mucin rheological properties are heavily 

influenced by anionic secretion and loss of secretory function has been implicated in 

diseases such as cystic fibrosis. Here, the effects on the agonist-induced electrogenic 

anionic secretory response by infectious colonic spirochete bacteria Brachyspira 

hyodysenteriae and Brachyspira hampsonii was assessed in pigs. Proximal, apex and 

distal sections of colon were assessed in Ussing chambers. Activation of secretion via 

isoproterenol, carbachol, and forskolin / IBMX demonstrated a significantly decreased 

change in short-circuit current (Isc) in Brachyspira-infected pigs in all sections. Tissue 

resistances did not account for this difference; rather, it was attributed to a decrease in 

anionic secretion as indicated by a decrease in bumetanide inhibitable Isc. RT-qPCR 

analyses and western blot determined the major anionic channels of the epithelium 

were down-regulated in diarrheic pigs paired with altered mucin gene expression. 

Cytokines were not responsible for the down-regulation of anion channel gene 

transcripts. Only IL-1α was upregulated in all segments but, was without effect on CFTR 

mRNA expression in Caco-2 monolayers. However, a whole cell Brachyspira hampsonii 

lysate significantly reduced CFTR mRNA expression in Caco-2 monolayers. Together, 

these findings indicate that these two Brachyspira spp. cause a decreased anionic 

secretory response in the porcine colon supporting the altered mucin environment 

favoring spirochete colonization. 
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3.1 Introduction 

Mucoid diarrheal disease associated with altered colonic fluid and electrolyte 

movement following intestinal spirochete infection is observed in several species (307). 

In humans, Brachyspira aalborgi and Brachyspira pilosicoli are generally associated 

with colonic inflammation accompanied by mucoid diarrhea (206, 307). In swine, 

Brachyspira hyodysenteriae and emergent Brachyspira hampsonii cause severe colonic 

inflammation and mucoid diarrhea (49, 121, 266). All of these bacteria share a 

commonality that sets them apart from other pathogens in that colonization of the colon 

results in elevated mucus production and mucus thickening while many other pathogens 

decrease or deplete the mucus layer overlying the epithelium (142, 225, 252).  

Normally, mucus production in the gastrointestinal tract acts as the first barrier of 

defense to invading pathogens (205). This net-like mucus barricade is comprised 

primarily of secreted mucin MUC2 by goblet cells in the small intestine and colon (148, 

205).  Brachyspira hyodysenteriae infections alter the mucin environment in the porcine 

colon by increasing the expression and synthesis of MUC2 and MUC5AC (49, 121, 206, 

251, 266). Brachyspira hyodysenteriae has been shown to have a strong chemotactic 

response to mucins, suggesting that the altered mucin environment is beneficial for 

colonization (223, 251).  

The mucin environment is heavily influenced by epithelial ion transport, 

specifically the transport of anions (98, 115, 151, 253). Specifically, mucins require 

HCO3
- and Cl- to interact with Ca2+ for proper unfolding and rheological properties after 

secretion by goblet cells (90, 148, 253). If these anions are not present, mucins 

aggregate and accumulate, trapping debris and bacteria resulting in tissue damage (90, 
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98, 114, 253). CFTR appears to be critical in proper secretion and expansion of mucins 

as indicated by the cystic fibrosis Δ508 and Citrobacter rodentium mouse models (114, 

115, 253). At the current time, no studies have assessed the anionic secretory response 

during Brachyspira infections that would contribute to a niche mucin environment 

beneficial for spirochete colonization. 

Initial studies concluded that Brachyspira hyodysenteriae abolishes the 

absorptive capacity of the porcine colon, without affecting the secretory blood to lumen 

movement of Cl- (13, 277). The observation of unchanged blood to lumen anionic 

movement seems unlikely due to the nature of the inflammatory response noted in the 

colon, elevated blood cytokine profiles of diarrheic pigs, and porcine colonic explants 

exposed to live Brachyspira hyodysenteriae (176, 252, 322).  Numerous in vitro studies 

have shown that intestinal epithelial cells exposed to the pro-inflammatory cytokines, 

TNF-α and IFN-γ, have reduced protein expression of CFTR and calcium-activated 

chloride channels, while IL-4 and IL-13 have the opposite effect, elevating the 

expression of apical chloride channels (67, 87, 95, 96, 132, 258). IL-1β has a dose-

dependent effect on CFTR, in which low concentrations elevate CFTR mRNA and 

protein expression while high concentrations have inhibitory effects (44). 

 Here the electrogenic anion secretory response in the proximal, apex and distal 

segments of the porcine colon was assessed in Ussing chambers to determine its 

contribution to mucin thickening and disorganization, aiding in spirochete colonization 

and growth. Ussing chamber short-circuit (Isc) electrogenic secretory response 

describes the apical movement of Cl-, HCO3
-, and K+ as well as basolateral transport of 

K+. However, the movement of Cl- and HCO3
- through the basolateral membrane of the 
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polarized epithelial cell via NKCC1 and exiting through apical Cl- channels, generates 

the majority of the electrogenic response. All three segments of the colon were 

assessed because regional differences in anion secretion in rat and human colon have 

been previously reported (228, 237). This study presents the first strong evidence for a 

decreased anionic secretory response in the colon of diarrheic pigs following agonist 

addition and inhibition of anion conductance in Ussing chambers. These findings, 

combined with significant decreases in anion channel mRNA and protein expression, 

support the reduced secretory phenotype, contributing to thickening, disorganization, 

and reduced clearance of mucus, benefitting Brachyspira pathophysiology. 

Furthermore, the decrease in the anionic secretory response appears not to be a result 

of the host cytokine response, rather a direct effect of the bacteria or toxin in which ion 

channel transcriptional and translational process are inhibited. 

3.2 Materials & Methods 

 

3.2.1 Animals 

 Fifty-four 6-8 week-old purebred Yorkshire barrows were housed in pairs with 12 

pigs per room and provided antibiotic-free diet and water ad libitum. Treatment groups 

were each housed in separate BSL2 animal care rooms. Pigs were acclimated to their 

new environment for 7 days before inoculation with either Brachyspira hyodysenteriae 

strain G44 (kindly provided by Boehringer-Ingelheim Vet Medica, St. Joseph, MO; 

n=17), Brachyspira hampsonii strain 30446 (n=16), or a mock inoculum of sterile liquid 

culture media (n=18). The number of pigs in each group differed slightly because 

inoculated pigs that did not develop diarrhea were not used. Feeders were removed 
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from pens 12 hours prior to inoculation, but water was not. Inoculation was conducted 

by passing a stomach tube and flushing 30ml of 108-109 cells/ml inoculum into the 

stomach of a pig, followed by sterile PBS as previously described (266).  Pigs were then 

assessed daily for clinical signs of disease, and fecal consistency-scores were recorded 

twice daily to accurately determine the onset and severity of diarrhea. Brachyspira 

hyodysenteriae and Brachyspira hampsonii strain 30446 pigs developed diarrhea within 

3-7 days after inoculation and were euthanized 24 hours after onset of dysentery. 

Control pigs remained healthy (non-diarrheic) and were euthanized on an age-matched 

basis with inoculated pigs euthanized the same day. This research was designed and 

conducted in accordance with the Canadian Council for Animal Care and approved by 

the University of Saskatchewan Committee on Animal Care and Supply (Protocol 

#20130034). 

3.2.2 Electrogenic Ussing chamber studies 

  After euthanasia, 17-18 cm segments of proximal (2.5 cm distal from the 

cecum), apex of the spiral colon (midpoint between the cecum and sigmoid colon) and 

distal (sigmoid colon) colon were collected and washed with Krebs buffer (pH 7.4) 

containing (in mM) 113 NaCl, 5 KCl, 1.6 Na2HPO4, 0.3 NaH2PO4•H2O, 25 NaHCO3, 1.1 

MgCl2•6H2O, 2.2 CaCl2•2H2O and 10 glucose, and chilled to 4⁰C. Samples were 

immediately transported to the lab in Krebs buffer gassed with 95% O2 -5% CO2 where 

the serosa (visceral peritoneum) and longitudinal and circular muscle layers of the 

colonic wall were removed with forceps (stripped) from all segments leaving only the 

mucosa and submucosal rudiments as previously described (61). Pieces of stripped 

mucosa (2-4 tissue replicates of each segment per pig) were then placed on 1cm2 
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tissue Ussing chamber inserts and inserted into the Ussing chamber (Physiologic 

Instruments, San Diego, CA).  Each reservoir was independently gassed with 95% O2-

5%CO2.  A heated circulating water bath maintained the buffer in the Ussing chamber at 

37⁰C. Transepithelial potential differences were short-circuited to 0 mV with a voltage 

clamp using Ag-AgCl electrodes and 3M KCL agar bridges (Physiologic Instruments, 

San Diego, CA) on apical and basolateral sides as previously described (61). 

Tissues were allowed to equilibrate for twenty minutes before the addition of any 

drugs.  A 1mV pulse every 30 seconds was used to determine the resistance and tissue 

viability from the resulting current.  After the equilibration period, 10µM of the adrenergic 

agonist isoproterenol (I6504; Sigma Aldrich) was added to the basolateral side of the 

chamber to increase cAMP physiologically and stimulate cAMP-activated channels, 

such as CFTR.  After steady state was reached, 0.1mM of carbachol (C4382; Sigma 

Aldrich) was added to the basolateral side of the chamber. This cholinergic agonist 

increases intracellular Ca2+ activating calcium-activated channels.  After steady state 

was reached, 10µM forskolin (F6886; Sigma Aldrich) and 1mM of 1M 3-isobutyl-1-

methylxanthine (IBMX) (I5879; Sigma Aldrich) were added to the apical and basolateral 

sides of the Ussing chamber causing a massive irreversible and sustained elevation in 

cAMP to fully activate cAMP-activated secretion.  Finally, after steady state was 

reached 0.1mM bumetanide (B3023; Sigma Aldrich) was added to the basolateral side 

of the Ussing chamber to inhibit the basolateral Na+-K+-2Cl- co-transporter 1 (NKCC1). 

 

 

 



47 
 

3.2.3 RT-qPCR analysis of cytokine, ion channel, and transporter mRNA 

expression  

Mucosal samples collected at the time of euthanasia and subsequently stored in 

RNAlater® (AM7021; Ambion®) at -80˚C were homogenized in 1ml of TRIzol reagent 

(15596018; Life Technologies) and RNA extracted according to the manufacturer’s 

protocol. A standard of <500ng/μl was used as exclusion criteria for RNA samples. 

cDNA was created from mRNA using the GoScript Reverse Transcription system 

(A5001; Promega). cDNA was diluted in RNase-free water and frozen at -80˚C. Gene 

expression was assessed by RT-qPCR using GoTaq qPCR Master Mix (A6002; 

Promega) and Stratagene Mx5000P real-time qPCR machines according to the 

manufacture's protocol. The average CT (cycle threshold) value was used to calculate 

the fold difference of each gene using the ΔΔCt calculation method. Porcine primers 

were designed for GAPDH, CFTR, TMEM16A, ANO6, ANO9, ANO10, BEST2, BEST4, 

CLCA1, CLCA4, NKCC1, IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-17A, IL-18, TNF-α, IFN-γ, 

TGF-β1, TGF-β2, TGF-β3. MUC1, MUC2, MUC4, and MUC5AC (Table 3.1). Porcine 

GAPDH was used as the reference gene for analyses. Human primers were designed 

for GAPDH, CFTR, NKCC1, IL-1α, IL-1β, and PTGS2 (Table 3.2). Human GAPDH was 

used as the reference gene for analyses. 

3.2.4 Western blot analysis of TMEM16A 

Protein was extracted from control and diseased colonic tissues from the 

proximal, apex and distal sections of the colon using the ProteoExtract transmembrane 

protein kit (71772-3; Novagen®) according to the manufacturer's protocol. Samples 

were boiled in 2x denaturing buffer (20% glycerol, 4% SDS, 125 mM Tris pH 6.8, 0.3  
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mM bromophenol blue) containing 20% β-mercaptoethanol (BME; M6250; Sigma-

Aldrich) for five minutes and analyzed by 10% SDS-PAGE (286).  

 For western blot analysis, proteins were transferred onto PVDF membrane 

(RPN303LFP; GE Healthcare Life Sciences) at 0.2mA for 4 hours at 4⁰C with transfer 

buffer (25mM Tris, 192mM glycine, 20% methanol) (286).  Membranes were blocked for 

an hour at room temperature with a 10% RapidBlock™ (M325-AMRESCO®) blocking 

solution and subsequently probed overnight at 4˚C with primary antibodies anti-

TMEM16A (QC13356-42173; AVIVA Biosciences) and anti-β-Actin (C-4; sc-47778; 

Santa Cruz Biotechnology) in PBST. Membranes were then incubated for 1 hour at 

room temperature with secondary antibodies Alexa Fluor 488 Goat anti-Rabbit IgG 

antibody (A-11008; Thermo Fisher Scientific) and ECL Plex Goat anti-Mouse IgG-Cy5 

antibody (PA45009; Amersham Biosciences) in PBST.  Proteins were subsiquently 

detected and analyzed using Typhoon Trio and ImageQuant TL System (63005583; GE 

Healthcare Life Sciences).  

3.2.5 Cell culture  

 The Caco-2 cell line derived from human colorectal adenocarcinoma (HTB-37; 

ATCC, Manassas, VA) was cultured in Dulbecco’s modified Eagle medium (DMEM) (10-

0130CM, Corning, Manassas, VA) containing 10% heat-inactivated fetal bovine serum 

(Gibco, Burlington, ONT, Canada), 1% penicillin-streptomycin (15140-122; Life 

Technologies), and 1% MEM non-essential amino acids (Gibco, Grand Island, NY) at 

37˚C in a humidified atmosphere with 5% CO2. Cells were plated on polyester 

Transwell® permeable supports (0.4µm pores, 24 mm in diameter, Corning) and  
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cultured under standard conditions until confluency. Cells were maintained for 10 days 

after confluency was achieved before being used in downstream experiments. 

3.2.6 Exposure of Caco-2 monolayers to recombinant human IL-1α 

 To determine if the single pro-inflammatory cytokine that was significantly 

upregulated throughout the colon of diarrheic pigs infected with Brachyspira 

hyodysenteriae and Brachyspira hampsonii strain 30446 was responsible for the 

decrease in CFTR mRNA expression in vivo, polarized Caco-2 monolayers were 

exposed to human recombinant IL-1α (I2778; Sigma Aldrich). Polarized Caco-2 

monolayers were subsequently probed for changes in CFTR mRNA expression by RT-

qPCR. Both apical and basolateral surfaces were exposed to IL-1α at concentrations of 

10, 100 and 500 ng/ml for 24hrs. The Caco-2 cell line was chosen as no porcine colon-

derived cell lines are commercially available. To ensure that IL-1α had a biological effect 

on Caco-2 monolayers, qPCR primers were developed for prostaglandin-endoperoxide 

synthase 2 (PTGS2) which has been previously shown to become up-regulated in 

multiple cell types after IL-1α exposure (58, 131, 259). 

3.2.7 Caco-2 monolayer exposure to Brachyspira hampsonii lysate 

  To determine if Brachyspira has a direct effect on modulating ion channel 

expression I wanted to determine if a whole cell Brachyspira lysate was capable of 

down-regulating CFTR mRNA expression in Caco-2 cells. The Brachyspira hampsonii 

strain 30446 lysate was prepared by centrifuging 50ml of culture broth containing 

actively motile spirochete bacteria (108/ml) at 10,000 X g for 40 min, after which the 

supernatant was poured off (224). Bacterial pellets were resuspended in phosphate 

buffered saline (Gibco; 10010-023, Life Technologies) and vortexed until the pellet 
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completely dissolved. This material was subsequently disrupted by sonication (Sonics & 

Materials Inc., Danbury, CT, USA) at 50% duty for 120 s at 4˚C (224). Lysate total 

protein concentrations were determined using BCA protein assay (ThermoFisher; 

Rockford, IL) using bovine serum albumin (BSA) as a standard according to the 

manufacture's protocol. Polarized Caco-2 monolayers were exposed apically to the 

whole cell Brachyspira hampsonii lysate (0.005-50µg/ml) in PBS or a PBS control for 

48hrs. 50µg/ml of total bacterial protein was determined to be ~108 CFU/ml and 

considered a pathophysiological concentration. 

3.2.8 Statistical analysis 

Data was normally distributed (Shapiro-Wilk test; P > 0.05) and are expressed as 

mean + standard error of the mean (SEM).  Change in Isc between diseased and control 

colon were analyzed using nested ANOVA (tissue replicates within pig) and Tukey post-

hoc. Each colonic segment (proximal, apex, distal) were analyzed independently. 

Differences between tissue resistances and initial potential differences for diseased and 

control segments of colon were similarly analyzed using nested ANOVA.  One-way 

ANOVA with Tukey post-hoc was used to assess log transformed (log10) fold changes 

for in vivo data obtained by RT-qPCR. Fold changes obtained by RT-qPCR for in vitro 

data was analyzed by Student’s t-test. Western blot analysis was analyzed with 

Student’s t-test (control vs. Brachyspira species in two separate analyses). Significance 

was set a priori at P < 0.05. 
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3.3 Results 

3.3.1 Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 

significantly reduces cAMP and calcium-activated short-circuit current in the 

porcine colon.  

Electrogenic anionic secretion was assessed in Ussing chambers via activation 

of apical Cl- channels and inhibition of basolateral NKCC1 in control and diseased colon 

tissues. Tissues from diarrheic pigs had a significantly decreased (P < 0.001) cAMP-

activated Isc in response to β-adrenergic stimulation of adenylyl cyclase via 

isoproterenol when compared to control in all three segments of the colon, (Figures 

3.1A, 3.2A, 3.3A) suggesting a decrease in anionic transport through CFTR.  

Isoproterenol activates CFTR when it binds the adrenergic receptor dissociating the G-

coupled protein into an α and β-subunit. The β-subunit binds with adenylate cyclase 

converting ATP into cAMP which binds to the regulatory subunits of protein kinase A 

(PKA), thereby phosphorylating and activating CFTR increasing the Isc. Additionally, 

calcium-activated Isc was severely reduced throughout the colon (P < 0.001) by 

cholinergic activation by carbachol when compared to control (Figure 3.1B, 3.2B, 3.3B).  

Carbachol binds to muscarinic acetylcholine receptors resulting in an intracellular influx 

of Ca2+ causing activation of calcium-activated ion channels. 

Further activation of cAMP by forskolin/IBMX resulted in a significant decrease (P 

< 0.001) in cAMP-induced Isc throughout the colon when compared to control (Figures 

3.1C, 3.2C, 3.3C). Forskolin acts directly on adenylyl cyclase resulting in elevated levels  
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Figure 3.1. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
decrease anionic short-circuit current in the proximal segment of the porcine 
colon. 

Change in Isc in response to the addition of ion channel activators (isoproterenol; A, 
carbachol; B, forskolin/IBMX; C) and Na+-K+-2Cl- 1 inhibitor (bumetanide; D) in the 
proximal segment of control and diseased porcine colon. Transepithelial electrical 
resistance (TEER) (E) of control and diseased porcine colon after twenty minutes of 
equilibration. Initial potential difference (F) of diseased and control proximal colon after 
twenty minutes of equilibration. Isc = short-circuit current; Data presented as mean + 
SEM, analyzed using nested ANOVA and Tukey Post Hoc. * = P < 0.001 (n=18 ctrl, 
n=17 B. hyodysenteriae, n=16 B. hampsonii strain 30446). 
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Figure 3.2. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
decrease anionic short-circuit current in the apex segment of the porcine colon. 

Change in Isc in response to the addition of ion channel activators (isoproterenol; A, 
carbachol; B, forskolin/IBMX; C) and Na+-K+-2Cl- 1 inhibitor (bumetanide; D) in the apex 
segment of control and diseased porcine colon. Transepithelial electrical resistance 
(TEER) (E) of control and diseased porcine colon after twenty minutes of equilibration. 
Initial potential difference (F) of diseased and control apex colon after twenty minutes of 
equilibration. Isc = short-circuit current; Data presented as mean + SEM, analyzed using 
nested ANOVA and Tukey Post Hoc. * = P < 0.001 (n=18 ctrl, n=17 B. hyodysenteriae, 
n=16 B. hampsonii strain 30446). 
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Figure 3.3. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
decrease anionic short-circuit current in the distal segment of the porcine colon. 

Change in Isc in response to the addition of ion channel activators (isoproterenol; A, 
carbachol; B, forskolin/IBMX; C) and Na+-K+-2Cl- 1 inhibitor (bumetanide; D) in the distal 
segment of control and diseased porcine colon. Transepithelial electrical resistance (E) 
of control and diseased porcine colon after twenty minutes of equilibration. Initial 
potential difference (F) of diseased and control distal colon after twenty minutes of 
equilibration. Isc = short-circuit current; Data presented as mean + SEM, analyzed using 
nested ANOVA and Tukey Post Hoc. * = P < 0.001 (n=18 ctrl, n=17 B. hyodysenteriae, 
n=16 B. hampsonii strain 30446). 
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of cAMP, thereby activating PKA and causing phosphorylation of CFTR. IBMX is 

a phosphodiesterase inhibitor which inhibits the degradation of cAMP.  Inhibition of 

NKCC1 with bumetanide, blocking the anionic component of the Isc resulted in less of a 

decrease in Isc in diseased tissues compared to control (P < 0.001) (Figure 3.1D, 3.2D, 

3.3D). This difference in bumetanide inhibition, which prevents basolateral to apical 

anionic movement, confirms the impact that these two Brachyspira species have on 

decreasing anionic secretion (experimental representative traces in Figure 3.4A-I).   

Differences in electrogenic secretion was not attributed to differences in tissue 

resistance. Tissue resistances were measured for all colonic segments in diseased and 

control tissues by Ussing chamber (Figure 3.1E, 3.2E, 3.3E).  No significant difference 

between infected and control tissues were noted, suggesting that these two Brachyspira 

species do not alter the integrity of the colonic mucosa as indicated by the decrease in 

Isc. Finally, Brachyspira infected tissues have been previously reported to have lower 

cAMP levels (277), potentially resulting in lower initial resting potential difference (PD). I 

found no difference in PD, except in the proximal segment of diarrheic pigs infected with 

Brachyspira hampsonii strain 30446 (Figure 3.1F, 3.2F, 3.3F). Thus, changes in initial 

resting PD do not account for changes found in the agonist-induced Isc.  

3.3.2 RT-qPCR analyses of Cl- channels and NKCC1 

Gene expression was assessed by RT-qPCR for the major chloride channels and 

transporters in the colonic epithelium to determine the mechanism(s) behind the 

decrease in anionic secretion. mRNA expression of CFTR, the major cAMP-activated 

chloride channel in the gut epithelium, was significantly down-regulated in the proximal  
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Figure 3.4. Representative Isc traces of control, Brachyspira hyodysenteriae, and 
Brachyspira hampsonii strain 30446 infected colonic segments. 

Experimental Isc traces representing cellular responses to activating and inhibiting drugs 
in the proximal, apex and distal segments of control pigs (A-C), Brachyspira 
hyodysenteriae (D-F) and Brachyspira hampsonii strain 30446 (G-I) respectively.  
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and apex colonic segments of both Brachyspira hyodysenteriae (P < 0.05) and 

Brachyspira hampsonii strain 30446 (P < 0.05) diseased pigs (Table 3.3). 

Furthermore, members of the calcium-activated Cl- channel families, anoctamin 

and bestrophin were similarly down-regulated (P < 0.05) throughout the colon of 

diarrheal pigs (Table 3.3). The exceptions to this phenomenon were BEST2 and 

TMEM16A. BEST2 mRNA expression was significantly elevated in all three segments of 

the colon for both Brachyspira species (P < 0.05) (Table 3.3). BEST2 is found on the 

basolateral membrane of goblet cells and is highly permeable to basolateral entry of 

HCO3
- which would contribute to an increase, rather than a decrease in Isc  (332). 

TMEM16A mRNA expression, however, was not significantly different from control in 

any segment of the porcine colon in diarrheic pigs (Table 3.3). Thus, changes in 

TMEM16A gene expression could not account for all electrophysiological observations. 

Porcine CLCA1 was significantly down-regulated in the apex and distal segments 

of diarrheic pigs (P < 0.05), while CLCA4 was significantly down-regulated in all three 

segments of colon infected with Brachyspira species (P < 0.05) (Table 3.3).  This is an 

unexpected observation because these gene products are usually increased during 

epithelial inflammatory processes and seem to modulate both inflammatory responses 

and epithelial ion channel activity (57).  Both human and porcine CLCA1 increase whole 

cell CaCC activity (112, 192), while human CLCA1 increases TMEM16A in a paracrine 

manner (269, 334). 

Additionally, there was a significant decrease in the expression of basolateral ion 

transporter NKCC1 in the apex of diarrheic pigs infected with Brachyspira 

hyodysenteriae (P < 0.05) (Table 3.3). This decrease in NKCC1 mRNA expression was 
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not significantly different than control in the proximal or distal segments of Brachyspira 

hyodysenteriae infected pigs or in any of the colonic segments of pigs infected with 

Brachyspira hampsonii. This finding suggests that NKCC1 is not entirely responsible for 

the decrease in apical anion conductance. The decreased inhibition of Isc by 

bumetanide throughout the colon of diarrheic pigs is likely due to decreased anion 

conductance through CFTR and calcium-activated Cl- channels resulting in a reduced 

secretory response. 

3.3.3 Western blot analysis of TMEM16A 

 Western blot was performed to elucidate the mechanism of the paradoxical 

unchanged TMEM16A mRNA expression and the decreased calcium-activated Isc. 

TMEM16A channel protein was significantly decreased in the proximal (P < 0.001) (P < 

0.001), apex (P = 0.011) (P < 0.001) and distal (P < 0.001) (P < 0.001) segments of 

diarrheic pigs infected with Brachyspira hyodysenteriae and Brachyspira hampsonii 

strain 30446, respectively, when compared to controls (Figure 3.5 A, B). This decrease 

in TMEM16A protein throughout the colon of diarrheic animals correlates with the 

decrease in calcium-activated Isc observed after the addition of carbachol. This finding 

suggests that Brachyspira spp. may be able to cause post-translational modification of 

TMEM16A protein resulting in its degradation. 

3.3.4 RT-qPCR analyses of colonic mucin mRNA expression 

Mucin gene transcripts were examined in the proximal, apex and distal segments 

of the porcine colon of pigs infected with Brachyspira hyodysenteriae and Brachyspira 
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Figure 3.5. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
significantly reduce TMEM16A protein expression in the porcine colon. 

Western blot (A) and densitometry (B) of TMEM16A (~93 kDa) compared to β-actin 
(~43 kDa) reference for Brachyspira hyodysenteriae and Brachyspira hampsonii strain 
30446 infected proximal, apex and distal segments of porcine colon relative to control 
within segment. TMEM16A = anoctamin 1, β-actin = beta-actin. Data presented as 
mean + SEM, analyzed using Student’s t-test. * = P < 0.05 (n=3 ctrl, n=3 B. 
hyodysenteriae, n=3 B. hampsonii strain 30446). 
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hampsonii strain 30446. Previous research has shown that diarrheic pigs infected with 

Brachyspira hyodysenteriae had a significant increase in MUC2 and MUC5AC 

expression in the mid-section of the porcine colon (251). My findings partially agree with 

these findings in which I found that MUC5AC mRNA expression was significantly up-

regulated (P < 0.05) in all three segments of colon in both Brachyspira hyodysenteriae 

and Brachyspira hampsonii infected pigs (Table 3.4). However, I found that MUC2 

expression in the colon of diarrheic pigs was not significantly different than control 

animals (Table 3.4). Likewise, MUC4 expression throughout the colon was not 

significantly different from control while MUC1 mRNA expression was significantly 

down-regulated (P < 0.05) in all three colonic segments of diarrheic pigs (Table 3.4). My 

findings support the previous report that Brachyspira hyodysenteriae and now 

Brachyspira hampsonii strain 30446 infections alter mucin gene transcription to develop 

a favorable mucin environment in the host’s colon, aiding in bacterial colonization and 

growth.   

3.3.5 RT-qPCR analyses of regulatory colonic cytokine mRNA expression 

Regulatory cytokines known to modulate ion channel function were assessed in 

pigs infected with both Brachyspira species. IL-10, a potent inhibitor of immune-

mediated inflammation, was not significantly different in diarrheic pigs when compared 

to control except for the distal segment of pigs infected with Brachyspira hampsonii 

which was significantly down-regulated (P < 0.05) (Table 3.5). TGF-β1 functionally 

down-regulates CFTR and TMEM16A mRNA and protein expression resulting in 

impaired Cl- and HCO3
- secretion (137, 293). TGF-β1 and TGF-β2 were significantly 

down-regulated in the distal colon (P < 0.05) of diarrheic pigs while expression in the  
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proximal and apex segments was not significantly different from control (Table 3.5). 

TGF-β3 was significantly down-regulated in all three segments of colon in diarrheic pigs 

infected with Brachyspira spp. (P < 0.05) (Table 3.5). Based on these findings it appears 

that regulatory cytokines are not responsible for the decrease in the anionic secretory 

response. 

3.3.6 RT-qPCR analyses of pro-inflammatory colonic cytokine mRNA expression  

A possible mechanism that may explain the decrease in cAMP and calcium-

activated Isc is elevated gene expression of pro-inflammatory cytokines, which are 

known to modulate ion channel and transporter function (67, 132, 258).  My RT-qPCR 

results indicate that there was a significant increase in IL-1α expression in all three 

colonic segments (P < 0.05), and significantly elevated IL-1β expression in the distal 

segments of pigs infected with both Brachyspira species (P < 0.05) (Table 3.6).  

However, TNF-α was significantly down-regulated (P < 0.05) throughout the colon of 

diarrheic pigs, while IFN-γ mRNA expression remained unchanged except for the apex 

segment of pigs infected with Brachyspira hampsonii which had significantly decreased 

expression (P < 0.05) (Table 3.6).  

IL-6 expression was significantly up-regulated in the proximal segment (P < 0.05) 

of diarrheic pigs infected with Brachyspira hampsonii, while IL-8 expression was 

significantly up-regulated in the apex (P < 0.05) and distal (P < 0.05) segments of these 

same animals (Table 3.6). IL-18 mRNA expression was significantly up-regulated in the 

proximal and apex (P < 0.05) segments of Brachyspira hampsonii disease pigs and only 

the apex (P < 0.05) segment of Brachyspira hyodysenteriae diseased pigs (Table 3.6).
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Furthermore, IL-17A expression was determined to be significantly up-regulated only in 

the apex (P < 0.05) of pigs infected with Brachyspira hyodysenteriae (Table 3.6). 

The present findings partially agree with those of Kruse et al. who examined 

blood cytokine profiles of pigs infected with Brachyspira hyodysenteriae (176).  IL-1β 

was found to increase at the onset of diarrhea, while TNF-α was detected after 

inoculation with a peak occurring during the diarrheal period (176). Additionally, IFN-γ 

was not detected at any time after inoculation (176). Cytokine mRNA profiles of colonic 

samples from diarrheic pigs infected with Brachyspira hyodysenteriae had elevated 

levels of IL-1β, IL-6, IL-8, and IL-17A, however, this study only examined the mid-

section of the porcine colon which is not representative of the entire colon (252). 

Furthermore, porcine colonic explants exposed to live Brachyspira hyodysenteriae for 8 

hours had a significant increase in IL-1α mRNA expression while IL-8, IFN-γ and TNF-

α’s expression was unchanged compared to control (322). My findings, however, 

revealed that only IL-1α was upregulated throughout the porcine colon in diarrheic 

animals.  

3.3.7 IL-1α does not decrease CFTR mRNA expression in polarized Caco-2 

monolayers 

 To investigate whether the up-regulation of IL-1α mRNA expression throughout 

the colon of diarrheic pigs was responsible for the decreased expression of CFTR 

mRNA and reduced cAMP Isc, polarized Caco-2 monolayers were exposed to varying 

concentrations (10, 100 and 500ng/ml) of human recombinant IL-1α for 24hrs. RT-

qPCR revealed that IL-1α had no effect on modulating CFTR gene expression at any 

concentration when compared to control (Table 3.7). To ensure that IL-1α was 
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biologically active in my model, PTGS2 mRNA expression was assessed as IL-1α 

exposure results in elevated expression in several cell types (58, 131, 259). I found that 

all monolayers independent of IL-1α concentration had a significant 2-fold increase in 

PTGS2 mRNA expression (P < 0.05) (Table 3.7).  

3.3.8 Brachyspira hampsonii lysate decreases CFTR mRNA expression while 

increasing IL-1α expression in polarized Caco-2 monolayers 

 To determine if a Brachyspira lysate was capable of directly altering CFTR 

mRNA expression, polarized Caco-2 monolayers were exposed to varying 

concentrations of lysate (0.005-50µg/ml) for 48hrs. My results revealed that lysate 

concentrations of 5 and 50µg/ml was capable of significantly down-regulating CFTR 

expression (P = 0.008) (P = 0.003) (Figure 3.6A) while NKCC1 (Figure 3.6B) was not 

significantly different from control. Additionally, lysate exposure resulted in a significant 

increase in IL-1α mRNA expression at a lysate concentration 50µg/ml (P = 0.003) 

(Figure 3.7A). IL-1β however, was not significantly different from control at any lysate 

concentration (Figure 3.7B).
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Figure 3.6: Brachyspira hampsonii strain 30446 lysate down-regulates CFTR mRNA 
expression after 48hrs with no effect on NKCC1 mRNA in Caco-2 monolayers. 

Fold change in CFTR and NKCC1 mRNA expression compared to control as measured 

by RT-qPCR after exposure to a Brachyspira hampsonii strain 30446 whole cell lysate 

at five concentrations (0.005-50μg/ml) for a period of 48 hours. CFTR = cystic fibrosis 

transmembrane conductance Regulator, NKCC1 = Na
+
-K

+
-2Cl

-
 1 co-transporter. Data 

presented as mean + SEM, analyzed using one-way ANOVA. * = P < 0.05. (n=6). 
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Figure 3.7: Brachyspira hampsonii strain 30446 lysate up-regulates IL-1α mRNA 
expression while IL-1β mRNA is not affected after 48hrs in Caco-2 monolayers. 

Fold change in IL-1α and IL-1β mRNA expression compared to control as measured by 

RT-qPCR after exposure to a Brachyspira hampsonii strain 30446 whole cell lysate at 

five concentrations (0.005-50μg/ml) for a period of 48 hours. IL-1α = interleukin-1 alpha, 

IL-1β = interleukin-1 beta. Data presented as mean + SEM, analyzed using one-way 

ANOVA. * = P < 0.05. (n=6). 
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3.4 Discussion  

In humans and swine, diarrhea accompanied by excessive mucus production is a 

pathology of intestinal spirochetosis caused by Brachyspira spp (49, 121, 127, 206, 

266).  In vitro, Brachyspira pilosicoli and Brachyspira hyodysenteriae have been shown 

to be attracted to mucin concentrations of 6-8% similar to the viscosity of the mucus 

layer covering the epithelium in the colon (223). Furthermore, a strong chemotactic 

response by Brachyspira hyodysenteriae to porcine mucin components serine and 

fucose and binding to mucin carbohydrate structures in vivo have been described (161, 

207, 251). These previous findings suggest that the niche mucus environment in the 

colon following Brachyspira infection is important for bacterial colonization and growth. 

This study provides a new understanding of the pathophysiologic and cellular changes 

resulting in decreased electrogenic anionic transport that supports mucus thickening 

and disorganization in the colon of diarrheic pigs infected with Brachyspira 

hyodysenteriae and Brachyspira hampsonii. These findings further our understanding of 

animal and human intestinal spirochetosis. 

Epithelial ion transport of Cl- and HCO3
- heavily influences the properties of 

mucins and the mucus environment in the gastrointestinal tract (98, 115, 151, 253). 

Previous research has shown that Brachyspira hyodysenteriae and Brachyspira 

hampsonii cause elevated expression and synthesis of gel-forming mucins MUC2 and 

MUC5AC (251, 323). Gel-forming mucins are stored at a low pH in a high Ca2+ 

concentration within goblet cells and require Ca2+ binding following secretion (148). 

Mucin Ca2+ binding typically occurs by binding HCO3
-, allowing repulsive electrostatic 

forces to unfold and expand mucins more than 1000-fold in volume (148, 253). Without 
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HCO3
- present, mucins aggregate and accumulate, and if not removed will entrap debris 

and bacteria resulting in tissue damage (98, 114, 253). 

Additionally, Cl- and its interaction with Ca2+ is essential for maintaining mucin 

rheological properties relating to viscosity (90). Anion secretion through apical Cl- 

channels, specifically CFTR appears to be critical in the proper expansion of mucins 

following secretion by goblet cells (98). Mice containing the defective ΔF508 CFTR 

gene expressed in cystic fibrosis were unable to transport HCO3
- leading to aggregation 

and accumulation of mucins in the ileum preventing the clearance of pathogens (253). 

Additionally, mice suffering from Citrobacter rodentium infection had significantly 

reduced changes in Isc in the colon following activation with cAMP and cholinergic 

agonists, correlating with thickening of the mucus layer overlying the colonic mucosa 

(115). It is important to mention that in mice suffering from Citrobacter rodentium the 

authors found that the decrease in agonist-induced Isc correlated with the onset of 

bacterial clearance (115). However, Brachyspira hyodysenteriae infections appear to 

differ greatly from Citrobacter infections in mice as mucin organization was not 

disrupted, and no MUC5AC expression was detected (115, 251). It is important, 

however, to acknowledge the effects that apical anion secretion has on modifying the 

mucus environment within the gastrointestinal tract.   

Previous research concluded that Cl- unidirectional flux from the blood to lumen 

in pigs experimentally infected with Brachyspira hyodysenteriae was unaffected, while 

absorption was abolished (13). This contrasts with the findings of the present study, 

where both Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 

infections resulted in a significant decrease in cAMP and calcium-activated Isc anionic 
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current. This decrease correlated with a significant increase in MUC5AC expression 

throughout the colon, as previously reported (251). Additionally, the current study found 

no significant effect on tissue resistance, a measure of epithelial barrier function. Thus, 

my findings partially agree with the previous work, which also reported that barrier 

function in diarrheic animals infected with Brachyspira hyodysenteriae was not 

compromised (13, 277). 

The differences in conclusions between studies maybe a result of assumptions 

made, and techniques used. Previous work used pilot experiments in healthy pigs 

demonstrating linear radiolabelled 22Na and 36Cl flux.  This led the authors to use a 

simplified version of the Berger and Steele equation (13, 28, 277), along with the total 

volume and concentration of cold non-isotope Na+ and Cl-, to indirectly calculate the 

blood to lumen unidirectional flux of Cl- (13, 277). If the author’s assumptions were 

incorrect, a blood to lumen change in Cl- flux would be missed, and a decrease in 

secretion could have been overlooked in a larger decrease in absorption. 

Secondly, bicarbonate unidirectional flux was not assessed. Agonist-induced net 

bicarbonate secretion using 40mM theophylline, which inhibits the degradation of cAMP, 

was abolished in diarrheic animals (277).  Anionic Isc is carried by both Cl- and HCO3
-, 

as HCO3
- is preferentially transported through CFTR, BEST2, and BEST4 (249, 299, 

332). Thus, if the previous authors’ assumptions regarding unidirectional fluxes hold 

true, the decrease in anionic current Isc reported herein could predominately result from 

a change in HCO3
- transport. However, a decrease in the transport of HCO3

- through the 

characterized transporters I report should also lead to decreased Cl- transport from the 
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blood to the lumen, which would be in conflict with conclusion of the previous study (13, 

277).  

Additionally, previous studies did not take into account regional differences in 

anion transport which have been described in both rat and human colon (228, 237). 

Thus, if only one segment of the colon was sampled the results of the current study may 

have differed due to the anatomical location that colonic samples were taken from.  

However, analyses of Isc measurements in Ussing chambers revealed that anionic Isc 

was decreased similarly in all colonic segments of diarrheic pigs infected with 

Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446.  

 None-the-less, these findings combined with previous conclusions indicate that 

diarrhea caused by Brachyspira hyodysenteriae infections is unlike the diarrhea caused 

by enteropathogenic E.coli’s heat labile and heat stable enterotoxins, and Vibrio 

cholerae’s cholera toxin and NAG-stable toxin that cause excessive Cl- and HCO3
- loss 

(56, 108, 316). The presented study adds to this assertion by confirming a lack of cAMP 

driven Cl- and HCO3
- loss through apical chloride channels. However, the decreased 

electrogenic anionic secretory response favours mucus thickening and reduced 

clearance, promoting spirochete colonization and growth. 

3.4.1 Decreased channel expression correlates with a decrease in Isc  

Diseases such as inflammatory bowel disease, cystic fibrosis, and models of 

intestinal inflammation have been associated with decreased anionic secretion, 

however, not all are due to a decrease in mRNA channel expression (11, 16, 92, 111, 

138, 197, 232, 271). In the present study, the decrease in agonist-induced Isc correlated 
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with a decrease in anion channel expression. Apical Cl- channels (CFTR, TMEM16A) 

were found to have decreased gene transcripts or protein expression in the colon 

explaining the decrease in Isc. The exception to this is BEST2 throughout the colon of 

diarrheic pigs infected with Brachyspira hyodysenteriae and Brachyspira hampsonii 

strain 30446. This overall decrease in anionic secretory function in the colon would be 

beneficial to the pathogen as a decrease in anionic secretion causes mucus stagnation 

allowing for greater colonization of Brachyspira species and prolonged inflammation 

(114). 

3.4.2 Increase or no change in channel expression results in a decrease in Isc   

Elevated expression of BEST2 would also favour the altered colonic mucin 

environment in diarrheic animals. BEST2 is activated by calcium, and expressed on the 

basolateral membrane of goblet cells with a high permeability to HCO3
- (332).  Given 

that previous work demonstrated that diarrheic pigs infected with Brachyspira 

hyodysenteriae had an abundance of goblet cells in their colonic epithelium compared 

to controls, an increase in BEST2 expression is not unexpected (251).  This is likely 

driven by the host’s inflammatory response, as cytokines have been shown to 

differentiate epithelial cells to goblet cells (242, 301). This increased goblet cell 

population would increase the number of BEST2 channels on the basolateral 

membrane of the mounted epithelial tissue in the Ussing chamber. This, in turn, would 

increase the calcium-activated cholinergic induced basolateral entry of bicarbonate into 

mucin-secreting goblet cells. However, human and mouse goblet cells do not express 

CFTR suggesting that BEST2 works in concert with the electroneutral Cl--HCO3
- 
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exchanger SLC26A3 (332). Thus, an increase in BEST2 expression would not affect the 

observed Isc. 

TMEM16A, an epithelial, apically located calcium-activated anion channel, had 

no significant change in mRNA expression when compared to control in all three colonic 

segments of diarrheic pigs. Paradoxically, the cholinergic calcium-activated Isc was 

significantly inhibited in all segments of diseased colon samples. Given the apical 

location of TMEM16A, one would expect no change in Isc in the proximal, apex and 

distal segments of the colon. One explanation could be the down-regulation of CLCA1 

and CLCA4 in all colon segments infected with Brachyspira species. CLCA1 has been 

reported to stabilize TMEM16A on the cell surface, thus increasing surface expression 

which results in activation of calcium-activated Isc (269). TMEM16A protein expression 

was significantly reduced in all colonic segments of diarrheic pigs infected with 

Brachyspira. These findings suggest that the decreased expression of CLCA1 could be 

responsible for the decrease in calcium-activated Isc generated by TMEM16A by protein 

destabilization. This demonstrates the importance of CLCA1 for proper function of 

TMEM16A in colonic tissue.  Alternatively, a possible mechanism is that these 

Brachyspira species can inhibit the translation of channel mRNA to functional protein by 

a yet to be determined mechanism.  

Although it is clear that changes in expression of anion channels and 

transporters are responsible in part for the decrease in anionic Isc, it is not clear how 

Brachyspira induces these changes. Brachyspira infections appear to inhibit both 

transcriptional and translational processes. Part of the mechanism by which Brachyspira 

species accomplish this could be by altering of the host’s cytokine responses, as 
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previous work has demonstrated strong cytokine regulation of ion channels (67, 132, 

137, 258, 293).   

3.4.3 Cytokines known to regulate anionic secretion do not account for the 

decrease in Isc 

TNF-α and IFN-γ can cause decreased functionality of CFTR, calcium-activated 

Cl- channels, and NKCC1 in human intestinal epithelial cells after 48-hour exposure in 

vitro (67, 132, 258). TNF-α and IFN-γ down-regulate mRNA expression of CFTR, 

however, this is at a post-transcriptional level since these cytokines do not affect 

transcription rate (31, 221).  Collectively, this post-transcriptional effect occurs by 

destabilizing CFTR mRNA (31, 221). However, the present study demonstrated 

decreased or no change in TNF-α and IFN-γ mRNA expression compared to control.  

IL-1β has dose-dependent effects on CFTR mRNA and protein expression in 

human colonic T84 cells in vitro (44).  Exposure of IL-1β to T84 cells at concentrations 

between 0.25-0.5ng/ml for 4 hours resulted in increased CFTR mRNA and protein 

expression (44). In contrast, cells exposed to IL-1β at concentrations of >1ng/ml 

significantly down-regulated CFTR mRNA and protein expression (44). In the present 

study, IL-1β mRNA expression was significantly up-regulated only in the distal segment 

of diarrheic pigs which does not account for the decrease in cAMP-induced Isc in the 

proximal and apex segments of pig with diarrhea.   

Alternatively, some of the effect may be mediated through lower initial tissue 

levels of cAMP prior to agonist addition, as previously observed (277). Pro-inflammatory 

cytokines are responsible for an increase in the expression of the PTGS2 mRNA and 
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the functional enzyme required for the synthesis of prostanoids (65).  Prolonged in vitro 

exposure of Calu-3 cells to IL-1β displayed a significant decrease in cAMP 

accumulation and secretion of Cl- in response to PGE2 (64).  This effect was 

accompanied by PTGS2 induction and was abolished when the cells were treated with 

specific PTGS2 inhibitors (64). The mechanism by which this occurred was mediated by 

down-regulation of EP4 prostanoid receptors and adenylyl cyclase (64). This 

mechanism may partly explain the lower levels of cAMP found in the colonic epithelium 

of diarrheic pigs infected with Brachyspira hyodysenteriae (277). Collectively, it appears 

that long-term exposure to IL-1β impairs cAMP and Cl- responses via an autocrine loop 

involving PTGS2 induction. Thus, elevated expression of IL-1α and IL-1β would 

increase expression of PTGS2 and explain the decrease in cAMP-activated Isc observed 

in diseased colon samples. However, in the present study, tissues were stimulated with 

isoproterenol, a β2 adrenergic agonist. Unlike the EP4 receptor, the β2 adrenergic 

receptor is up-regulated by IL-1β (64). Thus, any tissue deficiencies in cAMP would 

likely be negated by increased receptor activation and cAMP production. Thus, it would 

seem that a decrease in initial tissue cAMP concentration does not account for the 

decreased cAMP channel activation. 

 TGF-β1 is a strong negative regulator of both CFTR and TMEM16A by reducing 

channel mRNA and protein expression in colonic and airway epithelial cell lines (137, 

293). Down-regulation of CFTR was attributed to TGF-β1 activation of p38 MAPK, while 

activation of pSmad-2/3 contributed to the down-regulation of TMEM16A (293).  In my 

study, however, mRNA expression of TGF-β1, TGF-β2, and TGF-β3 was down-

regulated or unchanged in diarrheic pigs compared to controls. Therefore, the 
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expression of TGF-β does not account for the decreased anion channel mRNA and 

protein expression in diarrheic pigs infected with either Brachyspira species 

investigated. 

3.4.4 IL-1α is not responsible for the decrease in CFTR mRNA expression 

 In the colon of diarrheic pigs infected with Brachyspira hyodysenteriae and 

Brachyspira hampsonii, only IL-1α was significantly upregulated in each of the three 

colonic segments sampled. IL-1α has previously been shown to cause an increase in Isc 

in rabbit ileum within 30-minutes of exposure to 5ng/ml (50, 58). Furthermore, 

myofibroblast cells preincubated with IL-1α significantly elevated Isc in acutely 

juxtaposed T84 monolayers (131). However, the increase in Isc in all cases was 

attributed to elevated expression of PTGS1 and PTGS2 resulting in elevated production 

of PGE2. To determine if IL-1α has concentration-dependent effects on modulating 

CFTR mRNA expression like IL-1β I exposed polarized Caco-2 monolayers to high 

levels of human recombinant IL-1α for 24hrs (44). However, my findings do not support 

the hypothesis that high concentrations of IL-1α have an effect on modulating CFTR 

mRNA expression in Caco-2 cells. However, IL-1α exposure did elevate PTGS2 mRNA 

expression in Caco-2 cells confirming that IL-1α had a biological effect. These findings 

suggest that the decrease in electrogenic Isc and decrease in anion channel mRNA in 

Brachyspira diseased pigs is not attributed to the host’s cytokine response. Given these 

findings, it is more likely that Brachyspira spp. are able to inhibit transcriptional and 

translational processes directly or by the aid of a toxin (49). 
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3.4.5 Brachyspira hampsonii lysate down-regulates CFTR mRNA in Caco-2 

monolayers 

 To determine if a bacterial component of Brachyspira was capable of directly 

modulating CFTR mRNA expression in Caco-2 cells, polarized Caco-2 monolayers 

were exposed to different concentrations (0.005-50µg/ml) of Brachyspira hampsonii 

lysate for 48hrs. My findings revealed that the bacterial lysate caused a significant 

decrease in CFTR mRNA expression following lysate exposure at concentrations of 5 

and 50µg/ml. Furthermore, a significant increase in IL-1α expression was observed at a 

lysate concentration of 50µg/ml while IL-1β remained unchanged compared to control. 

As IL-1α was the only cytokine significantly upregulated in the colon of diarrheic pigs 

and is not responsible for the down-regulation of CFTR mRNA expression, my research 

points to a direct effect of the bacteria. This is not the first report of a direct effect 

caused by Brachyspira, as live Brachyspira hyodysenteriae exposed to neutrophil 

elastase resulting in degradation of membrane proteins caused elevated mucin 

production and mucin transport rates in HT29 MTX-E12 cells (252). This finding along 

with my current research demonstrates that the destruction of Brachyspira releases a 

bacterial component that results in a direct modification of cellular processes, 

specifically those that aid in modifying the colonic mucus environment. 

3.5 Conclusion   

Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 evoke a 

decreased electrogenic anionic secretory response in experimentally infected, diarrheic 

animals, primarily accomplished by decreasing the expression of anionic channels and 

transporters. This decrease in the anionic secretory response supports the altered 
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mucin environment observed in diarrheic pigs. These Brachyspira spp. induce a strong 

IL-1α inflammatory response throughout the colon, however, IL-1α was not responsible 

for the decrease in CFTR mRNA expression. However, exposure of Caco-2 monolayers 

to a Brachyspira hampsonii lysate resulted in down-regulation of CFTR and 

upregulation of IL-1α gene transcripts. Additionally, loss of ion channel protein 

TMEM16A throughout the colon without any change in gene expression suggests that 

these two bacteria can directly impair transcription and translation of ion channels. I 

present strong evidence for a decrease in blood to lumen movement of anions in 

diarrheic animals which supports mucus thickening and stagnation favouring spirochete 

colonization. These findings add new insight into the pathophysiological mechanisms in 

the development of an altered mucin environment during spirochetosis. 
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The effects of Brachyspira hyodysenteriae and Brachyspira hampsonii spirochetosis on 

Na+ transport was assessed in the colon to determine its contribution to diarrheal 

disease, in pigs following experimental infection. Electrogenic and electroneutral Na+ 

absorption was assessed in Ussing chambers by radiolabelled 22Na flux and 

pharmacological inhibitory studies. Basal radiolabelled 22Na flux experiments revealed 

that Jms was significantly impaired in B. hyodysenteriae and B. hampsonii diseased 

pigs. Inhibition of Jms by amiloride was significantly reduced in diseased pigs. This 

impairment of Jms was not due to changes in electrogenic Na+ absorption via ENaC. 

Inhibition of electrogenic short-circuit current (Isc) through ENaC via amiloride in the 

proximal, apex, and distal colonic segments of diseased pigs were not different from 

control, suggesting that electroneutral Na+ absorption is responsible for diarrheal 

development. These findings were further supported by significant down-regulation of 

Na+/H+ exchanger (NHE1, NHE2, and NHE3) mRNA expression in the proximal, apex 

and distal colonic segments paired with decreased protein expression of the critical 

NHE3 isoform. The decrease in NHE3 mRNA expression was not attributed to the 

host’s cytokine response as human IL-1α did not modify NHE3 mRNA expression in 

Caco-2 cells. However, a whole cell Brachyspira hampsonii lysate significantly down-

regulated NHE3 mRNA expression in Caco-2 cells. Together these findings provide 

mechanism for the spirochete induced malabsorptive diarrhea, supported by a 

decrease in electroneutral Na+ absorption in the porcine colon due to Brachyspira’s 

ability to inhibit NHE3 transcription, driving diarrheal disease.  
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4.1 Introduction 

Electroneutral Na+/ H+ exchange is responsible for developing the osmotic drive 

for fluid absorption along the gastrointestinal tract of mammals. Inhibition of this 

exchange process has been shown to contribute to diarrheal disease caused by 

multiple enteric pathogens. However, the effect of the colonic spirochete Brachyspira 

on the electroneutral exchange has not been determined. In humans, colonic 

spirochetosis is caused by B. pilosicoli and B. aalborgi (206, 307). In swine, B. 

hyodysenteriae and emergent Brachyspira hampsonii cause severe spirochetosis, 

causing production limiting diarrhea accompanied by varying amounts of fecal blood 

and mucous (49, 121, 266).  

Studies assessing the effect of Brachyspira spp. on solute transport have been 

limited to the swine isolate B. hyodysenteriae. B. hyodysenteriae has been described 

as causing malabsorptive diarrhea (13, 277). Ligated colonic loop experiments were 

utilized to determine the effects on Na+ and Cl- transport (13, 277). The authors 

concluded that B. hyodysenteriae abolished the absorptive capacity of the porcine 

colon while having no effect on secretion (13, 277). However, these studies were 

performed using a version of the Berger and Steele equation, and nonlinear changes in 

net electrolyte movement would lead to misinterpretation of the results (13, 28, 277). 

Additionally, the transporters that would need to be altered to produce this response 

were not assessed.  

The absorptive capacity of the epithelium affected by Brachyspira spp. is 

greatest in the porcine spiral colon which can be divided into the proximal, apex and 

distal segments. Absorption of Na+ and Cl- by the colonic epithelium is primarily 



 

87 
 

transported by electroneutral Na+/H+ (NHE) exchangers found in all three segments 

(181). The remaining Na+ absorption is electrogenic and is due to absorption through 

luminal ENaC which is predominantly expressed in the distal colon (246).  

Na+/H+ exchangers (NHE) are electroneutral cation exchangers in which a single 

extracellular Na+ is exchanged for a cytosolic H+. NHE isoforms 1-3 are predominantly 

expressed in intestinal epithelia with NHE2 and NHE3 predominantly expressed on the 

apical surface of epithelial cells in the ileum and colon (4, 35, 135). NHE1 is localized to 

the basolateral membrane of epithelial cells and plays an important role in the 

regulation of cellular pH (35). NHE3 is essential for Na+, and water absorption in the 

gastrointestinal tract as NHE3 knockout mice suffered from chronic diarrhea (280). The 

NHE2 knockout mouse model, however, did not result in diarrhea, suggesting that 

NHE3 is responsible for the majority of Na+ absorption and water homeostasis in the 

gastrointestinal tract (279). Furthermore, electroneutral Na+ absorption is inhibited by 

bacterial pathogens such as S. typhimurium, V. cholerae, and Campylobacter jejuni 

that cause an increase in intracellular Ca2+, cAMP and/or cGMP, inhibiting NHE2 and 

NHE3 (113, 153, 165, 292). Whereas enteropathogenic E. coli (EPEC) infections 

significantly downregulate NHE3 activity while NHE1 and NHE2 are stimulated in 

response to the infection in vitro however, diarrhea ensues (126).    

ENaC is a luminal Na+ channel responsible for the electrogenic absorption of 

Na+ in the distal colon (99, 274). The channel is made up of three homologous subunits 

α, β, and γ (42). Its function is regulated by mineralocorticoids and glucocorticoids such 

as aldosterone which have been shown to upregulate mRNA of ENaC’s β and γ-

subunits.  



 

88 
 

Here I characterized the pathophysiological effects of Brachyspira 

hyodysenteriae and Brachyspira hamposonii on Na+ absorption in the porcine colon. 

Electrogenic and electroneutral Na+ absorption via ENaC and NHE isoforms was 

assessed in the porcine colon in Ussing chambers. A decrease in electrogenic Na+ 

absorption was not observed. However, electroneutral radiolabelled 22Na flux revealed 

that Jms Na+ transport was significantly reduced. These findings along with a decrease 

in NHE isoforms 1-3 mRNA and reduced NHE3 protein expression support a reduction 

in the ability of the porcine colon to absorb Na+ during Brachyspira diarrhea. Loss of 

NHE3 gene transcripts was not attributed to the host’s cytokine response as IL-1α 

(Chapter 3)(322) did not reduce NHE3 mRNA expression in Caco-2 cells. However, a 

whole cell Brachyspira lysate significantly reduced NHE3 mRNA expression in Caco-2 

cells after 48hrs of exposure. These findings suggest that Brachyspira either directly or 

by aid of a secreted toxin are able to inhibit ion channel transcriptional processes 

resulting in diarrheal disease.  

4.2 Materials & Methods 

4.2.1 Animals 

Thirty 6-8 week-old purebred Yorkshire barrows were housed in pairs with 10 

pigs per room and provided an antibiotic-free diet with water ad libitum. Treatment 

groups were each housed in separate BSL2 animal care rooms. Pigs acclimated to their 

new environment for 7 days before they were inoculated with either Brachyspira 

hyodysenteriae strain G44 (kindly provided by Boehringer-Ingelheim Vet Medica, St. 

Joseph, MO; n=10), Brachyspira hampsonii strain 30446 (n=10) or a mock inoculum of 

sterile culture media (n=10). Feeders were removed from the pens 12 hours prior to 

inoculation, but water was not. Inoculation was conducted by passing a stomach tube 



 

89 
 

and flushing 30ml of 108-109 cells/ml inoculum into the stomach of a pig, followed by 

sterile PBS as previously described (266). Pigs were assessed daily for clinical signs of 

diarrhea, and fecal consistency-scores were taken twice a day to accurately determine 

the onset of diarrhea. Brachyspira challenged pigs developed diarrhea within 3-7 days 

post inoculation and were euthanized 24 hours after the onset of diarrhea. Control pigs 

remained healthy (non-diarrheic) and were euthanized on an age-matched basis with 

Brachyspira challenged pigs euthanized the same day. This research was designed and 

conducted in accordance with the Canadian Council for Animal Care and approved by 

the University of Saskatchewan Committee on Animal Care and Supply (Protocol 

#20130034). 

4.2.2 Electrogenic Ussing chamber studies 

Following euthanasia, 17-18 cm segments of proximal (2.5 cm distal of the 

cecum), apex of the spiral colon (midpoint between cecum and sigmoid colon) and 

distal (sigmoid colon) were collected and washed with Krebs buffer (pH 7.4) containing 

(in mM) 113 NaCl, 5 KCl, 1.6 Na2HPO4, 0.3 NaH2PO4•H2O, 25 NaHCO3, 1.1 

MgCl2•6H2O, 2.2 CaCl2•2H2O and 10 glucose, and chilled to 4⁰C as previously 

described (61). Samples were immediately transported back to the lab in Krebs buffer 

gassed with 95% O2 - 5% CO2.The colonic segments were then stripped with forceps by 

removing the serosa (visceral peritoneum) and the longitudinal/circular muscle layers of 

the intestinal wall, leaving only the submucosal elements, and the epithelium as 

previously described (61). The stripped tissues (4 tissue replicates of each segment per 

pig) were then places on 1cm2 tissue Ussing chamber inserts and inserted into the 

Ussing chamber (Physiologic Instruments, San Diego, CA). Each reservoir was 
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independently gassed with 95% O2-5%CO2. A heated circulating water bath warmed 

and maintained the buffer temperature within the Ussing chamber to 37⁰C. 

Transepithelial potential differences were short-circuited to 0 mV with a voltage clamp 

on the apical and basolateral chambers using Ag-AgCl electrodes and 3M KCl agar 

bridges as previously described (61). 

Tissues were allowed to equilibrate for twenty minutes before the addition of 

amiloride. Tissues were pulsed every 30 seconds with a 1 mV pulse, and the resulting 

current was used to determine tissue resistance. After the equilibration period, a 0.1mM 

(final conc.) amiloride (A7410; Sigma Aldrich) was added to the apical side of the 

Ussing chamber, selectively inhibiting ENaC. 

4.2.3 Characterization of electroneutral absorptive response in healthy and 

infected porcine colon 2 2Na flux study  

The apex of the spiral colon was collected following euthanasia and samples 

were prepared according to the protocol described above in the Electrogenic Ussing 

Chamber Studies section. Once the colon tissues were inserted into the Ussing 

chambers, short-circuit current was recorded, and two tissues were paired with one 

another. The tissues were recorded for twenty minutes before the addition of 22Na to 

reach a steady state current. 1 μCi of 22Na (PerkinElmer, Waltham, MA) was added to 

the apical side of chamber #1, and 1 μCi was added to the basolateral side of chamber 

#2. The side of the chamber that 22Na is added too is referred to as the “hot side” and 

the opposing side is referred to as the “cold side”. After the addition of 22Na, 100μl 

samples were removed from the hot side of both chambers immediately and placed in 

glass vials. The 100μl removed from the Ussing chamber was immediately replaced 
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with 100μl of fresh Krebs buffer. Samples (500μl) were removed from the cold side of 

both chambers and placed in glass vials and once again replaced with 500μl of fresh 

Krebs buffer. Samples (500μl) were removed from the cold side for the first 80 minutes 

for steady-state flux to be achieved. 

 At 80 minutes 0.1mM (final conc.) amiloride (A7410; Sigma Aldrich) was added 

to the apical side each tissue in the Ussing chamber. Amiloride, a potent inhibitor of 

luminal ENaC (276) and NHE isoforms 1 and 2 (100, 200, 239) was selectively used to 

assess the impact that Brachyspira hyodysenteriae and Brachyspira hampsonii strain 

30446 have on Na+ transport in vivo. Cold samples were removed in five-minute 

intervals for a total time of 20 minutes following the addition of amiloride. All samples 

collected were counted on a Titertek Plus Series gamma counter.    

Cold samples were used to calculate unidirectional mucosal-to-serosal (Jms), 

serosal-to-mucosal (Jsm) and net flux (Jnet = Jms – Jsm) for 22Na as previously described 

(281). Positive net flux values indicate net absorption while negative values indicate net 

secretion of the isotope. 

 

4.2.4 RT-qPCR analysis of ion channel and transporter mRNA expression  

 

Mucosal samples taken at the time of necropsy were stored in RNAlater® 

(AM7021; Ambion®) and homogenized in 1ml of TRIzol reagent (15596018; Life 

Technologies) and RNA extracted according to the manufacturer's protocol. A standard 

of <500ng/μl was used as exclusion criteria for RNA samples. 

 

cDNA was created from mRNA using the Go Script Reverse Transcription 

system (A5001; Promega) according to manufactures protocol. cDNA was diluted in 
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RNase-free water and frozen at -80˚C. Gene expression was assessed by RT-qPCR 

using GoTaq qPCR Master Mix (A6002; Promega) and Stratagene Mx5000P real-time 

qPCR machines according to manufactures protocol. The average CT (cycle threshold) 

value was used to calculate the fold difference of each gene using the ΔΔCt calculation 

method. Porcine primers were designed for GAPDH, NHE1, NHE2, NHE3, ENaC-α, 

ENaC-β and ATP1A1 (Table 4.1). Porcine GAPDH was used as the reference gene for 

the analysis. Human primers were designed for GAPDH, NHE2, NHE3, and PTGS2 

(Table 4.2). Human GAPDH was used as the reference gene for the analysis. 

 

4.2.5 Western blot analysis of NHE3 

 

Protein was extracted from control and diarrheic pigs from the apex segment of 

the colon using the ProteoExtract transmembrane protein kit (71772-3; Novagen®) 

according to manufactures protocol.  Samples were boiled in 2x denaturing buffer (20% 

glycerol, 4% SDS, 125 mM Tris pH 6.8, 0.3 mM bromophenol blue) containing 10% β-

mercaptoethanol (BME; M6250; Sigma-Aldrich) for five minutes and analyzed by 10% 

SDS-PAGE (286).  

 For western blot analysis, proteins were transfered onto PVDF membranes 

(RPN303LFP; GE Healthcare Life Sciences) at 0.2mA for 4 hours at 4⁰C with transfer 

buffer (25mM Tris, 192mM glycine, 20% methanol) (286).  Membranes were blocked for 

1 hour at room temperature with a 10% RapidBlock™ (M325-AMRESCO®) blocking 

solution and subsequently probed overnight at 4⁰C with primary antibodies anti-NHE3 

(ARP43870_P050; AVIVA Biosciences) anti-β-Actin (C-4; sc-47778; Santa Cruz 

Biotechnology) in a 10% RapidBlock™ solution. The membranes then incubated for 1 
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hour at room temperature with secondary antibodies Alexa Fluor 488 Goat anti-Rabbit 

IgG antibody (A-11008; Thermo Fisher Scientific) and ECL Plex Goat anti-Mouse IgG-

Cy5 antibody (PA45009; Amersham Biosciences) in 10% RapidBlock™ solution. 

Proteins were subsiquently detected and analyzed using Typhoon Trio and ImageQuant 

TL System (63005583; GE Healthcare Life Sciences). 

4.2.6 Cell culture  

 

  The Caco-2 cell line derived from human colorectal adenocarcinoma (HTB-37; 

ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle medium (DMEM) 

(10-0130CM, Corning, Manassas, VA) containing 10% heat-inactivated fetal bovine 

serum (Gibco, Burlington, ONT, Canada) Grand, 1% penicillin-streptomycin (15140-

122; Life Technologies), and 1% MEM non-essential amino acids (Gibco, Grand Island, 

NY) at 37˚C in a humidified atmosphere with 5% CO2. Cells were plated on polyester 

Transwell® permeable supports (0.4µm pores, 24 mm in diameter, Corning) and 

cultured under standard conditions until confluency. Cells were maintained for 10 days 

after confluency was achieved before being used in downstream experiments. 

 

4.2.7 Exposure of Caco-2 monolayers to recombinant human IL-1α 

  To determine if the single pro-inflammatory cytokine that was significantly up-

regulated throughout the colon of pigs infected with Brachyspira hyodysenteriae and 

Brachyspira hampsonii strain 30446 (Chapter 3) was responsible for the decrease in 

NHE3 mRNA expression in vivo, polarized Caco-2 monolayers were exposed to human 

recombinant IL-1α (I2778; Sigma Aldrich) and subsequently probed for changes in 

NHE2 and NHE3 mRNA expression by RT-qPCR. Both apical and basolateral surfaces 
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were exposed to IL-1α at concentrations of 10, 100 and 500 ng/ml for 24hrs. The Caco-

2 cell line was chosen as no porcine colon-derived cell lines are commercially available. 

To ensure that IL-1α had a biological effect on Caco-2 monolayers, qPCR primers were 

developed for prostaglandin-endoperoxide synthase 2 (PTGS2) which has been 

previously shown to become up-regulated in multiple cell types after IL-1α exposure 

(58, 131, 259). 

 

4.2.8 Caco-2 monolayer exposure to Brachyspira hampsonii lysate 

  To determine if Brachyspira has a direct effect on modulating ion channel 

expression I wanted to determine if a whole cell Brachyspira lysate was capable of 

down-regulating CFTR mRNA expression in Caco-2 cells. The Brachyspira hampsonii 

strain 30446 lysate was prepared by centrifuging 50ml of culture broth containing 

actively motile spirochete bacteria (108/ml) at 10,000 X g for 40 min, after which the 

supernatant was poured off (224). Bacterial pellets were resuspended in phosphate 

buffered saline (Gibco; 10010-023, Life Technologies) and vortexed until the pellet 

completely dissolved. This material was subsequently disrupted by sonication (Sonics & 

Materials Inc., Danbury, CT, USA) at 50% duty for 120 s at 4˚C (224). Lysate total 

protein concentrations were determined using BCA protein assay (ThermoFisher; 

Rockford, IL) using bovine serum albumin (BSA) as a standard according to the 

manufacture’s protocol. Polarized Caco-2 monolayers were exposed apically to the 

whole cell Brachyspira hampsonii lysate (0.005-50µg/ml) in PBS or a PBS control for 

48hrs. 50µg/ml of total bacterial protein was determined to be ~108 CFU/ml and 

considered a physiological concentration. 
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4.2.9 Statistical analysis  

 Data for electrogenic Ussing chamber studies, 22Na Flux studies data was not 

normally distributed (Shapiro-Wilk test; P < 0.05) and is expressed as median + 

interquartile range (IQR). Data obtained by RT-qPCR is expressed as mean + standard 

error of the mean (SEM) (Shapiro-Wilk test; P > 0.05). Western blot data is normally 

distributed (Shapiro-Wilk test; P > 0.05) and expressed as mean + SEM. Change in Isc 

between diseased and control colon segments was analyzed by Kruskal-Wallis one-way 

analysis of variance. Changes in the rate of 22Na transport was analyzed by Kruskal-

Wallis one-way analysis of variance and Dunn’s test. Fold changes in mRNA expression 

of diseased colonic segments compared to control obtained by RT-qPCR was log 

transformed (log10) and analyzed by one-way ANOVA and Tukey post-hoc. Western 

blot analysis of NHE3 protein was analyzed by Student’s t-test (control vs. Brachyspira 

species in two separate analyses). Fold changes obtained by RT-qPCR for in vitro data 

was analyzed by Student’s t-test. Significance was set a priori at P < 0.05. 

 

4.3 Results  

 

4.3.1 Brachyspira hyodysenteriae and Brachyspira hampsonii reduce Na+ 

absorption in the apex of the porcine spiral colon during 22Na equilibration 

 

 During the 80-minute 22Na equilibration, diseased colon tissues had a 

significantly decreased unidirectional Jms flux at all time points when compared to control 

(P < 0.05) (Figure 4.1A). Interestingly, at no point was there a significant difference in 

Jms between bacterial strains. Additionally, at no point was Jsm 22Na flux (Figure 4.1B) 

significantly different in Brachyspira hyodysenteriae infected tissues when compared to 
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Figure 4.1. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 decrease basal Jms and net Na+ 
absorption during 22Na equilibration in the apex of the porcine spiral colon. 

Basal Jms (A), Jsm (B), and net (C) flux rates during 22Na equilibration across apex colonic segments from control, B. 

hyodysenteriae, and B. hampsonii diseased pigs. M-S, unidirectional mucosal-to-serosal 22Na flux; S-M, unidirectional 

serosal-to-mucosal 22Na flux; Net, net 22Na flux. Data presented as median + IQR, analyzed using Kruskal-Wallis one-way 

analysis of variance and Dunn’s Post Hoc. Significant differences between control and B. hyodysenteriae are represented 

by * = P < 0.05; Significant differences between control and B. hampsonii are represented by # = P < 0.05. (n=12 ctrl, 

n=12 B. hyodysenteriae, n=12 B. hampsonii strain 30446).
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control. However, a significant reduction in Jsm flux was observed in Brachyspira 

hampsonii strain 30446 infected tissues when compared to control (P < 0.05) after 20-

minutes of fluxing. After 50-minutes of fluxing a significant difference in Jsm between 

Brachyspira hampsonii strain 30446 and Brachyspira hyodysenteriae (P < 0.05) 

developed. Jnet revealed that control colonic tissues exhibited net Na+ absorption during 

the equilibration period (Figure 4.1C). Brachyspira hyodysenteriae diseased tissues had 

a net secretory response at all time points during the equilibration and a significant 

difference (P < 0.05) compared to control was noted at only 10-minutes after the 

beginning of the equilibration period. Brachyspira hampsonii strain 30446 exhibited a 

different trend with a small rate of net Na+ absorption.  However, this rate was 

significantly less (P < 0.05) than the net absorption observed in control tissues and was 

not significantly different than the net secretion noted in tissues infected with 

Brachyspira hyodysenteriae (Figure 4.1C).  

 Overall the unidirectional Jms flux suggests that diseased tissues have a reduced 

absorptive capacity when compared to control tissues. Jsm flux did not account for the 

decrease in net Na+ absorption in diseased samples. Na+ absorption in the colon is 

primarily due to the electroneutral movement of Na+ and H+ through NHEs and 

electrogenic absorption via ENaC. The unidirectional Jms suggests that either one or 

both of these routes of absorption have been negatively altered contributing to 

malabsorptive diarrhea in experimentally challenged pigs. 
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4.3.2 Brachyspira hyodysenteriae and Brachyspira hampsonii infections reduce 

electroneutral but not electrogenic Na+ absorption in the porcine spiral colon 

 Addition of amiloride to the mucosa of colonic tissues in Ussing chambers during 

22Na flux was used to inhibit Na+ absorption. The maximal inhibitory effect on 

unidirectional Jms flux in both control and diseased colon samples was observed 10-

minutes after amiloride addition. However, the addition of amiloride resulted in a 

significantly greater decrease in flux rate in control tissues (-9.06 + 6.77 µeq·cm-2·h-1) 

when compared to B. hyodysenteriae (-6.49 + 6.64 µeq·cm-2·h-1) (P < 0.05) and B. 

hampsonii (-2.88 + 5.92 µeq·cm-2·h-1) (P < 0.05) (Table 4.3). The unidirectional Jsm flux 

was similarly decreased in all tissues. Control tissues had a decreased Jsm flux rate (-

7.45 + 5.19 µeq·cm-2·h-1) compared to B. hyodysenteriae (-6.2 + 11.78 µeq·cm-2·h-1) 

and B. hampsonii (-5.55 + 5.53 µeq·cm-2·h-1) (Table 4.3). Indicating little change in 

paracellular movement of Na+ and tight junction disruption between control and 

diarrheic pigs. 

 The electrogenic Na+ absorptive capacity of the porcine spiral colon was 

measured in diseased and healthy colon segments in Ussing chambers, to determine its 

contribution to the reduction in 22Na Jms flux. The addition of amiloride to the mucosa of 

proximal, apex and distal colon segments revealed a decreased trend in inhibitable Isc 

throughout all segments of diarrheic pigs however, no significant difference was noted 

when compared to control (Figure 4.2). It was noted, however, that electrogenic 

inhibitable Isc via amiloride was greater in the distal colonic segment compared to the 

proximal. These data suggest that electrogenic Na+ absorption throughout the colon is  
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Figure 4.2. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
do no affect electrogenic Na+ absorption through ENaC. 
 

Change in Isc in response to the addition of ENaC channel inhibitor amiloride in the 

proximal, apex, and distal colonic segments of control and diseased pigs. ENaC = 

epithelial sodium channel; Isc = short-circuit current. Data presented as median + IQR, 

analyzed using Kruskal-Wallis one-way analysis of variance. (n=18 ctrl, n=17 B. 

hyodysenteriae, n=16 B. hampsonii strain 30446) 
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not affected significantly in diseased animals, leading to the conclusion that the 

significant decrease in Jms is due to loss of electroneutral Na+ transport in the spiral 

colon of diarrheic pigs.    

4.3.3 RT-qPCR analyses of Na+ channels and transporters 

 

Results from the 22Na flux experiments indicated that unidirectional Jms was 

significantly impaired in the apex of diarrheic pigs. To determine if these differences 

were attributed to altered Na+ channel and transporter mRNA expression, colonic 

mucosal samples were analyzed by RT-qPCR. In diseased pigs down-regulation of 

NHE isoforms, 1-3 in the proximal, apex and distal colonic segments of diarrheic pigs 

experimentally challenged with B. hyodysenteriae and B. hampsonii further supports the 

decreased Jms. NHE2 and NHE3 had significant reductions (P < 0.05) in mRNA 

transcripts when compared to controls in all three segments of the colon (Table 4.4). 

These two transporters have been shown to drive electroneutral Na+ absorption and be 

involved in diarrheal disease (279).  

In contrast, NHE1 is primarily localized to the basolateral membrane of epithelial 

cells and plays a key role in the regulation of cellular pH (35). NHE1 was down-

regulated (P < 0.05) in the proximal, apex and distal segments of the colon in diarrheic 

pigs infected with B. hyodysenteriae and the apex and distal segments infected with B. 

hampsonii (Table 4.4). Loss of NHE1 mRNA and protein has been observed in colonic 

biopsies from patients with inflammatory bowel disease which has been suggested to 

be a contributing factor of the pathogenesis of the disease (164). Electrogenic Na+ 

transporter ENaC had significant down-regulated mRNA expression of the channels α 

sub-unit (P < 0.05) in the apex of diarrheic pig infected with B.
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hyodysenteraie and the apex and distal segments of pigs infected with B. hampsonii 

(Table 4.4). ENaC’s β sub-unit was unchanged from control in all three segments of 

colon when compared to control (Table 4.4). Previous findings have suggested that 

ENaC is capable of forming a functional channel capable of transporting Na+ without all 

three subunits (123). Thus, down-regulation of ENaC’s α sub-unit in diseased colonic 

samples may not translate to a decrease in amiloride inhibitable Isc. Na+/K+- ATPase α1 

subunit is responsible for the transport of three Na+ out of the cell and two K+ in, 

maintaining the cells osmotic balance (188). Its reduction could impact the 22Na flux. 

However, Na+/K+- ATPase α1 expression was unaffected in all segments, except the 

proximal colon in diarrheic pigs infected with B. hyodysenteriae and B. hampsonii which 

was significantly down-regulated (P < 0.05) (Table 4.4). This finding indicates that the 

impaired 22Na flux in the apex of diseased pigs is not due to changes in this transporter. 

Furthermore, the decrease in Na+/K+- ATPase α1 did not significantly affect electrogenic 

Na+ transport via ENaC, indicating that the decrease in expression had a minimal effect 

on contributing to diarrheal development. 

4.3.4 Western blot analysis of NHE3 

 

 Although all three NHE isoforms were down-regulated, previous studies have 

indicated that the NHE3 isoform is critical for Na+ absorption in the gastrointestinal tract 

(280). Thus, western blot for NHE3 was performed to support inhibitor and RT-qPCR 

results for this vital transporter. NHE3 channel protein was significantly decreased in the 

apex of diarrheic pigs infected with B. hyodysenteriae (P < 0.001) and B. hampsonii (P 

< 0.001) when compared to control (Figure 4.3). The decrease in channel protein 

correlates with the decrease in mRNA expression of NHE3 and impairment of Na+



 

 
 

1
0

6
 

 

 
Figure 4.3. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 significantly reduce NHE3 
protein expression in the apex of the porcine colon. 
 
Western blot (A) and densitometry (B) of NHE3 (~93 kDa) compared to β-actin (~43 kDa) reference for B. hyodysenteriae 
and B. hampsonii strain 30446 infected apex porcine colon relative to control. NHE3 = Na+/H+ exchanger 3; β-actin = beta 
actin. Data presented as mean + SEM, analysed using Student’s t-test. * = P < 0.05 (n=3 ctrl, n=3 B. hyodysenteriae, n=3 
B. hampsonii strain 30446)
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absorption in the colon of Brachyspira infected pigs. 

4.3.5 IL-1α does not decrease NHE3 mRNA expression in polarized Caco-2 

monolayers 

 To investigate whether the up-regulation of IL-1α mRNA expression throughout 

the colon of diarrheic pigs which I have previously reported (Chapter 3) was responsible 

for the decreased expression of NHE3 mRNA, polarized Caco-2 monolayers were 

exposed to varying concentrations (10, 100 and 500ng/ml) of human recombinant IL-1α 

for 24hrs. RT-qPCR revealed that IL-1α had no effect on modulating NHE3 gene 

expression at any concentration when compared to control (Table 4.5). To ensure that 

IL-1α was biologically active in my model, PTGS2 mRNA expression assessed. IL-1α 

exposure has been shown to result in elevated PTGS2 mRNA expression in several cell 

types (58, 131, 259). I found that all monolayers independent of IL-1α concentration had 

a significant 2-fold increase in PTGS2 mRNA expression (P < 0.05) (Table 4.5). 

4.3.6 Brachyspira hampsonii lysate decreases NHE3 mRNA expression in 

polarized Caco-2 monolayers 

 As IL-1α had no effect on NHE3 mRNA expression, I elected to test if a 

Brachyspira lysate was capable of directly altering NHE3 mRNA expression. Polarized 

Caco-2 monolayers were exposed to varying concentrations of lysate (0.005-50µg/ml) 

for 48hrs. My results revealed that a lysate concentration of 50µg/ml was capable of 

significantly down-regulating NHE3 expression (P = 0.009) compared to control (Figure 

4.4A). My previous findings revealed that this Brachyspira lysate significantly 

upregulated IL-1α in exposed monolayers, recapitulating other cellular events observed 
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in vivo (Chapter 3). Together these findings provide evidence that loss of NHE3 mRNA 

transcripts is due to either a direct effect of the bacteria or by a toxin. 
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Figure 4.4. Brachyspira hampsonii strain 30446 lysate down-regulates NHE3 

mRNA expression in Caco-2 monolayers. 

 
Fold change in NHE3 mRNA expression compared to control as measured by RT-qPCR 

after exposure to a Brachyspira hampsonii strain 30446 whole cell lysate at five 

concentrations (0.005-50μg/ml) for a period of 48hrs. NHE3 = Na+/H+ exchanger 3. Data 

presented as mean + SEM, analyzed using one-way ANOVA. * = P < 0.05. (n=6).
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4.4 Discussion 

 

 Here I identify colonic electroneutral Na+ absorption and associated genes as the 

cause of spirochete induced diarrheal disease caused by B. hyodysenteriae and B. 

hamposonii. Diarrhea in pigs caused by B. hyodysenteriae has been previously 

described as malabsorptive in which Na+ and Cl- absorption is abolished in diarrheic 

animals (13, 277). An increase in luminal anion secretion does not contribute to the 

development of diarrheal disease (13, 277)(Chapter 3). However, a decrease in agonist-

induced anion secretion in diarrheic pigs experimentally challenged with B. 

hyodysenteriae and B. hampsonii throughout the colon, due to down-regulation of anion 

channel mRNA and protein, is thought to modify mucin properties and aid in the 

colonization and development of spirochetosis (Chapter 3). Furthermore, colonic 

permeability to mannitol and PEG-400 in the porcine colon remained unchanged, and 

transepithelial electrical resistances were not different from control, suggesting that tight 

junction integrity is not compromised (13) (Chapter 3). The pathophysiological 

mechanism of transporter and transporter regulation during spirochetosis causing 

malabsorptive diarrhea has not been characterized in any Brachyspira spp. 

  

4.4.1 Impairment of electroneutral Na+ absorption contributes to diarrheal 

development 

 The current study provides strong evidence supporting the loss of the Na+ 

absorptive capacity of the colon in diarrheic pigs infected with B. hyodysenteriae and B. 

hampsonii.  The 22Na flux equilibration period further supports previous findings, by 

which Jms is severely impaired in the colon of diseased pigs (13, 277). Furthermore, the 

significant decrease in amiloride inhibitable Jms flux in pigs infected with B. 
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hyodysenteriae or B. hampsonii suggests a decrease in Na+ channels and transporters 

on the mucosal surface. Jsm flux appears to be reduced in diarrheal animals but not 

significantly, leading to the conclusion that the loss of net Na+ absorption in diarrheic 

pigs is attributed to a decrease in Jms alone. Inhibition of electrogenic Na+ transport via 

ENaC in Ussing chambers revealed that there was no significant difference in 

inhibitable current between control and diseased tissues. Therefore, these findings point 

to impairment of electroneutral Na+ transport as the driving force responsible for the 

production of diarrhea in Brachyspira diseased pigs.   

 Gene transcripts of colonic samples taken from diarrheic pigs revealed that 

electroneutral Na+ transporters NHE isoforms 1-3 were significantly down-regulated 

when compared to control throughout the three segments of the colon. Loss of NHE3 in 

a complete Slc9a3-/- mouse model resulted in mild diarrhea, enlargement of the 

gastrointestinal tract, increase in GI-contents, and a decrease in pH in the colon relative 

to the cecum (279). Interestingly, NHE2 knockout (Slc9a2-/-) mice showed no changes 

in acid-base homeostasis or disruptions in electrolyte absorption suggesting that the 

NHE3 isoform is of greater importance in the gastrointestinal tract (279). Significant 

down-regulation of NHE3 protein expression in the apex of diarrheic pigs further 

supports the conclusion that impairment of electroneutral Na+ absorption is responsible 

for the development of diarrhea. 

During diarrheal episodes, chronic stimulation by mineralocorticoids elicits the 

expression of ENaC throughout the colon and into the ileum to help mitigate fluid and 

electrolyte loss (279, 324). This compensatory mechanism appears not to be present in 

diarrheic pigs suffering from Brachyspira colitis. Interestingly, ENaC’s α-subunit mRNA 
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was significantly down-regulated in some segments of the colon in diseased pigs while 

the β-subunit was unchanged from control. However, previous studies have suggested 

that not all sub-units are required to form a functional channel supporting the transport 

of Na+ (123). The current electrogenic Ussing chamber studies lead to the conclusion 

that electrogenic Na+ absorption is not significantly affected in the colon of diarrheic 

pigs. It is possible, however, that Na+ absorption through ENaC accounts for the 

majority of Na+ absorption in diseased pigs when electroneutral Na+ absorption is 

impaired.  

Na+/K+ ATPase’s α-subunit was down-regulated in the proximal segment of the 

colon in B. hyodysenteriae and B. hampsonii diseased pigs. Na+/K+ ATPase is essential 

for maintaining the electrolyte gradient across the cellular membrane, regulating 

osmotic balance and cell volume (33, 155). The α-subunit of the Na+/K+ ATPase pump 

is responsible for the transport of three Na+ out of the cell and two K+ in, which 

maintains low Na+ concentrations in the cell driving ion transport (188). Malabsorption of 

bile acids in the colon associated with chronic diarrhea in human patients has been 

shown to cause down-regulation of Na+/K+ ATPase’s subunits (36). This was further 

supported with T84 cells exposed to 150 µM deoxycholic acid for 48 hours which down-

regulated both ATP1A1 and ATP1B1 at both the mRNA and protein level in vitro (36). 

Since Na+/K+ ATPase is essential for driving ion transport within enterocytes, loss of its 

function would be a main contributor to the production of diarrhea observed in animals 

infected with Brachyspira species. However, it was not down-regulated in the apex of 

the colon, thus it is unlikely to have been responsible for the decrease in Na+ absorption 

observed. Additionally, the decrease in mRNA expression in the proximal colon did not 
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have a significant effect on electrogenic Na+ absorption in this segment. Together these 

findings suggest that down-regulation of ATP1A1 in the proximal segment is of minimal 

importance during spirochetosis.  

4.4.2 IL-1α does not decrease NHE3 mRNA expression in polarized Caco-2 

monolayers 

Cytokines have been previously shown to have strong negative regulation of Na+ 

channel and transporters (9, 260, 337). Kruse et al. reported that pigs experimentally 

challenged with B. hyodysenteraie had elevated levels of IL-1β and TNF-α in their blood 

during peak dysentery while IFN-γ was not detected (176). Furthermore, colonic 

explants exposed to live B. hyodysenteriae had elevated IL-1α expression after 8hrs of 

exposure (322). My previous findings have shown that diarrheic pigs challenged with B. 

hyodysenteiae or B. hampsonii strain 30446 had significantly elevated mRNA 

expression of Th1 cytokine IL-1α throughout their colons while TNF-α and IFN-γ were 

down-regulated or unchanged compared to control (Chapter 3). 

The majority of previous research on cytokine modification of electroneutral Na+ 

transporters has focused on pro-inflammatory cytokines IFN-γ, TNF-α, and IL-1β. This is 

likely due to the elevated expression of these pro-inflammatory cytokines in patients 

suffering from inflammatory bowel disease (17, 94, 204, 215). IFN-γ has been shown to 

decrease NHE2 and NHE3 mRNA and protein expression in Caco-2 BBE cells, rat 

ileum and colon in a dose and time-dependent manner (9, 260). Additionally, TNF-α 

also decreased NHE3 gene expression in C2BBe1 cells (9). Both IFN-γ and TNF-α 

repress the NHE3 gene by phosphorylation of Sp1 and Sp3 transcription factors by a 

cAMP-dependent protein kinase (9). 
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A recent study has shown that IL-1β strongly reduces mRNA and protein 

expression of PDZK1 (NHERF3) in Caco-2BBE cells (194). Reduced expression of 

PDZK1 has been identified in the inflamed intestine of both ulcerative colitis patients and 

murine colitis models (186, 330). Absence of PDZK1 leads to dysfunction of NHE3, 

however, it is not a result of decreased mRNA or protein expression but rather an 

increase in protein turnover due to reduced membrane retention time (59, 130). Other 

studies have shown that NHERF1 and NHERF2 deficient mice have reduced NHE3 

activity and transporter abundance on the brush border membrane of jejunum and colon 

while mRNA levels remain unchanged (40, 54).  

These three cytokines do not account for the decrease in NHE2 and NHE3 

mRNA and protein expression in the colon of Brachyspira diseased pigs. As IL-1α was 

the only cytokine upregulated throughout the colon of diarrheic pigs I tested whether IL-

1α was capable of down-regulating NHE3 mRNA expression in polarized Caco-2 

monolayers. I found that recombinant IL-1α did not down-regulate NHE3 in Caco-2 cells 

at any concentration (10, 100, and 500 ng/ml) after 24hrs of exposure. However, the 

elevated mRNA expression of PTGS2 confirmed that IL-1α had a biological effect  

(58, 131, 259).  

 

Previous studies have found that basolateral stimulation of rabbit ileum with 

human IL-1α decreases both Na+ and Cl- absorption while stimulating Cl- secretion (58). 

These effects were mirrored closely when ileal samples were stimulated with PGE1, 

however, when ileal samples were first treated with IL-1α and subsequently exposed to 

PGE1 the magnitude of change in net flux and electrical properties was reduced (58). 

These findings suggested that the effects of IL-1α and PGE1 are not additive in nature 
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(58). Additionally, in another study assessing enterocyte-subepithelial myofibroblast 

interaction exposure of 18Co or P2JF cells preincubated with IL-1α grown acutely 

juxtaposed to T84 cells significantly elevated basal Isc (131). This effect was attributed 

to upregulation of PTGS1 and PTGS2 expression in 18Co and P2JF cell lines and 

production of PGE2 (131). Additional studies have identified that prostanoids stimulate 

Cl- secretion and inhibit electroneutral Na+ absorption by elevating cAMP (12, 238, 340). 

However, in the colon of diarrheic pigs infected with Brachyspira, anion secretion is 

impaired, and there is a reduction in NHE3 mRNA and protein expression. Prostanoids 

do not generally decrease mRNA or protein, suggesting that prostanoid induction by IL-

1α is not responsible for the observed decrease in Na+ absorption. Thus, the reduction 

in Na+ channel mRNA and protein in vivo, the inability of IL-1α to down-regulate NHE3 

in Caco-2 cells, and previous literature suggest that Brachyspira or a secreted toxin are 

capable of modulating Na+ transporter transcriptional processes. 

4.4.3 Brachyspira hampsonii lysate down-regulates NHE3 mRNA expression in 

Caco-2 cells 

 As IL-1α was not capable of down-regulating NHE3 mRNA in Caco-2 cells, a 

whole cell Brachyspira hampsonii lysate was used to determine its effect on NHE3 gene 

expression. Exposure of polarized Caco-2 monolayers to a lysate concentration of 

50µg/ml caused a significant decrease in NHE3 mRNA. This suggests that a component 

of the bacterial is responsible for the decrease in transporter mRNA expression. This is 

not the first time that disruption of Brachyspira results in modification of cellular 

processes (252)(Chapter 3). Live B. hyodysenteraie accompanied with neutrophil 

elastase causing degradation of outer membrane proteins caused elevated mucin 
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production and transport rates in HT29 MTX-E12 cells (252). Furthermore, I have 

previously shown that a Brachyspira hampsonii strain 30446 lysate decreased CFTR 

mRNA expression in polarized Caco-2 monolayers (Chapter 3). Thus, I provide strong 

evidence supporting the direct effects of Brachyspira spp. that contribute to diarrheal 

development in the colon of infected pigs.  

4.5 Conclusion 

 

The current study provides new insight into the pathophysiological mechanisms 

involved during B. hyodysenteraie and B. hampsonii strain 30446 infections contributing 

to the development of diarrheal disease. Impairment of the electroneutral Na+ 

absorptive capacity of the porcine colon is a major contributor to the development of 

diarrhea. This decrease in Na+ absorption is supported by the down-regulation of NHE 

isoforms 1-3 mRNA and reduced protein expression of the critical NHE3 isoform in the 

colon of diseased pigs. The examined host cytokine response appears not to be 

responsible for the decrease in NHE3 mRNA expression as human recombinant IL-1α 

had no effect on modulating NHE3 expression in Caco-2 monolayers. A Brachyspira 

hampsonii lysate, however, decreased NHE3 mRNA expression in Caco-2 monolayers 

providing further evidence that Brachyspira are able to impair ion channel and 

transporter transcriptional processes. Together these findings provide new evidence 

supporting a decrease in electroneutral Na+ absorption contributing to diarrheal 

development during episodes of spirochetosis.  
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The effects of spirochetosis by Brachyspira hyodysenteriae and Brachyspira hampsonii 

on electroneutral Cl- transport in the porcine colon was assessed to determine its 

contribution to the development of diarrheal disease. Barrier function was evaluated, as 

a significant portion of Cl- absorption occurs paracellularly. Ussing chamber 

radiolabeled 36Cl, and 3H-mannitol fluxes were used to determine changes in transport 

and barrier function. The basal Jms radiolabeled 36Cl flux was significantly impaired in 

the colon of diarrheic pigs infected with B. hyodysenteriae and B. hampsonii. This 

decrease was not a result of increased paracellular movement of solutes in the colon as 

unidirectional, and net 3H-mannitol fluxes in diarrheic pigs were not different from 

control. This suggested that the decrease in 36Cl Jms flux was attributed to electroneutral 

Cl- absorption via chloride/bicarbonate exchanger, SLC26A3 also known as DRA 

(down-regulated in adenoma). Flux experiments were supported by a significant 

decrease in both SLC26A3 mRNA and protein expression in the colon of diarrheic pigs. 

The decrease in DRA mRNA expression is potentially attributed to the host’s cytokine 

response as human IL-1α decreased DRA mRNA in Caco-2 cells. Together these 

findings provide mechanism for the spirochete-induced malabsorptive diarrhea, 

supported by a decrease in electroneutral Cl- absorption while demonstrating novel 

downregulation of DRA by IL-1α.  
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5.1 Introduction 

 Colonic spirochetosis occurs in many species including humans and swine 

resulting in diarrheal disease. Colonization of the human colon by Brachyspira aalborgi 

and Brachyspira pilosicoli leads to moderate inflammation and diarrhea (307). In swine, 

Brachyspira hyodysenteriae and Brachyspira hampsonii cause severe colonic 

inflammation accompanied by severe bloody mucoid diarrhea (49, 121, 266). The 

pathophysiological mechanism by which Brachyspira pilosicoli and Brachyspira aalborgi 

cause diarrhea in the human colon is unknown. Our group has recently made advances 

in characterizing the pathophysiological mechanisms of Brachyspira hyodysenteriae 

and Brachyspira hampsonii in a porcine model in vivo. 

 Brachyspira hyodysenteriae was originally described as malabsorptive diarrhea 

by which Na+ and Cl- lumen-to-blood fluxes were impaired in isolated colonic loops in 

diarrheal pigs (13). These findings were further supported by my findings revealing that 

electroneutral Na+ absorption was abolished in diarrheal animals correlating with 

significantly decreased Na+-H+ exchanger 3 (NHE3) mRNA and protein expression 

(Chapter 4). Furthermore, Brachyspira associated diarrhea is not driven by an increase 

in anion secretion, rather decreased agonist-induced electrogenic anionic secretory 

response was observed (Chapter 3). This decrease contributes to increased mucus 

thickening and disorganization within the porcine colon allowing for greater bacterial 

colonization (Chapter 3)(251). This altered ion transport in the colon of diarrheic pigs 

appeared to be caused by a direct effect of Brachyspira spp. (Chapter 3), and not 

attributed to the elevated expression of pro-inflammatory cytokine IL-1α, the only 

significantly upregulated cytokine noted throughout the colon at peak clinical signs. 
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Although great advances have been made in determining the cellular mechanisms 

responsible for this malabsorptive diarrhea (Chapters 3 & 4), the role of Cl- absorption 

has not been characterized. 

 The predominant route of chloride absorption in the colon is electroneutral (Cl--

HCO3
-) in nature and coupled with electroneutral Na+ - H+ exchange (270). In vivo 

perfusion studies in the human colon suggests that 25% of Cl- absorbed is due to Cl--

HCO3
- exchange while the remainder is due to paracellular transport due to luminal 

negative potential difference generated by electrogenic Na+ absorption (71). This 

electroneutral Cl- absorption is primarily achieved by the Cl--HCO3
- exchangers 

SLC26A3 downregulated in adenoma (DRA) and SLC26A6 (PAT-1) located on the 

apical membrane of enterocytes in the gastrointestinal tract (43, 320). PAT-1 is primarily 

expressed in the small intestine while DRA is predominantly expressed in the colon (81, 

157, 318, 320). DRA appears to be the critical transporter as alterations in DRA function 

and expression have been implicated in diarrheal disorders such as congenital chloride 

diarrhea (CLD) and inflammatory bowel disease (IBD) (162, 321, 327). Furthermore, 

knockdown of DRA in mice results in a diarrheal phenotype, while knockdown of PAT-1 

does not (157). 

 The proinflammatory cytokines IL-1β and IFN-γ have been shown to have a 

significant effect reducing DRA gene and protein expression in Caco-2 cells (268, 328). 

Additionally, Clostridium difficile toxins A and B and enteropathogenic E. coli were found 

to have a direct effect on DRA, by reducing protein expression (66, 107). The role of 

DRA in the development of Brachyspira induced diarrhea has not yet been explored.   
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 The purpose of this study was to determine the pathophysiologic and molecular 

effect on Cl- absorption in the colon of control and experimentally infected pigs with two 

Brachyspira spp. resulting in spirochetosis. Cl- absorption was assessed in the apex of 

the porcine spiral colon in Ussing chambers using radiolabelled 36Cl flux. Jms flux in 

diarrheic pigs infected with B. hyodysenteriae and B. hampsonii was severely reduced. 

This decrease in Jms was not attributed to an increase in transcellular or paracellular Cl- 

movement as indicated by Jsm unidirectional fluxes with 36Cl or 3H-mannitol. This 

decrease in Cl- absorption correlated with a significant decrease in DRA gene and 

protein expression in the apex of the colon in diarrheic pigs. To assess whether the host 

cytokine response was responsible for the decrease in DRA expression, Caco-2 

monolayers were exposed to human recombinant IL-1α for 24hrs. IL-1α decreased DRA 

mRNA expression in Caco-2 cells leading us to the conclusion that IL-1α is responsible 

for modulating DRA expression, contributing to diarrheal disease. 

5.2 Materials & Methods 

5.2.1 Animals 

 Thirty 6-8 week-old purebred Yorkshire barrows were housed in pairs with 10 

pigs per treatment group housed in separate BSL2 animal care rooms. Pigs were 

acclimated to their new environment for 7 days and provided an antibiotic-free diet with 

water ad libitum. After 7 days pigs were orally challenged with either Brachyspira 

hyodysenteriae strain G44 (kindly provided by Boehringer-Ingelheim Vet Medica, St. 

Joseph, MO; n=10), Brachyspira hampsonii strain 30446 (n=10) or a mock inoculum of 

sterile culture media (n=10). Feed was removed 12 hours prior to inoculation, but water 

was not. Inoculation was conducted by passing a stomach tube and flushing 30ml of 
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108-109 cells/ml inoculum into the stomach of a pig, followed by sterile PBS as 

previously described (266). Pigs were assessed daily for clinical signs of diarrhea, and 

fecal consistency-scores were taken two times daily to accurately determine the onset 

of diarrhea. Brachyspira challenged pigs developed diarrhea within 3-7 days post 

inoculation and were euthanized 24 hours after the onset of diarrhea. Control pigs 

remained healthy (non-diarrheic) and were euthanized on an age-matched basis with 

Brachyspira challenged pigs euthanized the same day. This research was designed and 

conducted in accordance with the Canadian Council for Animal Care and approved by 

the University of Saskatchewan Committee on Animal Care and Supply (Protocol 

#20130034). 

5.2.2 Characterization of the electroneutral absorptive response in healthy and 

diseased porcine colon - 36Cl flux study 

Following euthanasia by intracranial captive bolt and exsanguination, 17-18 cm 

of the apex segment of the spiral colon (midpoint between cecum and sigmoid colon) 

was collected and washed with Krebs buffer (pH 7.4) containing (in mM) 113 NaCl, 5 

KCl, 1.6 Na2HPO4, 0.3 NaH2PO4•H2O, 25 NaHCO3, 1.1 MgCl2•6H2O, 2.2 CaCl2•2H2O 

and 10 glucose, and chilled to 4⁰C as previously reported (61). Samples were 

immediately transported back to the lab in Krebs buffer gassed with 95% O2 - 5% 

CO2.The colonic segment was then stripped with forceps by removing the serosa 

(visceral peritoneum) and the longitudinal/circular muscle layers, leaving only the 

underlying submucosal elements, remnants of muscle, and the epithelium as previously 

described (61). The stripped tissues (12 tissue replicates per pig) were then placed on 

1cm2 tissue Ussing chamber inserts and inserted into the Ussing chamber (Physiologic 
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Instruments, San Diego, CA). Each reservoir was independently gassed with 95% O2-

5%CO2. A heated circulating water bath warmed and maintained the buffer temperature 

within the Ussing chamber to 37⁰C. Transepithelial potential differences were short-

circuited to 0 mV with a voltage clamp on the apical and basolateral chambers using 

Ag-AgCl electrodes and 3M KCL agar bridges as previously described (61). 

Tissue were allowed to equilibrate for twenty minutes before the addition of 36Cl. 

Tissues were pulsed every 30 seconds with a 1 mV pulse, and the resulting current was 

used to determine tissue resistance. Tissues were paired with one another, and 

subsequently, 0.25 μCi of 36Cl and 1 μCi of 3H-mannitol (PerkinElmer, Waltham, MA) 

was added to the apical side of chamber #1 and the same to the basolateral side of 

chamber #2. After the addition of isotope, 100μl samples were immediately removed 

from the apical side of chamber #1, and basolateral side of chamber #2 referred to as 

“hot samples” and placed in 5ml of Ultima Gold™ scintillation cocktail (PerkinElmer, 

Waltham, MA). The 100μl samples were then immediately replaced with 100μl of fresh 

Krebs buffer. Samples (500μl) were removed from the basolateral side of chamber #1, 

and apical side of chamber #2 referred to as “cold samples” every ten minutes for 60 

minutes and subsequently replaced with fresh Krebs buffer. Cold samples were used to 

calculate unidirectional mucosal-to-serosal (Jms), serosal-to-mucosal (Jsm) and net flux 

(Jnet = Jms – Jsm) for 36Cl and 3H-mannitol as previously described (281). Positive net flux 

values indicate net absorption while negative values indicate net secretion of the 

isotope. 
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5.2.3 RT-qPCR analysis of DRA mRNA expression 

Mucosal samples taken at the time of necropsy were stored in RNAlater® 

(AM7021; Ambion®) and homogenized in 1ml of TRIzol reagent (15596018; Life 

Technologies) and RNA extracted according to the manufacturer's protocol. A standard 

of <500ng/μl was used as exclusion criteria for RNA samples. 

cDNA was created from mRNA using the Go Script Reverse Transcription 

system (A5001; Promega) according to the manufacture's protocol. cDNA was diluted in 

RNase-free water and frozen at -80˚C. Gene expression was assessed by RT-qPCR 

using GoTaq qPCR Master Mix (A6002; Promega) and Stratagene Mx5000P real-time 

qPCR machines according to the manufacture's protocol. The average CT (cycle 

threshold) value was used to calculate the fold difference of each gene using the ΔΔCt 

calculation method. Porcine primers were designed for GAPDH and SLC26A3 (Table 

5.1). Porcine GAPDH was used as the reference gene for the analysis. Human primers 

were designed for GAPDH, SLC26A3, and PTGS2 (Table 5.1). Human GAPDH was 

used as the reference gene for the analysis. 

5.2.4 Western blot analysis of DRA 

 

Protein was extracted from control and diarrheic pigs from the apex segment of 

the colon using the ProteoExtract transmembrane protein kit (71772-3; Novagen®) 

according to the manufacture's protocol. Samples were boiled in 2x denaturing buffer 

(20% glycerol, 4% SDS, 125 mM Tris pH 6.8, 0.3 mM bromophenol blue) containing 

10% β-mercaptoethanol (BME; M6250; Sigma-Aldrich) for five minutes and analyzed by 

10% SDS-PAGE (286).  
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For western blot analysis, proteins were transferred onto PVDF membranes 

(RPN303LFP; GE Healthcare Life Sciences) at 0.2mA for 4 hours at 4⁰C transfer buffer 

(25mM Tris, 192mM glycine, 20% methanol) as previously described (286).  

Membranes were blocked for 1 hour at room temperature with a 10% RapidBlock™ 

(M325-AMRESCO®) blocking solution and subsequently probed overnight at 4⁰C with 

primary antibodies anti-SLC26A3 (PA5-68530; Invitrogen) anti-β-Actin (C-4; sc-47778; 

Santa Cruz Biotechnology) in a 10% RapidBlock™ solution. The membranes were then 

incubated for 1 hour at room temperature with secondary antibodies Alexa Fluor 488 

Goat anti-Rabbit IgG antibody (A-11008; Thermo Fisher Scientific) and ECL Plex Goat 

anti-Mouse IgG-Cy5 antibody (PA45009; Amersham Biosciences) in 10% RapidBlock™ 

solution. Proteins were subsiquently detected and analyzed using Typhoon Trio and 

ImageQuant TL System (63005583; GE Healthcare Life Sciences).  

5.2.5 Cell culture 

The Caco-2 cell line derived from human colorectal adenocarcinoma (HTB-37; 

ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle medium (DMEM) 

(10-0130CM, Corning, Manassas, VA) containing 10% heat-inactivated fetal bovine 

serum (Gibco, Burlington, ONT, Canada), 1% penicillin-streptomycin (15140-122; Life 

Technologies), and 1% MEM non-essential amino acids (Gibco, Grand Island, NY) at 

37˚C in a humidified atmosphere with 5% CO2. Cells were plated on polyester 

Transwell® permeable supports (0.4µm pores, 24 mm in diameter, Corning) and 

cultured under standard conditions until confluency. Cells were maintained for 10 days 

after confluency was achieved before being used in downstream experiments. 
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5.2.6 Caco-2 monolayer exposure to recombinant human IL-1α 

 

 My previous research has identified IL-1α as the only cytokine that is up-

regulated throughout the colon of diarrheic pigs experimentally challenged with B. 

hyodysenteriae and B. hampsonii (Chapter 3). To identify if IL-1α was responsible for 

the decreased expression of DRA, polarized Caco-2 monolayers were exposed to 

human recombinant IL-1α (I2778; Sigma Aldrich) on both apical and basolateral 

surfaces at varying concentrations (10, 100, and 500 ng/ml) for 24hrs. The human-

derived colon adenocarcinoma Caco-2 cell line was chosen as no commercial porcine 

colonic cell lines are currently available. To ensure that IL-1α had a biological effect on 

Caco-2 monolayers, RT-qPCR was performed for prostaglandin-endoperoxide synthase 

2 (PTGS2) which becomes up-regulated in many cell types after IL-1α exposure (58, 

131, 259). 

5.2.7 Statistical analysis  

 

 36Cl flux data was not normally distributed (Shapiro-Wilk test; P < 0.05) and is 

expressed as median + interquartile range (IQR). RT-qPCR and western blot data is 

normally distributed (Shapiro-Wilk test; P > 0.05) and expressed as mean + standard 

error of the mean (SEM). Changes in the rate of 36Cl transport was analyzed by Kruskal-

Wallis one-way analysis of variance and Dunn’s test. Fold changes in mRNA expression 

of diseased colonic segments compared to control obtained by RT-qPCR was long 

transformed (log10) and analyzed by one-way ANOVA and Tukey post-hoc. Western 

blot analysis of DRA protein was analyzed with Student’s t-test (control vs. Brachyspira 

species in two separate analyses). Significance was set a priori at P < 0.05. 
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5.3 Results 

5.3.1 Brachyspira hyodysenteriae and Brachyspira hampsonii reduce Cl- 

absorption in the apex of the porcine spiral colon during 36Cl equilibration 

 During the 60-minute 36Cl equilibration period, a significant decrease in 

unidirectional Jms flux was observed in B. hyodysenteriae diseased colon (P < 0.05) 

after only 20 minutes of flux, the rate of flux remained significantly decreased for the 

remainder of the equilibration period compared to healthy colon samples (Figure 5.1A). 

Furthermore, a significant decrease in Jms flux in B. hamp infected colon samples (P < 

0.05) was observed after 30 minutes and remained significantly decreased for the 

remainder of the equilibration period. Interestingly, after 30 minutes of flux, the Jsm flux 

was significantly reduced in B. hyodysenteriae and B. hampsonii diseased pigs 

compared to control (P < 0.05) (Figure 5.1B). This Indicated that Brachyspira induced 

diarrhea is not secretory in nature, which is in agreement with my previous findings 

(Chapter 3)(277). 

Jnet revealed that healthy unchallenged pigs had net Cl- absorption in the apex of 

their spiral colon (Figure 5.1C). B. hyodysenteriae diseased pigs had a net secretory 

response during the equilibration period (Figure 5.1C). However, this response was 

attributed to a decrease in Cl- secretion and an even greater decrease in Cl- absorption 

rather than an increase in Cl- secretion. Interestingly, B.hamp infected colon samples 

had net absorption of Cl- which was reduced compared to controls, but not significantly. 

It appeared that net Cl- absorption was unaffected, however, unidirectional fluxes 

revealed that a reduction in Jms paired with a greater reduction in Jsm was the reason for 

the altered absorptive response suggesting that Cl- absorption is also impaired in the  
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Figure 5.1. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 decrease basal Jms Cl- 
absorption during 36Cl equilibration in the apex of the porcine spiral colon. 
 
Basal Jms (A), Jsm (B), and net (C) flux rates during 36Cl equilibration across apex colonic segments from control, B. 
hyodysenteriae, and B. hampsonii diseased pigs. M-S, unidirectional mucosal-to-serosal 36Cl flux; S-M, unidirectional 
serosal-to-mucosal 36Cl flux; Net, net 36Cl flux. Data presented as median + IQR, analyzed using Kruskal-Wallis one-way 
analysis of variance and Dunn’s Post Hoc. Significant differences between control and B. hyodysenteriae are represented 
by * = P < 0.05; Significant differences between control and B. hampsonii are represented by # = P < 0.05. (n=12 ctrl, 
n=12 B. hyodysenteriae, n=12 B. hampsonii strain 30446).
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apex of B.hamp diseased pigs. Overall, close analysis of unidirectional flux clearly 

demonstrates a decrease in the absorption of Cl- in diarrheic pigs.  

5.3.2 DRA inhibition by carbachol reveals reduced Cl- transport in the apex of 

diarrheic pigs 

 Following the equilibration period, DRA was inhibited through the addition of 

carbachol causing an increase in intracellular Ca2+ (183). In control tissues, carbachol 

resulted in a decrease in Jms (-2.23 + 3.84 µmol·cm-2·h-1) while increasing Jsm (3.30 + 

4.31 µmol·cm-2·h-1) flux, resulting in net Cl- secretion (Table 5.2). Interestingly, 

carbachol had little effect inhibiting DRA in diarrheic pigs as Jms flux was not inhibited in 

B.hyodysenteriae (0.20 + 3.61 µmol·cm-2·h-1) and B. hampsonii (1.73 + 6.92 µmol·cm-

2·h-1) infected animals. When compared to control, B. hyodysenteriae and B. hampsonii 

infected tissues had significantly less inhibition (P < 0.05) (P < 0.05) of Cl- Jms following 

carbachol addition (Table 5.2). Jsm in B. hyodysenteriae infected tissues did not 

increase following carbachol addition (-0.08 + 3.97 µmol·cm-2·h-1) while tissues from B. 

hamp diseased pigs had an increase in luminal Cl- secretion (3.25 + 3.14 µmol·cm-2·h-1) 

comparable to control. These findings suggest that diarrheic pigs have reduced levels of 

functional DRA protein on the mucosal surface of their colons resulting in decreased 

transporter-mediated Cl- absorption.  
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5.3.3 Brachyspira hyodysenteriae and Brachyspira hampsonii do not cause an 

increase in paracellular movement of 3H-mannitol in the apex of the porcine spiral 

colon 

 As previously described chloride absorption in the colon is closely tied to 

electroneutral sodium absorption (270). Chloride absorption is primarily achieved by 

paracellular movement following electroneutral sodium transport. To assess if barrier 

function was compromised in B. hyodysenteriae and B. hampsonii diseased animals, 

3H-mannitol flux was examined in Ussing chambers. No significant difference in Jms, Jsm 

or Jnet was observed during the 60-minute equilibration period between control or 

diarrheic pigs (Figure (5.2A-C). This finding was not surprising as my previous work has 

shown that tissue resistance, an indicator of barrier function is not affected by 

Brachyspira infection (Chapter 3). Furthermore, this finding points to the importance of 

DRA in facilitating Cl- absorption in the colon.  

5.3.4 The decrease in DRA mRNA & protein expression correlates with 

decreased Cl- absorption in the colon of diarrheic pigs 

 To determine if the decrease in Cl- absorption was attributed to down-regulation 

of DRA, mRNA and protein expression was measured by RT-qPCR and western blot. 

DRA was determined to be significantly down-regulated in the apex of the colon in 

diarrheic animals infected with Brachyspira hyodysenteriae (P < 0.05) and Brachyspira 

hampsonii (P < 0.05) when compared to control (Figure 5.3)
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Figure 5.2. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 do not affect paracellular solute 
movement. 
 
Basal Jms (A), Jsm (B), and net (C) flux rates during 3H-mannitol equilibration across apex colonic segments from control, 
B. hyodysenteriae, and B. hampsonii diseased pigs. M-S, unidirectional mucosal-to-serosal 3H-mannitol flux; S-M, 
unidirectional serosal-to-mucosal 3H-mannitol flux; Net, net 3H-mannitol flux. Data presented as median + IQR, analyzed 
using Kruskal-Wallis one-way analysis of variance and Dunn’s Post Hoc. Significant differences between control and B. 
hyodysenteriae are represented by * = P < 0.05; Significant differences between control and B. hampsonii are 
represented by # = P < 0.05. (n=12 ctrl, n=12 B. hyodysenteriae, n=12 B. hampsonii strain 30446).
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Figure 5.3. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 
decrease DRA mRNA expression in the apex of the porcine colon. 
 
Change in DRA mRNA compared to control as measured by RT-qPCR. DRA, down-
regulated in adenoma. DRA = downregulated-in0adenoma. Data presented as mean + 
SEM, analyzed using one-way ANOVA. * = P < 0.05 (n=6 ctrl, n=6 B. hyodysenteriae, 
n=6 B. hampsonii strain 30446). 
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Upon western blot analysis, it was determined that DRA protein expression was 

significantly reduced in the apex of disease pigs (P < 0.05) (P < 0.05) (Figure 5.4). The 

decrease in DRA mRNA and protein expression supports the observed decrease in Cl- 

absorption in the colon of diarrheic pigs. 

5.3.5 Human IL-1α decreases DRA mRNA expression in polarized Caco-2 

monolayers 

To determine if IL-1α, the only cytokine up-regulated throughout the colon of 

diarrheic pigs was responsible for the decrease in DRA mRNA expression observed in 

vivo, polarized Caco-2 monolayers were exposed to human recombinant IL-1α for 24hrs 

(Chapter 3). I found that IL-1α significantly decreased DRA mRNA expression at a dose 

of 500ng/ml when compared to control (P < 0.05) (Table 5.3). Furthermore, I observed a 

significant increase (P < 0.05) in PTGS2 expression in all Caco-2 monolayers treated 

with IL-1α, confirming that the cytokine had a biological effect (Table 5.3). These results 

suggest that IL-1α is responsible for the down-regulation of DRA contributing to the 

formation of diarrhea in B. hyodysenteriae and B. hampsonii diseased pigs.
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Figure 5.4. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 significantly reduce DRA protein 
expression in the apex of the porcine colon. 
 
Western blot (A) and densitometry (B) of DRA (~85 kDa) compared to β-actin (~43 kDa) reference for B. hyodysenteriae 

and B. hampsonii strain 30446 infected apex porcine colon compared to control. DRA = down-regulated in adenoma; β-

actin = beta-actin. Data presented as mean + SEM, analyzed using Student’s t-test. * = P < 0.05 (n=3 ctrl, n=3 B. 

hyodysenteriae, n=3 B. hampsonii strain 30446). 
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Discussion 

 Despite the high prevalence of diarrheal disease caused by Brachyspira spp. in 

both humans and swine, little is known regarding the pathophysiology of diarrheal 

disease caused by Brachyspira spp. In the current study, I examined the role of the Cl- - 

HCO3
- exchanger DRA (SLC26A3) and found that DRA protein expression and function 

was significantly reduced in the apex of the colon of pigs suffering from B. 

hyodysenteriae and B. hamp infection. Furthermore, my study revealed that IL-1α was 

responsible for the down-regulation of DRA mRNA expression in Caco-2 monolayers, 

unlike the direct effect of Brachyspira on ion channel and transporter transcriptional 

processes, which were unaffected by IL-1α.  

 Previous studies assessing the disruption in electrolyte movement following 

Brachyspira infection had been limited to B. hyodysenteriae in swine (13, 277). Diarrhea 

caused by B. hyodysenteriae has been historically characterized as a malabsorptive 

diarrhea in which Na+ and Cl- absorption is abolished in the colon of diseased animals 

(13, 277). However, these studies were performed using a modified version of the 

Berger and Steele equation in which nonlinear changes in electrolyte movement could 

lead to erroneous results (277). Additionally, mRNA and protein expression of 

transporters were not assessed to support the author’s findings. Furthermore, the 

impact of the inflammatory response was not assessed to give mechanism to the 

observations made. 
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5.4.1 Reduced DRA mRNA and protein expression support impaired Cl- 

absorption in the apex of the porcine colon following Brachyspira hyodysenteriae 

and Brachyspira hampsonii infection 

Electroneutral NaCl absorption in the colon primarily occurs through the coupled 

function of Na+/H+ exchanger 3 (NHE3) and Cl-/HCO3
- exchanger (DRA) (248). These 

electroneutral exchangers appear to be critical in maintaining homeostasis as knockout 

of NHE3 or DRA in mouse models resulted in the development of diarrhea (100, 282). 

The importance of DRA is further confirmed in patients suffering from inheritable 

congenital chloride diarrhea who have mutations in the SLC26A3 gene which results in 

reduced Cl-/ HCO3
- exchange and persistent diarrhea (162, 163, 199). These findings 

provide strong evidence to support the conclusion that loss of DRA function alone is 

capable of causing diarrheal disease.  However, my previous findings have shown that 

NHE2 and NHE3 isoforms were down-regulated in diarrheic pigs infected with B. 

hyodysenteriae or B. hampsonii at both transcriptional and translational levels (Chapter 

4). The current study revealed that Cl- absorption was impaired in diarrheal animals 

which correlated with reduced DRA mRNA and protein expression. It is important to 

note that the decrease in Cl- absorption was not attributed to paracellular loss of Na+ as 

barrier function was not compromised in diseased pigs as indicated by the 3H-mannitol 

flux and previous findings (13)(Chapter 3). Thus, these findings point to the importance 

of DRA in maintaining electroneutral Cl- absorption within the colon, and loss of function 

contributes to diarrhea in Brachyspira infected pigs. 
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5.4.2 DRA mechanistic loss during Brachyspira infection is unlike that of other 

enteric pathogens 

 Loss of DRA exchange processes have been noted in diarrheal disease caused 

by other enteric pathogens such as C. difficile and enteropathogenic E. coli (66, 107). 

Interestingly, these two pathogens result in decreased DRA function, achieved through 

the secretion of toxins or effector proteins (66, 107). Purified C. difficile toxins TcdA and 

TcdB decreased DRA proteins expression at low doses at 6 and 24hrs in a dose-

dependent manner in vitro and in vivo (66). This effect appeared to occur via a 

posttranscriptional mechanism as C. difficile toxins did not affect DRA mRNA 

expression in Caco-2 cells or in the colon of mice (66). These findings were further 

confirmed by a significant reduction in DRA protein expression in colonic biopsies from 

patients suffering from C. difficile infection (66). Similarly, enteropathogenic E. coli 

infection of Caco-2 and T84 cells reduced DRA function, however, this was not due to a 

decrease in total protein expression (107). Rather, a decrease in apical DRA expression 

was due to redistribution to intracellular compartments achieved by secreted effector 

proteins EspG and EspG2 (107). The redistribution of DRA was attributed to disruption 

of the microtubular network as EspG and EspG2 have been shown to play an important 

role in the disruption of microtubules (107, 202, 303).  Unlike these two pathogens the 

Brachyspira spp. assessed in the current study caused a significant decrease in DRA 

mRNA expression in the colon of infected pigs. These findings suggest that the 

mechanism responsible for the decrease in DRA function and protein expression is 

unlike that of C. difficile and enteropathogenic E. coli. 
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5.4.3 Paracellular movement of solute is not altered in the porcine colon during 

Brachyspira infection 

 Many bacterial pathogens cause disruption of tight junction proteins leading to 

increased paracellular movement of solutes and water, contributing to diarrheal 

development. Bacterial pathogens such as C. difficile and enteropathogenic E. coli 

disrupt tight junctions by causing alterations in the cell’s cytoskeleton (29, 231, 283). 

Moreover, other enteric pathogens such as Bacteroides fragilis and Vibrio cholerae 

disrupt tight junctions by producing bacterial proteases (29, 216, 217, 325, 326). 

Infections caused by B. hyodysenteraie and B. hampsonii appear to be different from 

many of other enteric pathogens as no significant difference in 3H-mannitol fluxes were 

observed in colonic samples obtained from diseased and control pigs. My findings are in 

agreement with previous studies that observed no change in paracellular movement of 

solutes in diarrheic pigs infected with B. hyodysenteriae (13). These findings provide 

strong evidence supporting the theory that diarrhea caused by Brachyspira is strictly 

malabsorptive in nature. 

5.4.4 IL-1α is responsible for the decrease in DRA mRNA expression 

 Reduced gene expression of DRA has been noted in patients suffering from 

inflammatory bowel disease (IBD) and linked to the direct effects of pro-inflammatory 

cytokines IL-1β, TNF-α, and IFN-γ (178, 268, 328). My previous findings determined 

that TNF-α and IFN-γ were either down-regulated or unchanged throughout the colon of 

Brachyspira infected pigs (Chapter 3). Furthermore, IL-1β was upregulated but, only in 

the distal segment of the colon suggesting that these cytokines are not responsible for 

the down-regulation of DRA mRNA expression in the apex of diseased pigs (Chapter 3). 
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IL-1α was the only pro-inflammatory cytokine that was determined to be upregulated 

throughout the colon of diarrheic pigs and in colonic explants exposed to live B. 

hyodysenteriae (322)(Chapter 3). Previous studies have shown that direct 

administration of human recombinant IL-1α in Ussing chambers was capable of 

decreasing both Na+ and Cl- absorption in rabbit ileum while eliciting Cl- secretion (58). 

However, studies assessing Cl- secretion in T84 cells grown acutely juxtaposing 18Co 

cells exposed to IL-1α revealed an increase in PTGS1 and PTGS2 expression resulting 

in PGE2 production and Cl- secretion (131). Based on these findings it appears that IL-

1α causes an increase in PGE2 synthesis which acts on EP2 and EP4 receptors on 

intestinal epithelial cells resulting in elevated cAMP production (72, 297). Thus, 

electroneutral Na+ and Cl- absorption is inhibited by second messenger-mediated 

inhibition of NHE3 and DRA, rather than altering transporter transcription (74, 82). 

I have previously shown that diarrheic pigs suffering from B. hyodysenteriae or B. 

hampsonii have significantly reduced anionic secretion throughout the colon which does 

not agree with what is currently known regarding IL-1α (58). However, previous studies 

only looked at the effects of IL-1α at concentrations < 5µg/ml. Some cytokines such as 

IL-1β has been shown to have dose-dependent effects on ion channel transcription in 

which low doses result in increased expression of CFTR while high doses have an 

inhibitory effect (44). I have provided strong evidence that polarized Caco-2 monolayers 

exposed to high concentrations (500µg/ml) of human recombinant IL-1α significantly 

reduce DRA mRNA expression after 24hrs. This is the first report of IL-1α’s ability to 

modulate DRA mRNA expression in vitro. It is possible that IL-1α is responsible for the 

decrease in DRA gene expression in the colon of diarrheic pigs infected with 
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Brachsypira, translating into a reduction in DRA protein expression. This study provides 

strong evidence supporting the conclusion that the loss of Cl- absorption in the colon of 

diarrhea pigs through DRA is achieved by the host’s cytokine response, ultimately 

contributing to the development of diarrhea. 

5.5 Conclusion 

 Brachyspira hyodysenteriae and Brachyspira hampsonii cause diarrheal disease 

in swine by evoking a strong pro-inflammatory response leading to a significant 

decrease in Cl- absorption. This decrease in Cl- absorption was attributed to a decrease 

in DRA mRNA and protein expression in the colon of diseased pigs. To determine if the 

previously described pro-inflammatory cytokine response was responsible for 

modulation of DRA expression, Caco-2 cells were exposed to human recombinant IL-

1α. DRA was down-regulated in Caco-2 cells after being exposed to IL-1α for 24hrs, 

thus describing new regulation of DRA by IL-1α. None the less, I provide strong 

evidence supporting a decreased Cl- absorptive response in the colon of Brachyspira 

diseased pigs contributing to the development of diarrhea and providing new insight into 

the pathophysiological mechanisms of spirochetosis.  
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Chapter 6 - General Discussion 

6.1 Implications 

 Diarrheal disease caused by Brachyspira spp. results in production limiting 

diarrhea in swine worldwide. Pigs suffering from Brachyspira colitis experience massive 

diarrhea accompanied by blood and large amounts of mucus (290). Colonization of the 

colon results in severe inflammation and activation of the innate immune system. 

Although this response is important for elimination and clearance of Brachyspira spp. I 

have shown in three studies that destruction of Brachyspira and pro-inflammatory 

cytokine IL-1α alter ion channel and transporter transcription. These alterations in ion 

transport likely contribute to the development of an altered colonic mucin environment 

potentially favouring Brachyspira colonization resulting in diarrheal disease.   

 Elevated luminal anion secretion has been associated with many enteric 

pathogens and is responsible for driving the development of diarrhea. Additionally, 

anion secretion is also important in maintaining mucin rheological properties, specifically 

in secreted gel-forming mucins. In chapter 3, I assessed the agonist-induced 

electrogenic anionic secretory response throughout the spiral colon of pigs 

experimentally challenged with B. hyodysenteriae and B. hampsonii. Rather than an 

elevated anionic secretory response, I found that diarrheic pigs had a significantly 

reduced agonist-induced anionic secretory response. I also assessed whether a 

decrease in K+ flux might be responsible for the decrease in anion secretion observed 

through the use of 86Rb flux studies in Ussing chambers. 86Rb is effectively transported 

through K+ channels and is used as a radiolabelled marker to replace radiolabelled K+ 

(201). However, during the equilibration period, there was no significant difference in 



 

146 
 

Jms, Jsm, or Jnet fluxes (Figure A). Gene expression of the major anionic transporters in 

the colon revealed reduced levels of CFTR throughout the colon of diseased pigs. 

TMEM16A was not reduced at the mRNA level however, western blot analysis revealed 

that TMEM16A protein expression was significantly reduced in all three segments of 

diarrheic pigs compared to controls. I was unable to measure CFTR protein expression 

as no CFTR antibodies tested reacted with pig colonic tissue. However, a recent study 

has shown that knockout of TMEM16A eliminated cAMP and Ca2+ activated anionic 

currents in the adult murine colon, providing evidence that TMEM16A is required for 

CFTR expression and function (26). These findings suggest that the decrease in anionic 

secretion is not due to reduced K+ conductance but rather a decrease in mRNA and 

protein expression of apically expressed anion channels. 

Using a Caco-2 cell culture model I analysed the effects of IL-1α and a B. hampsonii 

lysate on modifying CFTR mRNA expression to determine which treatment may account 

for the decrease observed in vivo. I found that IL-1α was unable to decrease CFTR 

mRNA expression but, the B. hampsonii lysate did at my pathophysiologic 

concentration. Thus, it appears that the decrease in anion secretion is attributed to a 

direct effect of the Brachyspira lysate. However, this decrease in anion secretion does 

not drive the development of diarrhea, rather it likely influences mucin rheological 

properties, possibly creating a favourable environment for Brachyspira colonization. 

Many enteric pathogens utilize or modify the mucin environment within the host’s 

gastrointestinal tract as part of their pathogenesis. Pathogens such as V. cholerae 

cause depletion of mucus in the small intestine likely allowing for greater access to the 

epithelium for binding of GM1 ganglioside receptors (134, 185, 227). In contrast, 
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ETEC’s heat labile enterotoxin induces MUC2 secretion in the host’s small intestine. 

This change in the mucin environment is favoured by ETEC as it secretes EtpA, an 

adhesin that allows binding to both secreted and transmembrane mucins (179). 

Previous studies have shown that B. hyodysenteriae and B. hampsonii alter the colonic 

mucin environment by elevating production of MUC2 and MUC5AC and subsequently 

binding to these mucin carbohydrate structures, suggesting that mucins are important 

for Brachyspira’s pathogenesis (251, 323). As mucin rheological properties are heavily 

influenced by anion secretion, I believe that Brachyspira spp. likely produce a toxin or 

molecule which is responsible for the decrease in anion secretion. This 

pathophysiological mechanism has been observed in cystic fibrosis airways, as the lack 

of anion secretion through CFTR causes mucus thickening leading to the formation of 

mucus plaques, contributing to Pseudomonas aeruginosa colonization (139, 144, 250, 

305). Thus, I believe that this decrease in anion secretion results in an altered colonic 

mucin environment which likely promotes Brachyspira colonization. However, the 

question still remains whether the thickening and aggregation of the mucins allow motile 

Brachyspira to outcompete other bacteria present in the colon or it may be possible that 

the reduction in mucus clearance due to altered rheological properties potenitally drives 

colonization.  

 In chapter 4, I assessed Na+ absorption in diarrheic pigs as a potential 

contributor to the development of diarrhea. I found that electroneutral (NHE) but, not 

electrogenic (ENaC) Na+ absorption was impaired in diarrheic pigs. Loss of NHE 

isoforms 2 and 3 have been observed in diarrheal disease caused by other enteric 

pathogens (113, 125, 292). I found that downregulation of NHE3 was not attributed to 
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the host’s inflammatory response as IL-1α was not capable of decreasing NHE3 mRNA 

in Caco-2 cells. Rather NHE3 mRNA was decreased after exposure to a 

pathophysiologic concentration of B. hampsonii lysate in vitro. My findings suggest that 

loss of electroneutral Na+ absorption in the colon of diseased pigs through NHE 

isoforms 2 and 3 is a major contributor to diarrhea caused by these two Brachyspira 

spp. 

 Interestingly, electrogenic Na+ via ENaC was not significantly different between 

control and diseased pigs in any segment of the porcine colon sampled. Furthermore, 

gene expression of ENaC subunits supported this observation. Although speculative, 

the ability of diarrheic pigs to continue to absorb Na+ via ENaC during diarrheal 

episodes may prevent severe ionic imbalances and fluid loss, which would result in 

death. Previous research has shown that mineralocorticoids such as aldosterone 

elevate ENaC expression throughout the colon (279, 324). My electrophysiological and 

gene expression data, however, does not show elevated expression of ENaC 

throughout the colon thus leading me to believe that mineralocorticoids are not involved 

in diarrheal disease caused by B. hyodysenteriae and B. hampsonii. 

 In chapter 5, I assessed Cl- absorption and barrier function in diarrheic pigs. A 

portion of Cl- absorption occurs paracellularly as Cl- follows Na+, the second route in the 

colon is via electroneutral Cl-/HCO3
- exchange through DRA (SLC26A3) (270). I 

determined that paracellular transport of solute was unaffected in diarrheic pigs, 

however, electroneutral Cl- absorption was significantly impaired. Loss of anion 

exchange through DRA has been associated with diarrheal disease (66, 162, 321, 327). 

In the case of DRA, the significant increase in pro-inflammatory cytokine IL-1α observed 



 

149 
 

throughout the colon of diseased pigs was responsible for the downregulation of DRA. 

This is the first time that regulation of DRA transcription by IL-1α has been described. In 

addition to new cytokine regulation of DRA, I have shown that impairment of DRA in 

diseased pigs contributes to diarrheal development in addition to the decrease in 

electroneutral Na+ absorption.  

 Together these three studies provide new insight into the pathophysiological 

mechanisms of B. hyodysenteriae and B. hampsonii. Previous studies assessing ion 

transport in isolated colonic loops in B. hyodysenteriae diseased pigs observed that Na+ 

and Cl- absorption was inhibited while anion secretion and paracellular transport was 

not different from control (13, 277). My studies largely agreed with these original 

observations with the exception of the unchanged anion secretion. This is likely due to 

the authors using a simplified version of the Berger and Steele equation to indirectly 

calculate the blood to lumen change in anionic flux (277). Thus, a decrease in anion 

secretion would have been overlooked as a larger decrease in absorption was present 

(277). 

 This decrease in anion secretion and the resulting modification of the colonic 

mucin environment potentially initiates the pathogenesis of B. hyodysenteriae and B. 

hampsonii by promoting a favourable colonic mucin environment for colonization. Thus, 

a decrease in anion secretion lends new insight into the pathogenesis of these two 

Brachyspira spp.. Furthermore, my studies have identified NHE2, NHE3, and DRA as 

the transporters responsible for the development of diarrheal disease following 

Brachyspira infection, which has not been described previously. I have also provided 

novel mechanisms for the observed changes in ion transport observed in vivo. The 
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decrease in anion secretion and loss of NHE isoform mRNA and protein was attributed 

to direct effects of Brachyspira, potentially a secreted toxin. The decrease in DRA 

mRNA and protein, however, was attributed to the host’s profound IL-1α response noted 

throughout the colon.  

 Understanding the pathophysiological mechanisms associated with the 

pathogenesis of Brachyspira spp. in swine could provide new vaccine targets to help 

mitigate this disease. I know that a B. hampsonii lysate is capable of modifying ion 

channel gene expression, however, at the current time it is unknown whether a specific 

protein or toxin is responsible for this effect. Purification of toxins produced by 

Brachyspira spp. resulting in similar pathophysiological effects in vitro and/or in vivo can 

be used as tools in developing a subunit vaccine. Furthermore, these studies may 

provide new insight into the potential mechanisms associated with human intestinal 

spirochetosis caused by B. pilosicoli and B. aalborgi.  

6.2 Limitations of this Research 

 As with all research utilizing different scientific models creates limitations to what 

can be studied and how and how those studies can be conducted. Using a porcine 

model comes with a variety of limitations and challenges that make researching specific 

aspects very difficult to impossible. Thus, this section will discuss the major limitations 

that I encountered during the duration of my program. 

 I assessed changes in ion transport in the porcine colon after the onset of peak 

clinical signs (bloody-mucoid diarrhea). However, due to the nature of my study, I was 

not able to assess the changes in ion transport during the development of diarrhea. 
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Variability in the time it took pigs to progress from a fecal score of 0 to 4 was high, 

making it impossible to know when to euthanize pigs to assess other time points other 

than peak clinical signs. Furthermore, assessing ion transport at other time points was 

beyond the scope of my research, however, it would provide valuable information on 

gene and protein expression in the mucosa during the early stages of the disease. 

Thus, these experiments should be conducted in the future to fully characterize the 

pathophysiological mechanism of diarrhea caused by B.hyodysenteriae and B. 

hampsonii. 

 In chapter 3 I concluded that changes in anion secretion specifically secretion of 

HCO3
- was responsible for altering mucin rheological properties in the porcine colon 

which likely favoured Brachyspira colonization and growth. However, in this study, I was 

unable to directly measure HCO3
- transport through the colonic tissues. Radiolabelled 

HCO3
- fluxes were not ran for safety reasons as HCO3

- and H+ is turned into CO2 and 

H2O via the carbonic anhydrase reaction. Our Ussing chamber setup is not secured in a 

fume hood so these experiments could not be run. I could have utilized gut loop studies 

which were previously used (13, 277), however, these studies do not account for the 

serosal to mucosal movement of ions, which was the main focus of this study.  

 Utilizing a porcine model created a major challenge as many commercial, 

scientific products, specifically antibodies for ion channels, are not created to react with 

pig tissue. Thus, a major limitation of my first study in chapter 3 was the inability to 

directly measure CFTR protein expression in the porcine colon by western blot or any 

other antibody reliant scientific technique as none of the antibodies tested reacted with 

porcine colon (Table A).  
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 A major limitation of all three studies in this thesis was that no commercially 

available immortalized porcine colonic epithelial cell lines currently exist. I experimented 

with polarized primary colonic epithelial cultures, however, once these primary cells 

reached confluency they would die before they could be subject to the Brachyspira 

lysate. This led me to immortalize my own porcine colonic epithelial cell line using a 

retrovirus, however, this cell line was not ready to be used for experimentation during 

my research program. As a result, I utilized Caco-2 cells, which are derived from human 

colon to test my B. hampsonii lysate on. Thus, although I observed results that favoured 

my observations in vivo, it is difficult if not impossible to conclude that the Brachyspira 

lysate would cause the same pathophysiologic effects in porcine colonic epithelial cells. 

 Another limitation of utilizing cell culture models is that they need to be grown in 

an oxygen rich environment. Brachyspira spp. are anaerobic making it impossible to co-

culture live bacteria on polarized monolayers. I attempted this multiple times and was 

unable to culture the Brachyspira on blood-agar plates after co-culture of the bacteria 

and cells in the CO2 incubator. However, through use of 3D printing, it could be possible 

to develop an apparatus that allowed for co-culturing polarized monolayers with 

anaerobic bacteria so that the cells could be grown in 100% CO2 while being fed 

nutrients and oxygen through the basolateral membrane. Although nothing like this 

currently exists it could be the focus of future research. 

 This inability to co-culture Brachyspira with Caco-2 cells caused me to use a 

whole cell B. hampsonii lysate. This lysate, however, contains all cellular components of 

the bacteria including LPS which may be responsible for the pathophysiological 

changes observed. The next step in this experiment would be to fraction out proteins in 
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the lysate based on size to determine which proteins are responsible for the 

observations made in my studies. 

 Many of these limitations created new questions which need to be addressed by 

future research. In section 6.3 the next steps to fully characterize the pathophysiological 

mechanism of diarrhea caused by B. hyodysenteriae and B. hampsonii will be 

discussed. 

6.3 Future Research 

 In my three studies, I have characterized the pathophysiologic and molecular 

mechanisms involved in the pathogenesis and development of Brachyspira induce 

diarrhea in swine. I along with others have identified that destruction of Brachyspira 

causes changes in ion transport and mucus secretion. However, at the current time, it is 

unknown what toxin or protein associated with Brachyspira is responsible for this 

cellular response. I have concluded that both the host’s cytokine response and direct 

effects off the bacteria are responsible for changes in ion transport in the porcine colon 

resulting in diarrheal disease. 

Future studies need to identify what proteins or molecules associated with 

Brachyspira are capable of modifying ion transport and invoking the inflammatory 

response. I utilized a whole cell B. hampsonii lysate; the next step would be to isolate 

proteins based on their molecular size to determine what size of protein(s) can mirror 

my results. Currently, in our lab purification of hemolysins produced by Brachyspira spp. 

by HPLC is being conducted. It is possible that these bacterial associated proteins may 

aid in the pathogenesis of the disease by modifying the host’s cytokine response or by 
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directly modifying transcription and/or translation of ion channels in the porcine colon. It 

is important to note, however, that I did not assess all known cytokines. Thus, an 

untested cytokine may be responsible for the decreased ion channel mRNA and protein 

expression observed in vivo. 

I used a human colonic cell line model to assess molecular changes in ion 

channel mRNA expression after exposure to a B. hampsonii lysate. Limitations of this 

approach have been discussed in section 6.2. Thus, use of immortalized colonic cell 

lines created by myself and others in our lab can be used to assay the lysate and other 

proteins of interest to determine which target(s) are responsible for the alterations in ion 

transport.  

The limitations of assessing colonic ion transport in pigs at several time points 

during the development of diarrheal disease have been discussed in section 6.2. 

However, this study would provide a lot of information regarding the entire 

pathophysiological mechanism of Brachyspira induced diarrhea. Although speculative it 

is possible that diarrhea caused by Brachyspira spp. is initiated by an increase in anion 

secretion. Furthermore, the host’s cytokine response may be significantly different 

during the onset of the disease compared to peak clinical signs. This study, however, is 

logistically challenging as there is high variability in the development of diarrhea 

between pigs and additional lab equipment and skilled persons would be required. 

Thus, development of an in vitro co-culture method with Brachyspira spp. and porcine 

colonic epithelial cells would be very useful to determine the pathophysiological 

changes occurring at multiple time points. The use of organoids may be a potential way 

to assess these changes in vitro as opposed to traditional cell monolayer models. 
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 Diarrhea caused by B. hyodysenteriae and B. hampsonii is accompanied by what 

is thought to blood. This observation, however, has never been confirmed that whole 

red blood cells are present is the feces of diseased pigs. I have shown that both TEER 

and paracellular movement of mannitol is unchanged in the colon of diarrheic pigs 

compared to control. These findings suggest that disruption of tight junctions does not 

contribute to the development of diarrhea or allow for the movement of red blood cells 

into the lumen of the colon in diseased pigs. Thus, future work needs to determine if 

blood is actually present in the feces of diseased pigs, and if so, how this 

pathophysiological mechanism occurs.  
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Appendix 

Descriptive Materials & Methods 

As this thesis was written in a manuscript style format, more descriptive materials and 

methods have been added to this thesis. 

Animals 

 Fifty-four 6-8 week-old purebred Yorkshire barrows were housed in pairs with 12 

pigs per room and provided antibiotic-free diet high in soybean meal and water ad 

libitum. Treatment groups were each housed in separate BSL2 animal care rooms at 

18˚C. Pigs were acclimated to their new environment for 7 days before inoculation with 

either Brachyspira hyodysenteriae strain G44 (kindly provided by Boehringer-Ingelheim 

Vet Medica, St. Joseph, MO; n=17), Brachyspira hampsonii strain 30446 (n=16), or a 

mock inoculum of sterile liquid culture media (n=18). The number of pigs in each group 

differed slightly because inoculated pigs that did not develop bloody-mucoid diarrhea 

were not used. Feeders were removed from pens 12 hours prior to inoculation to 

simulate a feed outage, but water was not. Inoculation was conducted by passing a 

stomach tube and flushing 30ml of 108-109 cells/ml inoculum into the stomach of a pig, 

followed by sterile PBS as previously described (266). Pigs were then assessed daily 

for clinical signs of disease, and fecal consistency-scores were graded twice daily using 

a 0-4-point scale (0=formed, normal; 1=soft, wet cement consistency; 2=runny or 

watery; 3=mucoid diarrhea; or 4=bloody-mucoid diarrhea) to accurately determine the 

onset and severity of diarrhea as previously described (266). Brachyspira 

hyodysenteriae and Brachyspira hampsonii strain 30446 pigs developed bloody-mucoid 
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diarrhea within 3-7 days after inoculation and were euthanized 24 hours after onset of 

dysentery. Control pigs remained healthy (non-diarrheic) and were euthanized on an 

age-matched basis with inoculated pigs euthanized the same day. Pigs were 

euthanized by intracranial captive bolt and exsanguination. This research was designed 

and conducted in accordance with the Canadian Council for Animal Care and approved 

by the University of Saskatchewan Committee on Animal Care and Supply (Protocol 

#20130034). 

Electrogenic Ussing chamber studies 

  After euthanasia, 17-18 cm segments of proximal (2.5 cm distal from the 

cecum), apex of the spiral colon (midpoint between the cecum and sigmoid colon) and 

distal (sigmoid colon) colon were collected and washed with Krebs buffer (pH 7.4) 

containing (in mM) 113 NaCl, 5 KCl, 1.6 Na2HPO4, 0.3 NaH2PO4•H2O, 25 NaHCO3, 1.1 

MgCl2•6H2O, 2.2 CaCl2•2H2O and 10 glucose, and chilled to 4⁰C. Samples were 

immediately transported to the lab in Krebs buffer gassed with 95% O2 -5% CO2 where 

the serosa (visceral peritoneum) and longitudinal and circular muscle layers of the 

colonic wall were removed with forceps (stripped) from all segments leaving only the 

mucosa and submucosal rudiments as previously described (61). Pieces of stripped 

mucosa (2-4 tissue replicates of each segment per pig) were then placed on 1cm2 

tissue Ussing chamber inserts and inserted into the Ussing chamber (Physiologic 

Instruments, San Diego, CA).  Each reservoir was independently gassed with 95% O2-

5%CO2.  A heated circulating water bath maintained the buffer in the Ussing chamber at 

37⁰C. Transepithelial potential differences were short-circuited to 0 mV with a voltage 
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clamp using Ag-AgCl electrodes and 3M KCL agar bridges (Physiologic Instruments, 

San Diego, CA) on apical and basolateral sides as previously described (61). 

Tissues were allowed to equilibrate for twenty minutes before the addition of any 

drugs.  A 1mV pulse every 30 seconds was used to determine the resistance and tissue 

viability from the resulting current.  After the equilibration period, 0.1mM amiloride 

(A7410; Sigma Aldrich) was added to the apical side of the Ussing chamber to 

selectively inhibit ENaC. Once steady state was reached, 10µM of the adrenergic 

agonist isoproterenol (I6504; Sigma Aldrich) was added to the basolateral side of the 

chamber to increase cAMP physiologically and stimulate cAMP-activated channels, 

such as CFTR.  After steady state was reached, 0.1mM of carbachol (C4382; Sigma 

Aldrich) was added to the basolateral side of the chamber. This cholinergic agonist 

increases intracellular Ca2+ activating calcium-activated channels.  After steady state 

was reached, 10µM forskolin (F6886; Sigma Aldrich) and 1mM of 1M 3-isobutyl-1-

methylxanthine (IBMX) (I5879; Sigma Aldrich) were added to the apical and basolateral 

sides of the Ussing chamber causing a massive irreversible and sustained elevation in 

cAMP to fully activate cAMP-activated secretion. Finally, after steady state was reached 

0.1mM bumetanide (B3023; Sigma Aldrich) was added to the basolateral side of the 

Ussing chamber to inhibit the basolateral Na+-K+-2Cl- co-transporter 1 (NKCC1). 

Changes in short-circuit current were recorded and analyzed using LabChart 7 software 

(ADInstruments, Colorado Springs, CO). 
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Characterization of electroneutral absorptive response in healthy and diseased 

porcine colon - radiolabelled isotope flux studies  

 

The apex of the spiral colon was collected following euthanasia and samples 

were prepared according to the protocol described above in the Electrogenic Ussing 

Chamber Studies section. Once the colonic tissues (12 tissue replicates per pig) were 

inserted into the Ussing chambers, short-circuit current was recorded, and tissues were 

paired with the tissue next to it. Tissues were recorded for twenty minutes before the 

addition of a radiolabelled isotope to reach a steady state current. One μCi of isotope 

(22Na, 36Cl, 3H-mannitol, 86Rb) was added to the apical side of chamber #1, and one μCi 

was added to the basolateral side of chamber #2. The side of the chamber that isotope 

is added too is referred to as the “hot side,” and the opposing side is referred to as the 

“cold side.” After the addition of isotope, 100μl samples were removed from the hot 

sides of both chambers #1 and #2 immediately and placed in glass (22Na) or scintillation 

(36Cl, 3H-mannitol, 86Rb) vials containing 5ml of Ultima Gold™ scintillation cocktail 

(PerkinElmer, Waltham, MA). The 100μl removed from the Ussing chamber was 

immediately replaced with 100μl of fresh Krebs buffer. 500μl samples were removed 

from the cold side of chambers #1 and #2 and placed in the appropriate vials and 

immediately replaced with 500μl of fresh Krebs buffer. 500μl samples were removed 

from the cold side for the first 60 (36Cl, 3H-mannitol) to 80 (22Na, 86Rb) minutes for 

steady-state flux to be achieved. Different activators or inhibitors of electroneutral ion 

transport were then added to determine their effect on electroneutral transport. These 

specific drugs are described in the materials and methods within each data chapter. 

22Na samples were counted on a Titertek Plus gamma counter while 36Cl, 3H-mannitol, 
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and 86Rb were counted on a beta counter to determine cpm values. 

Tissues were then paired based on upon each tissue’s resistance. Tissues which 

had resistances that differed <15% of each other were paired. cpm values were used to 

calculate unidirectional mucosal-to-serosal (Jms) and serosal-to-mucosal (Jsm) fluxes 

based on the following equation (281): 

Φms/sm = vs(ps2 – cps1)/(Δt·p*·A) 

Where: Φms/sm = the unidirectional isotopic flux Jms or Jsm (μmol/cm2 · hr) or 

(μeq./cm2 · hr) 

  vs = volume (cm3) of buffer on the serosal surface (cold side)  

   ps = cpm/cm3 on the cold side reservoir 

   c = dilution correction factor 

   Δt = the time between sample collection (hr)    

   p* = the specific activity of the isotope on the hot side (cpm/μmol of total 

ion of interest in 1ml of buffer) 

   A = area of the tissue in Ussing chamber insert = 1.0 cm2 

Net flux was then calculated from the resulting values (Jnet = Jms – Jsm) for each 

isotope as previously described (281). Positive net flux values indicate net absorption 

while negative values indicate net secretion of the isotope. 

RNA isolation from porcine colon and polarized Caco-2 monolayers 

Mucosal samples collected at the time of euthanasia and subsequently stored in 

RNAlater® (AM7021; Ambion®) at -80˚C were homogenized in 1ml of TRIzol reagent 

(15596018; Life Technologies). Likewise, polarized Caco-2 monolayers were harvested 

by the addition of 1ml of TRIzol to each 24mm Transwell® permeable support and 
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subsequently pipetting up and down allowing for the removal of all cells. TRIzol works 

by maintaining RNA integrity during tissue homogenization, while at the same time 

breaking down cells and cell components.  Following the homogenization, the samples 

were centrifuged for 10 minutes at 12,000 x g at 4⁰C, and the supernatant containing 

the RNA was transferred to a new tube. The samples were then incubated at room 

temperature for 5 minutes to permit complete dissociation of the nucleoprotein complex. 

0.2 ml of chloroform was then added to each sample and tubes were shaken by hand 

for 15 seconds. The chloroform is used for purifying the nucleic acids and eliminating 

proteins by causing them to be separated into the organic phase while the RNA remains 

in the aqueous phase. Samples were incubated at room temperature for 3 minutes and 

then centrifuged for 15 minutes at 12,000 x g at 4⁰C. The aqueous phase was then 

transferred into a new tube to begin the RNA isolation procedure.    

100μl of RNase-free glycogen was then added to each sample. Glycogen acts as 

a carrier to the aqueous phase, but does not inhibit first-strand synthesis, and does not 

inhibit PCR. 0.5ml of 100% isopropanol was added to the aqueous phase which rids the 

aqueous phase of alcohol soluble salts. RNA is insoluble in isopropanol thus, during 

centrifugation RNA will aggregate forming a pellet. Samples were incubated at room 

temperature for 10 minutes and subsequently centrifuged for an additional 10 minutes 

at 12,000 x g at 4⁰C. After centrifuging the samples, an RNA pellet became visible on 

the bottom of each tube. However, if an RNA pellet was not formed an additional 100μl 

of RNase-free glycogen was added, and the sample was centrifuged for an additional 

10 minutes.    
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Washing of the RNA pellet was conducted by removing the supernatant from 

each sample by vacuum suction and replaced with 1ml of 75% ethanol. 75% ethanol is 

used to wash the RNA pellet because at this concentration of ethanol proteins and salts 

remain in solution while RNA remains insoluble which allows for purification of the RNA 

pellet. After the addition of 75% ethanol, the samples were centrifuged for 5 minutes at 

7500 x g at 4⁰C and following this step the aqueous phase was removed by vacuum 

suction and discarded. The RNA wash with 75% ethanol was subsiquently conducted a 

second time. Following the second ethanol wash, the RNA pellets were air dried for 10 

minutes to allow any remaining ethanol in the tube to evaporate.    

RNA pellets were resuspended in 100μl of RNase-free water and subsequently 

passed up and down several times through a pipette tip. The resuspended pellets were 

then placed in a heat block for 12 minutes at 56⁰C. RNA samples were then tested on 

one of two nanodrop machines to determine the concentrations of RNA present in each 

sample. A standard of <500ng/μl was used as exclusion criteria for RNA samples.  

Reverse transcription 

cDNA was created from mRNA using the GoScript Reverse Transcription system 

(A5001; Promega). The reverse transcriptase procedure was carried out by mixing 3μl 

of RNA with 1.75μl of RNase-free water, 0.5 μl D.P, 0.5 μl R.P, 0.5 μl dNTP, 1μl MgCl2, 

2μl Buffer, 0.25 μl RNase and 0.5 μl RT per sample to give a total volume of 10 μl. 

Samples were then transferred into the thermocycler to create cDNA. Samples were 

subject to 25˚C for 5 minutes, followed by 42˚C for 30 minutes, and finally 85˚C for 5 

minutes. cDNA was then diluted with 200μl of RNase-free water and frozen at -80⁰C.  
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Quantivative PCR and fold difference calculation 

Quantitative PCR was performed by mixing 12.5μl PCR mix, 6.5μl RNase-free 

water and 1μl of a combined mixture of gene specific forward and reverse primers. 

qPCR was performed in duplicate and 2.5μl of cDNA was then added to each well 

resulting in a total volume of 12.5μl. Samples were run in a Stratagene Mx5000P real-

time qPCR machines for 40 cycles. The average CT (cycle threshold) value was used to 

calculate the fold difference of each gene between control and diseased colonic 

samples as well as control and treated cell cultures using the ΔΔCt calculation method: 

Ratio = (Efftarget) ΔCT target (Mean control – Mean sample) 

     (Effref)ΔCT ref (Mean control – Mean sample) 

 

Primer design and efficiency calculation 

Porcine primers were designed for GAPDH, CFTR, TMEM16A, ANO6, ANO9, 

ANO10, BEST2, BEST4, CLCA1, CLCA4, NKCC1, NHE1, NHE2, NHE3, ENaC-α, 

ENaC-β, ATP1A1, SLC26A3, IL-1α, IL-1β, IL-6, IL-8, IL-10, IL-17A, IL-18, TNF-α, IFN-γ, 

TGF-β1, TGF-β2, TGF-β3. MUC1, MUC2, MUC4, and MUC5AC (Tables 3.1, 4.1, 5.1). 

Porcine GAPDH was used as the reference gene for analyses. Human primers were 

designed for GAPDH, CFTR, NKCC1, NHE2, NHE3, SLC26A3, IL-1α, IL-1β, and 

PTGS2 (Table 3.2, 4.2, 5.2). Human GAPDH was used as the reference gene for 

analyses. 

Primers were developed in house and designed with PrimerQuest (Integrated 

DNA Technologies) to span exon-exon junctions and subsequently checked for cross-

reaction by using NCBI’s Nucleotide-BLAST. Primers were also designed to target all 

known target gene transcript variants. Standard curves were created by running primer 
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sets with cDNA serial dilutions (1 x 100 – 1 x 10-6) to calculate the primer efficiency 

(Efficiency (%) = 10(-1/slope)) and to ensure that only a single product was amplified. Only 

primers amplifying a single product and having a primer efficiency greater than 85% 

were used. qPCR was performed in duplicate, and a negative control was used to verify 

the absence of genomic DNA contamination All Ct values used in the analysis for 

control and diseased pigs were between 15-35.  

 

Western blot and densitometry analysis 

Protein was extracted from stripped control and diseased colonic samples from the 

proximal, apex and distal sections of the porcine colon using the ProteoExtract 

transmembrane protein kit (71772-3; Novagen®). Colonic samples were sliced in to 

~2mm3 pieces and added to 2ml of ice-cold PBS. Samples were subsequently 

centrifuged at 100 x g for 2 minutes at 4˚C, and the supernatant was discarded, and this 

step was repeated. Tissues were then homogenized in the presence of 2ml of ice-cold 

Extraction Buffer 1 containing 5μl of Protease Inhibitor Cocktail Set III. Samples were 

incubated on ice for 10 minutes with gentle agitation and then centrifuged at 1000 x g 

for 5 minutes at 4˚C. The supernatant (cytosolic fraction) was removed and stored at   -

80˚C, while the tissue pellets were resuspended in 5ml of ice-cold PBS and centrifuged 

at 1000 x g for 5 minutes at 4˚C and the supernatant, was discarded. The tissue pellets 

were then resuspended in 200μl of Extraction Buffer 2B in the presence of 5μl Protease 

Inhibitor Cocktail III and incubated on ice with gentle agitation for 1 hour. Following the 

incubation period, samples were centrifuged at 16,000 x g for 15 minutes at 4˚C, and 
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the supernatant containing the integral membrane proteins were transferred to a new 

tube and stored at -80˚C. 

Protein samples were boiled in 2x denaturing buffer (20% glycerol, 4% SDS, 125 

mM Tris pH 6.8, 0.3 mM bromophenol blue) containing 10-20% β-mercaptoethanol 

(BME; M6250; Sigma-Aldrich) for five minutes and analyzed by 10% SDS-PAGE (286). 

 For western blot analysis, proteins were transferred onto PVDF membrane 

(RPN303LFP; GE Healthcare Life Sciences) at 0.2mA for 4 hours at 4⁰C with transfer 

buffer (25mM Tris, 192mM glycine, 20% methanol) (286). Membranes were blocked for 

an hour at room temperature with a 10% RapidBlock™ (M325-AMRESCO®) blocking 

solution and subsequently probed overnight at 4˚C with primary antibodies anti-

TMEM16A (1:1000) (QC13356-42173; AVIVA Biosciences), anti-NHE3 (1:1000) 

(ARP43870_P050; AVIVA Biosciences), anti-SLC26A3 (1:500) (PA5-68530; Invitrogen), 

and anti-β-Actin (1:2000) (C-4; sc-47778; Santa Cruz Biotechnology) verified by the 

supplier to react with pig in PBST or a 10% RapidBlock™ solution. Membranes were 

washed with PBST a total of three times to remove all primary antibody. Membranes 

were then incubated for 1 hour at room temperature with secondary antibodies Alexa 

Fluor 488 Goat anti-Rabbit IgG antibody (1:2000) (A-11008; Thermo Fisher Scientific) 

and ECL Plex Goat anti-Mouse IgG-Cy5 antibody (1:2000) (PA45009; Amersham 

Biosciences) in PBST. Membranes were then washed with PBST three times and then 

four additional times with gentle agitation for 5 minutes each. Membranes were then 

washed three times with PBS and allowed to dry. Proteins were subsiquently detected 

and analyzed using Typhoon Trio and ImageQuant TL System (63005583; GE 

Healthcare Life Sciences).  
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Densitometry was conducted using ImageQuant software (63005583; GE 

Healthcare Life Sciences). Background from each blot was subtracted from the 

densitometry value of each target and house keeping band. The target band was then 

normalized to the house keeping protein (β-actin), and relative protein expression for 

diseased tissues were compared to the mean relative protein expression for control 

tissues. The data was then presented as relative fold change in protein expression 

compared to control. 

Cell culture  

 The Caco-2 cell line derived from human colorectal adenocarcinoma (HTB-37; 

ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle medium (DMEM) 

(10-0130CM, Corning, Manassas, VA) containing 10% heat-inactivated fetal bovine 

serum (Gibco, Burlington, ONT, Canada) Grand, 1% penicillin-streptomycin (15140-122; 

Life Technologies), and 1% MEM non-essential amino acids (Gibco, Grand Island, NY) 

at 37˚C in a humidified atmosphere with 5% CO2. Cells were plated on polyester 

Transwell® permeable supports (0.4µm pores, 24 mm in diameter, Corning) and  

cultured under standard conditions until confluency (1 x 106 cells). Cells were 

maintained for 10 days after confluency was achieved and media was replaced every 

two days before being used in downstream experiments. 

Exposure of Caco-2 monolayers to recombinant human IL-1α 

 Polarized human colorectal adenocarcinoma (Caco-2) monolayers were exposed 

to human recombinant IL-1α (I2778; Sigma Aldrich). Polarized Caco-2 monolayers were 

subsequently probed for changes in CFTR, NHE2, NHE3, SLC26A3, and PTGS2 

mRNA expression by RT-qPCR. Both apical and basolateral surfaces were exposed to 
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IL-1α at concentrations of 10, 100 and 500 ng/ml for 24hrs in the presence of fetal 

bovine serum. The Caco-2 cell line was chosen as no porcine colon-derived cell lines 

are commercially available. To ensure that IL-1α had a biological effect on Caco-2 

monolayers, qPCR primers were developed for prostaglandin-endoperoxide synthase 2 

(PTGS2) which has been previously shown to become up-regulated in multiple cell 

types after IL-1α exposure (58, 131, 259). 

 

Caco-2 monolayer exposure to Brachyspira hampsonii lysate 

  To determine if Brachyspira has a direct effect on modulating ion channel 

expression I wanted to determine if a whole cell Brachyspira lysate was capable of 

down-regulating CFTR, NHE3, and SLC26A3 mRNA expression in Caco-2 cells. The 

Brachyspira hampsonii strain 30446 lysate was prepared by centrifuging 50ml of culture 

broth containing actively motile spirochete bacteria (108/ml) at 10,000 X g for 40 min, 

after which the supernatant was poured off (224). Bacterial pellets were resuspended in 

phosphate buffered saline (Gibco; 10010-023, Life Technologies) and vortexed until the 

pellet completely dissolved. This material was subsequently disrupted by sonication 

(Sonics & Materials Inc., Danbury, CT, USA) at 50% duty for 120 s at 4˚C (224). Lysate 

total protein concentrations were determined using BCA protein assay (ThermoFisher; 

Rockford, IL) using bovine serum albumin (BSA) as a standard according to the 

manufacture's protocol. Polarized Caco-2 monolayers were exposed apically to the 

whole cell Brachyspira hampsonii lysate (0.005-50µg/ml) in PBS or a PBS control for 

48hrs. 50µg/ml of total bacterial protein was determined to be ~108 CFU/ml and 

corresponded to 1 x 106 cells thus, considered a pathophysiological concentration. 
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Figure A.1. Brachyspira hyodysenteriae and Brachyspira hampsonii strain 30446 do not affect K+ transport during 86Rb 
equilibration in the apex of the porcine spiral colon. 
 
Basal Jms (A), Jsm (B), and net (C) flux rates during 86Rb equilibration across apex colonic segments from control, B. hyodysenteriae, 

and B. hampsonii diseased pigs. M-S, unidirectional mucosal-to-serosal 86Rb flux; S-M, unidirectional serosal-to-mucosal 86Rb flux; 

Net, net 86Rb flux. Data presented as median + IQR, analyzed using Kruskal-Wallis one-way analysis of variance. (n=12 ctrl, n=12 B. 

hyodysenteriae, n=12 B. hampsonii strain 30446). 
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