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Education is what remains after one has forgotten everything he learned in school. 

Albert Einstein (1 879- 1955) 



Intestinal motility, epithelial permeability, electrolyte and fluid secretion, mucus 

release, 2nd rapid epithelial turnover provide mechanisms of intestinal defence. 

Alterations in this defence system may increase susceptibility to infection or 

inflammation. Inflammatory bowel disease is often characterized by periods of remission 

and relapse. In addition, many post-infectious irritable bowel syndrome patients report 

symptoms of abdominal pain and diarrhea well after infection. Given that epithelial 

fknction (i.e., permeability, electrolyte secretion and mucus release) plays a critical role 

in mucosal defence, we investigated whether a bout of colitis could cause long-term 

changes in epithelial function that increase the susceptibility to infection/inflammation. 

Six weeks after the induction cf colitis in the rat, the colon appeared 

macroscopically and histologically normal, and no changes in epithelial permeability or 

mucus secretion were detectable. Despite the absence of damage, the colonic epithelium 

was hypo-responsive to several secretagogues with respect to electrolyte and fluid 

secretion in vitro and in viva Small intestinal, but not extra-intestinal, inflammation also 

caused similar epithelial dysfinction. This epithelial dysfunction was at least partially 

mediated by nitric oxide (NO) derived from the inducible nitric oxide synthase (iNOS) 

enzyme. Altered epithelial fbnction was also associated with increased colonic bacterial 

colorization, bacterial translocation and increased epithelial cell proliferation. 

These results demonstrate that intestinal inflammation results in prolonged 

impairment of colonic epithelial secretion. This may contribute to increases in bacterial 

iii 



load and bacterial translocation. Epithelial dysfunction could underlie an increased 

propensity for further inflammation or infection. 

In anoiher study, the role of NO, a free radical proposed to contribute to tissue 

injury, was examined. The results of this study demonstrated that NOS inhibitors do not 

ameliorate damage in an experimental model of colitis. This may be due to other free 

radicals such as hydroxyl radical being produced in greater amounts concomitantly with a 

reduction in NO production. Thus, NO may be beneficial in preventing tissue injury as a 

fiee radical scavenger, rather than harmfbl as a source of toxic nitrogen-derived species. 

Examining the oxidative state of the tissue may be essential in predicting whether 

inhibitors of NOS are beneficial or harmfir1 in inflammation. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1. Inflammatory Bowel Disease 

Ulcerative colitis (UC) and Crohn's disease are inflammatory disorders of the GI 

tract collectively known as inflammatory bowel disease (IBD). The incidence of these 

diseases is 2-10 per 100,000 for UC and 1-6 per 100,000 for Crohn's disease (1). The 

peak age of onset for both diseases is between 15 and 25 years, and the prevalence of 

disease for UC is 35-100 per 100,000 while that for Crohn's disease is 10-100 per 

100,000 (1). The main symptoms of UC are bloody diarrhea, fever, malaise and weight 

loss. The symptoms of Crohn's disease patients include diarrhea, abdominal pain and 

weight loss. However, in UC the inflammatory response is confined to the mucosa and 

submucosa, whereas in Crohn's disease there is inflammation extending fiom the mucosa 

to serosa (i.e., transmural) (1). These two diseases are also differentiated by the fact that 

UC only occurs in the colon, while Crohn's disease can occur anywhere in the GI tract. 

Curiously, cigarette smoke appears to have a beneficial effect on UC, but a harmfUl effect 

on Crohn's disease. 

The pathogenesis of both of these disorders is not filly understood. What triggers 

the initial inflammatory response and why it goes unchecked for long periods of time is 

unknown. At least three hypotheses have been proposed for what the trigger may be. 

The first hypothesis is that the trigger is a microbial pathogen. One of the most studied 

candidate pathogens is Mycobacterium paratuberdosis. In cattle, this bacterium 



produces symptoms and histological features similar to those of Crohn's disease (i-e., 

transmural, granulomatous inflammation) (1). However, researchers have been unable to 

isolate the bacterium from many patients with IBD. As a result, this bacterium has fallen 

out of favour by many researchers as the cause of IBD. A second hypothesis is that the 

trigger is a common dietary antigen or non-pathogenic microbial agent to which patients 

mount an abnormal immune response. Thus, the failure to suppress the inflammatory 

response results in uncontrolled inflammation and subsequent tissue injury. The third 

theory is that an antibody directed against dietary or luminal antigens cross-reacts with 

similar antigens expressed on the patient's own cells (1). In this manner, IBD would 

result tiom an inflammatory response akin to autoimmunity. 

5-aminosalicylic acid (5-ASA) and sulfasalazine, which is metabolized by 

intestinal bacteria to form sulfapyridine and 5-ASA, are the most common treatment 

regimens used for IBD (1). The mechanism through which these drugs reduce 

inflammation is unknown. Corticosteriods such as hydrocortisone and prednisone are 

also commonly employed in the treatment of IBD. These drugs are quite effective in 

reducing the inflammatory response. However, side effects of these treatments include 

Cushing's syndrome, attributed to increased androgens and mineralcorticoids, as well as 

osteoporosis, obesity and acne. Immunosuppressives such as 6-mercaptopurine and 

methotrexate are also used as the primary therapy for fistule in Crohn's disease, but side 

effects of these drugs include leukopenia and development of allergies (1). Finally, 

antibiotics have been suggested to have some beneficial effects on the clinical outcome of 

IBD. Metronidazole is probably the best known antibiotic !.sed for this purpose. Once 

again, however, side effects such as pseudomembranous colitis pose a risk to patients. 



To date, studies examining the pathogenesis of IBD have implicated a number of 

inflammatory mediators and exogenous factors. For example, IL-1, IL-8, RJF-a, and 

IFN-y are just a few of the many cytokines that have been proposed to contribute to the 

tissue injury observed during colonic inflammation. Several investigators have 

demonstrated that oxidative stress and free radical (ie. reactive nitrogen species, reactive 

oxygen species) generation are key to the production of tissue injury in these conditions. 

The focus of the following project was the role of nitric oxide (NO) and epithelial cells in 

colonic inflammation. In addition, given the role of epithelial cells in mucosal defense, 

the experiments conducted in this project also have considerable relevance to another 

condition known as irritable bowel syndrome (IBS). Imtable bowel syndrome (TSS) is 

the most common digestive disorder encountered by gastroenterologists, representing up 

to 50% of outpatient referrals. Symp!oms of IBS often include passage of mucus, fecal 

urgency, bloating and feeling of abdominal distension. As in the case of IBD, the 

pathogenesis of IBS is not well understood. However, it is believed that a subset of IBS 

patients present their symptoms following a bout of infection or inflammation (2-5). As a 

result, a goal of this project was to examine epithelial function following an inflammatory 

episode. Since an extensive background on nitric oxide is provided in the latter half of 

the introduction, in the next section an overview of epithelial function in inflammation 

followed by a brief outline of what is known about the role of NO in IBD will be 

provided. 



1.2. The Epithelial Barrier 

The epithelial layer consists of several types of cells each with different 

functions. These cells include absorptive columnar cells, intraepithelial lymphocytes, 

enteroendocrine cells and goblet cells. Each of these cell types contributes to the bamer 

properties. Given the high levels of bacteria in the lumen of the intestine, it is critical that 

the host be protected fiom potentially harmful factors. Controlled sampling of the 

luminal contents is necessary for the immune system to be prepared to fight infection. In 

addition, the intestinal epithelium must not be completely impermeable, as the absorption 

of nutrients (ie. carbohydrates, fat, and proteins) and water is critical to the survival of the 

organism. The epitklium serves as the first line of defense against luminal antigens and 

toxins, while also allowing for absorption of water and nutrients. 

Epithelial barrier function is regulated by the structural elements of the 

epithelium. Tight junctions between epithelial cells serve as critical gateways for the 

passage of ions, water, and large molecules. Transcellular transport of ions, proteins, and 

fluid is further controlled by specific membrane channels and transporters. Under normal 

conditions the epithelium is relatively impermeable to potentially toxic elements in the 

lumen. However, epithelial permeability may be altered by numerous factors, including 

cytokines and autocoids, as well as immune cells such as macrophages and neutrophils. 

Kubes and co-workers (6) demonstrated that the inhibition of nitric oxide synthase with 

L-nitroarginine methyl ester &-NAME) increased epithelial permeability as detected by 

increased blood-to-lumen clearance of "~r-EDTA (6,7). Several investigators have 

shown that cytokines such as interferon-y (IFN-y), IL-4 and IL-13 can increase 



paracellular permeability across epithelial cell layers (8,9). In contrast, IL-10 attenuates 

IFN-y-induced increases in permeability of Ta4 epithelial cell monolayers (10). 

Neutrop hils that migrate across the intestinal epithelium can also increase epithelial 

permeability (11,12). This increased epithelial permeability has been attributed to 

neutrophil-derived oxidants, as the changes in permeability were reversed by treatment 

with glutathione peroxidase, an iron chelator, or a hydroxyl radical scavenger (12). 

Wallace et al. (13) have shown that increased colonic permeability associated with colitis 

was largely caused by neutrophil transmigration. The neutrophil transmigration was 

prevented by administration of a monoclonal antibody directed against the leukocyte 

adhesion molecule CD- 18. Moreover, acute inflammation caused by infection with 

Nipposfrongylus bradensis has been shown to increase intestinal epithelial permeability. 

Thus, inflammation can result in elevated epithelial permeability through the release of 

mediators capable of affecting epithelial barrier fbnction and through the transepithelial 

migration of leukocytes. 

Another important aspect of rnucosal defence in the intestine is that of antigen 

sampling M cells and secretory immunoglobulin A (IgA). The intestinal epithelium is 

faced with the continuous challenge of transporting antigen samples across the mucosa 

without compromising its intregity and protective functions. Specialized epithelial M 

cells in the follicle-associated epithelium carry out this fbnction by transporting antigens 

from the lumen to the basolateral surface of the epithelium where antigen-presenting cells 

such as B-cells are activated (14). In addition, IgA serves a protective fbnction through 

its ability to inhibit the absorption of soluble and particulate antigens (15). This is 

accomplished by forming immune complexes within the intestinal lumen that neutralize 



biologically active antigens and interfere with their adherence to epithelial cells. 

Furthermore, phagocytic cells including macrophages neutrophils and eosinophils 

express surface receptors for IgA (16). This is of critical importance for the removal of 

antigens that cross the mucosa, as it allows for antibody-dependent cell mediated 

antibacterial activity to occur (1 7). 

1.3. Epithelial Ion and Fluid Secretion 

Regulation of intestinal epithelial ion transpolt occurs through ion channels 

specific for sodium, chloride, potassium, and bicarbonate ions. Absorption occurs 

primarily in the crypt region of the epithelial lining whereas secretion takes place in the 

surface epithelia. A schematic representation of the various channels and ion transporters 

in the colonic epithdium is provided in figure 1.3. 
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(B) electrogeiaic CT secretion in the colon and small intestine. Figure was modified 

from Barren et al., (18) 



The colon does not have the same capacity as the small intestine to absorb nutrients such 

as carbohydrates, amino acids, and fat. The apically located ~a+-glucose co-transporter 

of the small intestine is absent in the colon, and the colonocyte has an arniloride-sensitive 

~ a '  channel on the apical membrane. The colon has an increased capacity to absorb fluid 

compared to the small intestine. In addition to the trancellular transport of ions, the small 

and large intestines allow for the passive movement of water and ions through the tight 

junctions between cells. However, the tight junctions in the colon are less permeable to 

paracellular transport than the tight junctions in the small intestine. It appears that most 

of the passive paracellular movement of water and electrolytes occurs in the crypt region 

(1 9,20). 

As illustrated in figure 1.3, intestinal electrolyte transport is regulated through a 

number of different pathways by a variety of mediators. These mediators include 

cytokines, eicosanoids, autocoids, and neurotransmitters. For instance, enteroendocrine 

cells are important regulators of epithelial hnction through their release of hormones 

(i.e., such as CCK, somatostatin) and neurotransmitters such as 5-hydroxytryptamine (5- 

HT). The hormones released are important in the digestive and absorptive functions of 

the gut by affecting perstalsis (21). However, the neurotransmitter 5-HT also plays a 

critical role in the mucosal defence system as a consequence of its effects on epithelial 

transport and motility. Stimulation of enteroendocrine release of 5-HT results in 

stimulation of epithelial anion secretion. This effect has been attributed to direct effects 

on epithelial cells through 5-mt receptors and indirect effects thmugh 5-HT3 receptors 

on submucosal neurons (22). In instances of mechanical stimulation of the intestine, 



enteroendocrine cells also serve to coordinate the simultaneous stimulation of epithelial 

secretion and muscle contractility that flushes away luminal contents (22). 

Exogenous factors such as bacterial toxins can also alter fluid and electrolyte 

transport. For example, enterotoxin Escherichia colz STa and Clostri~ium d@ciIe toxin 

A can increase CI' secretion (23,24). Infection with V ' o  cholera results in cholera 

toxin release that stimulates chloride secretion in a CAMP-, prostaglandin- and 5-HT- 

dependent manner (25). Short chain fatty acids (SCFA), which are a major respiratory 

fuel for colonic epithelial cells, can also stimulate water and sodium absorption primarily 

in the proximal colon (26). A more detailed discussion of inflammatory factors affecting 

electrolyte transport is provided in section 1.5. 

1.4. Mucus Secretion 

The mucous layer consists of water, electrolytes, secreted proteins, 

immunoglobulins and mucins. This gel layer provides a chemical and physical bamer 

against luminal bacteria and toxins. Goblet ce!ls are the main source of mucin secretion 

in the intestine. Goblet cells release mucin in response to cholinergic stimulation (27) 

intestinal anaphylaxis (28), or chemical irritants (29). In addition, atropine-sensitive and 

capsaicin-sensitive pathways of mucin secretion (30) have indicated a role for neural 

regulation of mucus secretion. However, VIP, CAMP, 5-HT and adrenergic agonists have 

no effect on intestinal mucus secretion (29). During bouts of intestinal inflammation, 

mediators such as prostaglandin E2, histamine, IL-1 B and nitric oxide have been shown to 

stimulate mucus discharge from goblet cells (31-33). Indeed, goblet cell depletion is a 



characteristic feature of ulcerative colitis. This has been attributed to hypersensitivity of 

goblet cells to secretory agonists (32). In contrast, patients with Crohn's disease h ~ v e  

been reported to have a layer of mucus of normal thickness and not to exhibit goblet cell 

depletion (32). On the other hand, in IBS mucus secretion is increased, with mucus 

discharge being reported to be in up to 50% of IBS patients (34). 

1.5. Effects of Inflammation on Intestinal Function 

Many of the mediators that can affect epithelial function have been shown to be 

elevated in colonic tissue in IBD. With so many mediators with varying effects on 

epithelial permeability, ion transport and mucus secretion the regulation of the epithelium 

is complex. Therefore, with respect to disease, it is important to understand what the 

effects of inflammation on epithelial hnction are. This is illustrated by the fact that 

inflammation can have many long-term effects on other intestinal fbnctions, such as 

smooth muscle contractility and enteric nerve function. 

Changes in smooth muscle contractility may be clinically important, because it is 

believed that changes in colonic motor function contribute to pain and diarrhea. 

Vermillion et a/. (35) demonstrated that Trichineliu spiralis infection of the rat results in 

hypercontractility of smooth muscle in vitro. Marzio et al. (36) firther demonstrated that 

this altered smooth muscle function was not only characteristic of inflamed areas of the 

intestine, but also the non-inflamed regions. Similarly, inflammation of the colon caused 

an attenuated contractile response to carbachol and substance P in longitudinal muscle 

(37). This smooth muscle hypo-responsiveness was observed regardless of the method 



used to induce colitis (ie. TNBS, acetic acid, T. spiralis, mitomycin C )  (37,38). 

Similarly, studies of IBD have revealed marked changes in both longitudinal and circular 

muscle function (37). Longitudinal muscle fiom Crohn's disease patients displayed 

increased maximum contraction to carbachol but not histamine (3 9). Conversely, there 

was no change in the maximum contraction of circular muscle to carbachol, but a 2.5-fold 

increase in the maximum response to histamine (39). 

Several studies have fbrther demonstrated that intestinal inflammation alters nerve 

function. Swain et a/. (40) reported that T. spiralis infection of the rat results in 

suppression of norepinephrine release From the myenteric plexus that persists for up to 

100 days (40). The reduction of norepinephrine release was attenuated by 

betamethasone, suggesting that the altered nerve function was an inflammation- 

dependent effect (40). Furthermore, in the colon, RIBS and T. spiralis infection caused 

suppressed noradrenaline release from the myenteric plexus (41).  As with smooth 

muscle, altered nerve function was obsened in non-inflamed sites of the large and small 

bowel (41).  In a subsequent study, the same group demonstrated that this change in 

nerve function occurred via an IL-1-mediated, steroid-sensitive and T-cell-independent 

pathway (42). 

Inflammatory mediators have also been shown to affect epithelial ion transport. 

Chsng et al. (43) showed that IL-1 and IL-3 stimulate chloride secretion in the chicken 

intestine. In the rabbit ileum, IL-I was shown to stimulate an increase in short circuit 

current and this was attributed to inhibition of Na' and Cl' absorption (44). These effects 

were due to the release of PGE2 (43,44). Similarly, TNFa has been shown to stimulate 

chloride secretion in a PGE2-dependent manner (45). In the human colon, IL-I fl and 



TNF-a, but not IFNs, IFN-y, IL-6 or IL-8, cause secretion (46). Other cytokines can 

down-regulate chloride secretion by epithelial cells. In T84 cell monolayers, IL-4 but not 

IL-13, attenuated forskolin- and carbachol-stimulated chloride secretion (47,48). IFN-y, 

which increases epithelial permeability, has additionally been shown to attenuate the 

chloride secretory response to VIP, cholera toxin, forskolin, and carbachol(10,49). 

Eicosanoids can also influence ion transport by the intestinal epithelium. 

Prostaglandins including PGE2, PGE*, and 6-keto-PGF1, have been shown to cause 

chloride secretion through activation of CAMP-dependent pathways in the epithelial cell 

(50-52). On the other h a d ,  PGD2 has been shown to reverse the increase in chloride ion 

secretion elicited by PGE2, forskolin and carbachol (50,53). Leukotrienes exert a net 

secretory effect on epithelial transport as the peptidoleukotrienes LTC4, L m  and LTE4 

cause an increase in short circuit current (54). Smith et al. (55) showed that in case of 

LTC4, the effect observed was due to inhibition of Na' and C1- absorption, and 

stimulation of C f secretion (5 5,56). 

The release of histamine by mast cells is another important factor in the regulation 

of epithelial ion transport. Wang et a1 (57) reported that histamine acting at HI-receptors 

caused chloride secretion in the colon in a prostaglandin-dependent manner. Ion 

transport alterations (i.e., chloride secretion, hypersecretory responses to inflammatory 

mediators such as substance P) due to intestinal anaphylaxis have been attributed to the 

release of histamine and 5-hydroxy-tryptamine (5-HT) fiom mast cells (58,59). 

The neurotransmitters neuropeptide Y (NPY), acetylcholine, 5-HI '  and 

norepinephrine have also been shown to affect epithelial ion transport. For example, 

acetylcholine and cholinergic agonists such as carbachol cause chloride secretion (60) 



whereas norepinephrine stimulates ~ a '  and Cf absorption and inhibits C1- secretion (6 1). 

These effects occur through Cahediated pathways (62). Vasoactive intestinal peptide 

(VIP) also stimulates chloride secretion, but it is thought to act through a CAMP- 

dependent pathway (61,63). Neuropeptide Y (NPY), on the other hand, increases Na' 

and C1- absorption and reduces Cl- secretion (64). In fact, NPY is thought to serve as an 

inhibitory neuromodulator on leukotriene-sensitive neurons that normally stimulate 

secretion in the colon (56). Hardcastle et ai. (65) demonstrated that 5-HT stimulated 

chloride secretion and this effect was subsequently shown to be at least partially mediated 

by non-cholinergic nerves that release nitric oxide (65,66). 

In summary, smooth muscle and nerve function are altered not only at sites of 

active inflammation, but also at non-inflamed regions of the intestine. Changes in 

contractility and nerve fbnction persist well after the initial bout of inflammation. 

Therefore, it is possible that intestinal inflammation could also have long-term effects on 

the epithelium. 

1.6.Nitric Oxide: Historical Perspective 

The story of nitric oxide, as it pertains to medicine, began in 1847 when an Italian 

by the name of Ascanio Sobrero moved to Paris in order to work with the famous French 

chemist Theophile-Jules Peloum. At the time, Sobrero's main projects included the 

production of explosives such as those derived from nitromannit01 and nitroglycerin. 

However, nitroglycerin was formed in a highly exothermic reaction by nitration of 

glycerol with nitric and mlphuric acids. Consequently, detonation of nitroglycerin 



occurred if the reaction wasn't cooled during its production. This effect had important 

repercussions for many individuals, including Sobrero himself, who fell victim to 

explosions in the lab. In fact, Ascanio Sobrero would later be ashamed to be known as 

the discoverer of a substance that would cause so much death and destruction. 

Nevertheless, if it were not for his discovery, and even more importantly his obsentation 

that nitroglycerin placed on the tongue caused headaches, the potential of nitrates for 

medicinal use may never have been realized. 

In 1849, Constantin Herig, a physician with an interest in homeopathic remedies, 

tested nitroglycerin in healthy volunteers and noticed that headaches resulted "with 

precision". Being an advocate of the theory that "like cures like", he began to use 

nitroglycerin to treat headaches. By this time (1850), Alfred Nobel had arrived at the 

Pelouze laboratory in Paris. Nobel immediately recognized the potential of nitroglycerin 

as an explosive. When he returned home to Stockholm, he began the commercialization 

of nitroglycerin as the 'Wobel patent detonator". 

By the mid-19lh century, British scientists had taken an interest in amyl nitrite and 

recognized it as a powefil vasodilator. In 1867, a pharmacologist named Lauder 

Brunton was the first to use amyl nitrite to relieve angina, while William Murrell, was the 

first physician to use nitroglycerin to treat angina nearly ten years later. Ironically, 

Alfred Nobel, who had become wealthy from his commercialization of nitroglycerin as 

an explosive, later refbsed to take nitroglycerin for the treatment of his own angina as he 

could not believe that something so destructive could be injected as a cure. 

Despite the use of nitrate-containing compounds for the treatment of angina for 

nearly one and a half centuries, it would not be until the late 2 0 ~  century that scientists 



would discover the mechanism of their action. in 1977 Ferid Murad and co-workers 

discovered that nitric oxide was released from nitroglycerin, and observed that this had a 

relaxant effect on vascular smooth muscle (67). This was followed by the work of Robert 

Furchgott and John Zawadski, who recognized the importance of the endothelium for 

vasorelaxation (68). In 1980 they reported the existence of an "endothelial-derived 

relaxation factor" (EDRF). However, it would be nearly another decade before two 

groups would separately prove that EDRF was in fact nitric oxide. In 1987, through a 

series of classical experiments including oxyhemoglobin inhibition of endothelial and 

NO-elicited relaxation, NO activation of soluble guanylate cyclase, and superoxide 

dismutase augmentation of EDRF and NO relaxation, Ignarro et al. (69) and Moncada et 

al. (70) proved that EDRF was NO. 

1.7.Sources of Nitric Oxide 

Since the discovery that NO was produced endogenously, scientists began to 

search for the source of its production. In 199 1, the first isoform of the enzyme nitric 

oxide synthase (NOS) was cloned from neurons (71). This isoform, known as Type I or 

neuronal NOS @NOS), was later shown to be present in skeletal muscle, neutrophils, 

pancreatic islets, endometrium, and respiratory and gastrointestinal epithelial cells (72). 

Shortly thereafter, a second isoform of NOS named Type II or inducible NOS (SIOS) 

was described in macrophages and hepatocytes. In contrast to the first isoforrn, NOS 

was inducible by lipopolysaccaride @PS) and by certain cytokines. A third isoform was 

found in endothelial cells, and this enzyme was termed Type LII or endothelial NOS 

(eNOS). It is now generally accepted that nNOS and eNOS are constitutive enzymes that 



are ca2'-dependent and primarily expressed in neuronal and endothelial cells, 

respectively. On the other hand, iNOS is an inducible enzyme that is ca2+-independent 

and is primarily expressed in inflammatory cells such as macrophages and neutrophils. 

However, these divisions are not entirely accurate given that NOS has been shown to be 

constitutively expressed in paranasal epithelial cells, whereas nNOS has been detected in 

skeletal muscle, and eNOS in neuronal cells of the brain (73-75). 

1.8. Biosynthesis of NO 

The production of NO by nitric oxide synthase occurs through a 5 electron 

transfer in which the substrate L-arginine undergoes a two-step oxidation of one of its 

guanidino nitrogens to form L-citrulline and NO. The complete reaction is illustrated in 

the reaction below (Figure 1). 



Figure 1.1. The biosynthesis of nitric axide by nitric oxide synthase (NOS). NOS 

catalyzes ajiveslectton oxidation of a guanidino nitrogen of L-orgmnine to generate 

NO and Lcitrulline. Both steps in the reaction are dependent on calcium and 

calmodulin (CaICaM), tetrahydrobiopterin @EL+) and NADPH. Figure was taken from 

Bomer el a/. (76). 
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The NOS enzymes function as homodimers that can be structurally and hnctionally 

divided into two major units; the first domain consists of a C-terminal reductase while the 

second consists of an N-terminal oxygenase domain (refer to Figure 1.2.). The reductase 

domain is homologous to cytochrome P ~ J O  reductase, and has binding sites for one 

molecule each of NADPH, FAD, and FMN. The oxygenase domain has binding sites for 

heme, tetrahydrobiopterin (Bb), and L-arginine. Between these two domains lies the 

calmodulin binding domain. The formation of NO occurs by the transfer of electrons 

from NADPH to the flavins, and subsequently to heme and L-arginine. The reaction 

involves the initial hydroxylation of L-arginine to form BtG-hydroxy-L-arginine which in 

turn is hrther oxidized by NOS to form L-citrulline and NO. 

In general, the three NOS isofoms are conserved, with the oxygenase and 

reductase domains being highly homologous. However, each isoform exhibits its own 

distinct features that are extremely important with respect to in vivo function. This will 

become evident as the functional aspects of each isoform are discussed later. Heme is 

essential for dimerization of all three NOS isoforms, and is necessary for catalyzing L- 

citrulline/NO production (77,78). B& is also believed to be important in NOS 

dimerization; however, differences in the requirement for B& exist among the isoforms. 

For example, B& stabilizes nNOS and eNOS dimers once the dimers are formed, 

whereas in iNOS, B& is important for dimerization, but not essential for stabilization of 

the dimer (77). L-arginine also appears to facilitate dimerization of NOS, and to 

increase the rate of NADPH oxidation (77). 

It was recently noted that under certain conditions nitric oxide synthase can form 

the free radical superoxide (023 (79,80). This is particularly important in inflammatory 



conditions where NO and 02- can interact to form other potentially toxic molecules such 

as peroxynitrite (OONO-). A more detailed description of the chemistry of NO is 

provided below. However, in this section a brief description of how 0; is produced by 

NOS is outlined. All three NOS isofoms are capable of producing Oi in v z ~ o  (8 1-83). 

Unlike the production of NO, the mechanism through which Oi is formed is variable 

among the three enzymes. In nNOS and eNOS, Oc is formed by NADPH oxidation and 

electron transfer to heme, followed by the reduction of molecular oxygen at the 

oxygenase domain (81,82). Although both nNOS and eNOS are theoretically capable of 

0; production, it is generally thought that this only occurs under pathophysiological 

conditions of L-arginine depletion and/or B& depletion (81,82). In NOS, although 

oxygen is the final electron acceptor, the electron transfer occurs at the reductase domain 

of the enzyme (83). These biochemical differences are extremely important as they often 

determine what effect various drugs will have on enzyme activity, as well as what 

cellular factors can affect enzymatic function (81,84,85). For instance, because 0; 

production occurs at the oxygenase domain in nNOS and eNOS, L-arginine elicits an 

inhibitory effect on 0; formation (78,8 1,82). In the case of NOS, however, Of 

continues to be formed in presence of L-arginine (83). In fact, in vitro studies have 

demonstrated that even concentrations of L-arginine as high as 1 rnM only partially 

inhibit 0; production by iNOS (83). Moreover, differences in mechanisms of 0; 

production suggest that so called 'WOOS inhibitors" that block NO production may also 

inhibit O i  formation in one isofom, but not necessarily the others. 



1.9. Nitric Oxide Biochemistry 

Nitric oxide is a diatomic free radical gas that is relatively unreactive, unless it 

undergoes one of several physiologically relevant redox reactions. These include 

oxidation to form nitrosonium (NO') or reduction to form nitroxyl ion (NO') (76). This 

poses a problem when attempting to understand the biochemistry of nitric oxide as the 

distinction among the various redox forms is often not made. As a result, reports of the 

biological actions of NO often corfbse readers by clumping reactions attributable to all 

the redox forms of NO, and referring to them as those due to NO. For example, the 

reactions of NO with amines to form nitrosamines and with thiols to form nitrosothiols 

are thought to be due to NO. In fact, these substances react with the nitrosonium ion 

(NO') rather than with NO (86). On the other hand, nitrosylation is due to the reaction of 

NO with transition metals such as heme-iron (86,87). Thus, it is important to make a 

distinction among the various forms of nitrogen oxides, because in biological systems of 

varying redox status, different forms can be derived from various sources and have 

differing physiological consequences. When nitric oxide reacts with molecules such as 

oxygen, although the final product is nitrite, other nitrogen oxides are formed. These 

include NO2 and N203, both of which are highly reactive molecules (86). N203 is a major 

source of NO' that can nitrosate proteins. N203 can also undergo oxidation reactions, 

while NO2 can undergo oxidation and nitration reactions (86). These reactions can occur 

in vivo to allow for a variety of effects. Nitrosation reactions by NO' can influence 

cellular fbnctions by causing conformational changes in proteins, or by such products 



simply acting as carriers of NO' until a critical nitrosation can occur (88). In addition, 

antioxidant enzymes such as glutathione transferase and glutathione peroxidase can be 

inactivated through nitration (87). 

NO can also undergo a one-electron reduction to form nitroxyl ion. This nitrogen 

oxide species is formed in vivo by one of three mechanisms. First, direct enzymatic 

production can occur by NOS. The NOS intermediate hydroxyl-L-arginine can be 

oxidized to form NO; or S-nitrosothiols can decompose to yield NO' (89). NO* is 

particularly important in inflammation during conditions of oxidative stress. This 

molecule reacts with thiols more rapidly than other reactive nitrogen species such as 

peroxynitrite. NO- can also deplete intracellular GSH which renders cells susceptible to 

NO--induced damage such as lipid peroxidation. 

Finally, a discussion of nitric oxide chemistry would not be complete without 

mentioning peroxynitrite (OONO'). Peroxynitrite is an important end-product of the 

reaction between NO and 0;. Additionally, it has been suggested that peroxynitrite can 

be formed by the reaction of NO- with 0 2 .  AS a very powerful oxidant, peroxynitrite 

exhibits strong nitration and nitrosation of lipids, amino acids and DNA (86,87,90,91). 

Furthermore, peroxynitrite can become protonated to form peroxynitrous acid (ONOOH), 

which can subsequently undergo homolytic cleavage to form the potent oxidizing agents 

hydroxyl radical (HO*) and nitrogen dioxide (NO2.) (92). Therefore, production of 

peroxynitrite and its by-products can have detrimental effects on a tissue through 

inactivation of metabolic enzymes and transport proteins (86,90,93). 

Another important modification of proteins by ONOO- is nitration of aromatic 

amino acids. Beckman et al. (94) demonstrated that tyrosine nitration by ONOO- 



proceeds by way of nitronium ion (~023 formation, and that this reaction was catalyzed 

by transition metal ions. However, van der VIeit et al. (95) have shown that nitration of 

tyrosine by ONOO' may occur by formation of the intermediates tyrosyl and NOz. 

radical. This type of amino acid modification can have significant effects on signaling 

pathways in the cell. For example, nitration of tyrosine may interfere with signaling 

pathways involving phosphorylation and dephosphorylation of tyrosine residues. 

Therefore, a variety of nitrogen oxide species are capable of evoking different 

physiological effects. 

1.10. Nitric Oxide Physiology: Vascular, Renal & Neural Systems 

Several of the roles of nitric oxide in the body have already been alluded to. 

Probably the most well known of these is the regulation of blood pressure through 

vasodilation. As already described, NO was first discovered through an examination of 

vasodilation of arterial vessels in vitro. Today, it is known that the eNOS isoform 

produces NO that diffises to the adjacent smooth muscle cells of blood vessels where it 

activates soluble guanylate cyclase. This results in an increase in intracellular cGMP 

levels which then, through a series of steps including activation of protein kinase G-I 

(PKGI) and phosphorylation of ca2'-~~l?ase, results in reduced intracellular ca2' levels 

and relaxation of smooth muscle (96). 

While the NO that regulates vascular tone is primarily derived Erom eNOS, there 

are exceptions. For instance, in the corpus cavernomm, nitrergic nerves that release NO 

derived fiorn nNOS regulate penile erection (97). In the cerebral vasculature, nNOS- 



derived NO coordinates vasodilation to ensure that blood flow is increased to the 

metabolically active areas of the brain (98). Although NOS-derived NO does not 

generally contribute to vascular relaxation in normal tissues, under inflammatory 

conditions, induction of NOS leads to high levels of NO, which can lead to profound 

vascular relaxat ion and significant hypotension (99). 

In addition to its effects on the endothelium, NO inhibits platelet activation as 

well as platelet adhesion to endothelial matrix and collagen fibrils (100). Each of these 

effects entails the activation of soluble guanylate cyclase and elevation of intracellular 

cGMP levels (96). The inhibitory effects of NO on platelets is most likely due to the 

reduction of intracellular calcium levels, which in turn decreases the ability of platelets to 

aggregate. Moreover, NO inhibits the expression of P-selectin and the fibrinogen 

receptor (IIb/IIIa). This reduces the adherence of platelets to damaged vessel walls (98). 

These effects are attributed to eNOS-derived NO fimorn both endothelial cells and the 

platelets themselves. 

Similar to the mechanism through which NO relaxes vascular smooth muscle, NO 

can regulate bronchial smooth muscle tone. For example, NO can counteract the 

bronchoconstriction due to cholinergic stimulation (98). 

In the central nervous system, NO plays an important role as a neurotransmitter 

that behaves as a long-lasting diffusible messenger. NO has also been implicated in long- 

term potentiation in long-term memory processes (MI), and iNOS-derived NO has been 

implicated in the pathogenesis of cerebral ischemic injury (102). 

NO can influence blood pressure through mechanisms other than direct relaxation 

of vascular smooth muscle. Renin released by the smooth muscle cells of the renal 



afferent arterioles converts angiotensinogen I to angiotensin I. Angiotensin I, in turn, is 

converted by the enzyme angiotensin converting enzyme (ACE) to angiotensin U, a 

potent vasoconstrictor. As a result, factors such as prolonged low-salt intake or 

hypotension stimulate this pathway (103). NO influences this pathway by acting as the 

stimulator of renin release from the afferent arteriole smooth muscle cells (104). 

Therefore, renal eNOS- and nNOS-derived NO ultimately lead to an increase in blood 

pressure. However, this renal NO influence is probably only relevant under specific 

conditions such as hypotension. 

1.1 1. Nitric Oxide and Disease 

Although nitric oxide has many beneficial effects, elevated levels of NO have 

been implicated in the pathogenesis of several diseases. NO elicits most of its 

physiological effects (e.g., vasodilation, sphincter relaxation, peristalsis, epithelial 

secretion and absorption) through activation of soluble guanylate cyclase. However, as 

previously described, the various chemical forms of nitrogen oxide (NO', NO-, N203) can 

react with enzymes, lipids, and DNA in a cGMP-independent manner. These reactions 

generally have beneficial effects during inflammatory conditions, since NO complexes 

with metals, thiols and amines to elicit bactericidal effects. NO plays a critical role in 

controlling the inflammatory response, such as through inhibitory effects on the adhesion 

of circulating cells to the vessel walls. This effect of NO is produced through inhibition 

of adhesion molecule expression on both the vessel wall and the circulating leukocytes 

(105). 



When the inflammatory response goes unchecked and high levels of NO are 

present, it has been proposed that NO has cytostatic, cytotoxic and even carcinogenic 

effects. For example, DNA damage can occur by nitrosative deamination of purines and 

pyrimidines, inactivation of DNA repair enzymes, or DNA base modification that results 

in DNA strand breaks (87). Furthermore, NO inhibits the mitochondria1 respiratory 

enzymes NADH:ubiquinone reductase (complex I), succinate:ubiquinone oxidoreductase 

(complex II), and aconitase (76). This has a cytotoxic effect due to inhibition of cellular 

respiration. NO has also been implicated in the pathogenesis of artherosclerosis. Upon 

reaction with superoxide to form OONO', lipid and low density lipoprotein (LDL) 

oxidation occurs quite readily. In addition, OONU reacts with oxyhemoglobin and 

oxymyoglobin to form nitrate and ferric ion. 

1.12. Nitric Oxide and Gastrointestinal Function 

eNOS is expressed throughout the GI microvasculature, while nNOS is 

predominantly expressed in nonadrenergic, noncholinergic (NANC) nerves. iNOS is 

expressed in a number of resident immunocytes such as macrophages neutrophils and 

mast cells, as well as in epithelial cells. Within the GI tract, NO has a wide variety of 

hnctions varying from influences on blood flow and acid secretion to effects on mucus 

and electrolyte secretion. In the next few paragraphs a brief overview of some of these 

effects is provided. 

NO is an important regulator of blood flow in the stomach. NOS inhibitors 

reduce gastric blood flow in a manner reversible by concomitant administration of L- 

arginine (106,107). The hyperernic response to lurnind irritants, which is an important 



component of mucosal defense, is mediated by NO (108- 1 10). NO decreases gastric acid 

secretion (1 1 1,112) and stimulates mucus release (1 13,114). These effects contribute to 

the protective actions of NO against gastric mucosal injury (1 15). 

Throughout the intestinal tract, as a mediator of NANC nerves, nNOS derived NO 

also plays a critical role in the regulation of gastrointestinal motility. NO from NANC 

nerves serves as the main inhibitory neurotransmitter that stimulates relaxation of 

sphincters (1 16). In addition, as an important neurotransmitter in parastdsis, it allows for 

the relaxation of both circular muscle distal to and longitudinal muscle proximal to a 

bolus in the intestinal tract (1 16). 

In the intestine, NO increases blood flow and contributes to the hyperemic 

response to irritants. The importance of NO in maintaining intestinal mucosal integrity is 

illustrated by the fact that inhibition of NOS results in a rapid increase in epithelial 

permeability (6,117). Intestinal secretion and absorption is also affected by NO, although 

the exact nature of this interaction is not fully understood. In vitro studies have 

demonstrated that NO donors elicit active ion secretion (1 18,119), whereas in vavo, NOS 

inhibitors cause fluid secretion, suggesting that NO has an absorptive effect (120,121). 

Further details of this controversy are provided in the paragraphs below. 

1.13. NO and Electrolyte Transport 

The ability of nitric oxide to modulate epithelial secretion is somewhat 

controversial. Several studies have demonstrated an intestinal secretory response to NO- 

releasing agents (1 18,119,122,123), while others have reported NO to have an anti- 



secretory effect (1 20,124,125). The conflicting findings appear to be due to contrasting 

results from in vivo versus in vitro experiments. With the exception of one group 

demonstrating that NOS inhibitors elicit secretion in the mouse ileum, NOS inhibitors 

have been shown to have no effect on basal intestinal absorption and secretion in vitro 

(126). Similarly, addition of L-arginine to the rat or mouse ileum in vitro has been shown 

to have no effect (1 26,127). In contrast, NO-releasing compounds cause increased 

electrolyte secretion in the intestine through a prostaglandin- and neurally-mediated 

mechanism j 1 1 8,119,122). Therefore, based on these observations, NO was suggested to 

have either no effect or a secretory effect on basal intestinal transport. 

Treatment with a NOS inhibitor in vivo induces net fluid secretion in the rat small 

intestine in a manner reversible by L-arginine or an NO donor (120,128-132). In 

addition, the NO-donor sodium nitroprusside ( S N P )  has been shown to exert pro- 

absorptive effects in vivo (1 29,130). On the other hand, the effects of L-arginine have 

been less clear. Most investigators have reported L-arginine to have no effect (120,133), 

while some have reported a secretory (1 3 1,134) or absorptive (129,134) effect. Wapnir el 

af. (134) suggested that this discrepancy was due to the amount of L-arginine 

administered. Low concentrations of L-arginine appear to stimulate water and electrolyte 

absorption, while high concentrations cause secretion (134). Thus in contrast to the 

conclusions derived  om in vitro experiments, in vivo studies have generally suggested 

that NO exerts pro-absorptive effects on basal intestinal tranport. Consequently, the role 

of NO in the regulation of electrolyte transport is not well understood. I w  el al. (1 26) 

have proposed the theory that in physiological conditions NO most likely has pro- 

absorptive effects, whereas in pathophysiological conditions such as IBD, high levels of 



NO reverse fluid and electrolyte transport in favour of secretion, and resulting in 

secretory diarrhea (126). 

1.14. Clinical Implications of Inflammation-Induced Alterations in Intestinal 

Function 

The pathogenesis of IBS is not well understood. A number of mechanisms have 

been proposed to explain the altered motility and pain that characterize IBS (135). These 

include malabsorption of carbohydrates, food intolerance and defects in neural and 

hormonal activity (34). Bouts of infection and inflammation have also been suggested to 

be the underlying cause of IBS (135,136). Several investigators have reported that a 

subset of IBS patients present their symptoms following a bout of infection or 

inflammation (2-5). The incidence of post-infectious IBS has been reported to be as high 

as 30% (2,3,137). Thus, the symptoms of IBS may be related to the long-term effects of 

inflammation on intestinal nerve, muscle and epithelial function. As already described, 

inflammatory mediators can affect electrolyte transport, mucus secretion and 

permeability in the intestine. Bell et ai., (138) demonstrated that in a rat model of colitis, 

the colonic epithelium is hyporesponsive to a secretagogue. In addition, several 

investigators have shown that inflammatory mediators such as cytokines cause intestinal 

epithelial cells to become hypo-responsive (49,139). Therefore, it is possible that altered 

epithelial finction could result in impaired mucosal defence. For example, Mishima el 

ai. (140), showed that induction of iNOS in septicemia was associated with increased 

intestinal bacterial translocation. Furthermore, this phenomenon was absent in iNOS- 

deficient mice and prevented in wild-type mice by treatment with a NOS-inhibitor 



(140,141). Given these findings, it is possible that a bout of inflammation could alter 

epithelial fbnction (i-e., permeability, electrolyte transport, mucus secretion) and thereby 

contribute either to the symptoms of IBS, or in the case of IBD, to relapse of disease. 

1.15. Nitric Oxide in Intestinal Inflammation 

NO is important in normal colonic hnction as a regulator of mucosal blood flow, mucus 

and electrolyte secretion, and leukocyte adhesion to the vascular endotheliurn. However, 

it has been suggested that in inflammatory conditions, NO may also contribute to tissue 

in. ury in IBD (86,142,143). Consistent with this hypothesis, several studies have 

reported a correlation between the extent of colonic injury and nitrate levels in colonic 

biopsies from patients with IBD (144-146). Likewise, in animal models of colitis, a 

correlation between nitric oxide synthase activity and colonic injury has been reported 

(143,147). These findings have led to the suggestion that inhibition of NO production 

might alleviate tissue injury in inflammatory states such as IBD. However, the results of 

studies conducted thus far have been contradictory andlor inconclusive. Morover, several 

studies have shown that the source of INOS in IBD and experimental models of colitis 

includes a variety of cells including macrophages and neutrophils within the lamina 

propria, and epithelial cells (1 48-1 50). A comprehensive review of the literature 

encompassing this area is described in chapter 3. 



1.16. Objectives 

The core of this dissertation is comprised of three studies. Each study will be 

presented individually in chapters 3, 4 and 5. The main objectives and hypotheses for 

these studies were as follows: 

1. To examine the role of nitric oxide derived fiom different NOS isoforms in an 

experimental model of colitis, as well as to assess the effects of NOS inhibitors on 

free radical production in the inflamed colon. The hypothesis was that iNOS- 

selective, but not non-selective NOS inhibitors would reduce the extent of colonic 

injury in an experimental model of colitis. 

2. To examine the long-term effects of inflammation of colonic epithelial function (i.e., 

permeability and electrolyte transport) in vitro. Given the effects of inflammation on 

motility and enteric nerve hnction, our hypothesis was that epithelial function in 

vitro is altered following a bout of colitis. 

3. To assess colonic epithelial function (i.e., permeability, fluid secretion, mucus 

secertion) in vivo following a bout of inflammation and to determine if alterations in 

epithelial function are associated with changes in barrier function. The hypothesis 

tested was that colonic epithelial function in vivo is altered following a bout of 

inflammation, and that this results in increased bacterial translocation across the 

mucosa. 



GENERAL METHODS AND MATERIALS 

To examine the long-term effects of colonic inflammation on epithelial function, 

an experimental model of colitis in the rat was used. The same model of colitis was also 

used to investigate the role of nitric oxide in the pathogenesis of acute colitis. This 

chapter describes in detail the methods used to induce colitis and assess the extent of 

colonic injury and inflammation. In addition, two of the following chapters include 

experimental data on electrolyte transport and RT-PCR. Therefore, a description of how 

the Ussing chamber and mRNA studies were carried out is outlined in this section. 

Methods and materials pertinent to a specific study are detailed in the appropriate 

chapter. 

2.1 Animals 

Male Wistar or Hooded-Listar rats weighing 175-200 g were obtained fiom 

Charles River Laboratories (Montreal, QC, Canada) and were housed in transparent 

plastic cages in a room with a 12 h light112 h dark cycle. The rats were fed standard 

laboratory chow and tap water ad libitum. All experiments were approved by the Animal 

Care Committee of the University of Calgary and were performed in accordance with the 

guidelines of the Canadian Council on Animal Care. 



2.2 Induction of Colitis 

Colitis was induced by intracolonic administration of 30 mg of 2,4,6- 

trinitrobenzene sulfonic acid (TNBS) dissolved in 0.5 ml of 50% ethanol (voVvol) as 

previously described (15 1). A plastic cannula was made with an infant feeding tube (5 

Fr.; Mallinck~odt Medical, Inc., St. Louis, MO, USA) fitted over a blunt 18 gauge needle. 

The cannula was inserted rectally into the colon such that the tip was - 8 cm proximal to 

the anus. This was used to instill the TNBS/ethanol solution. Rats were conscious 

during the procedure and care was taken to minimize the level of discomfort and stress. 

2.3 Assessment of Colonic Macroscopic Damage 

To investigate the effects of inflammation on epithelial function, rats were 

sacrificed 6 weeks following the induction of colitis. In studies examining the role of NO 

in acute colitis, rats were sacrificed 7 days after the induction of colitis. In both cases, the 

distal colon was removed, opened by longitudinal incision along the mesenteric border, 

and pinned on a wax platform. Macroscopic damage was scored by an observer unaware 

of the treatment that each rat had received. The criteria used to assess the colonic injury 

has previously been described (1 52) and are outlined in Table 2.1. Briefly, the presence 

or absence of diarrhea (loose, watery stool), and scores for the presence or absence of 

adhesions between the colon and other organs was noted. In addition, colonic bowel 

thickness was measured and extent of ulceration assessed. A global colonic score 



consisting of maximal bowel thickness (in rnrn), scores for ulceration, and presence of 

diarrhea and adhesions was then calculated (Table 2.1). 

2.4 Measurement of Myeloperoxidase Activity 

Samples of macroscopically inflamed tissue, or samples from the same sites in 

colons devoid of macroscopically visible inflammation, were taken for myeloperoxidase 

(MPO) activity. MPO is an enzyme found in the azurophilic granules of neutrophils and 

other cells of myeloid origin (153,154). The tissue samples were weighed, frozen on dty 

ice and stored at -20°C until assayed for MPO activity according to the technique 

described by Bradley et al. (1 53). Absorbance was measured at 450 nm every 30 seconds 

for 1.5 min using a Titertek plate scanner (Flow Laboratories, Mississauga, ON, Canada). 

Absorbances were then converted to units of activity per mg tissue where one unit was 

defined as that degrading one unit pmol of peroxide per min at 25OC (1 53). 

2.5 Measurement of Electrolyte Transport 

The colon was removed and gently washed of fecal contents. The colon was then 

stripped of its external muscle (to allow for better tissue oxygenation and drug 

absorption) as previously described (28). A segment of the mucosa from each rat, taken 

from macroscopically inflamed tissue or from the same site in colons devoid of 

macroscopic inflammation, were mounted in Leucite Ussing-type diffusion chambers 

(Navicyte Inc., Sparks, NV). The tissues were bathed in a modified Krebs buffer 



containing (in rnM) 1 15.0 NaCI, 2.0 KI&POh 2.4 MgC12, 1.3 CaC12, 8.0 KC1 and 25.0 

NaHC03. Serosal buffer contained 10 mM glucose, whereas the mucosal buffer 

contained 10 m M  mannitol. The bathing solutions were maintained at 3PC and bubbled 

with 95% 02.5% COz. After a 20 rnin equilibration period, the basal transport 

parameters of short circuit current (I,) and potential difference (PD) were measured. 

Conductance (G) was then calculated from PD and I, according to Ohm's law. 

The PD was clamped to zero using a voltageslamp apparatus (EVC-4000, World 

Precision Instruments, Sarasota, FL) and Is= responses to various stimuli monitored using 

digital data acquisition (MP100, Biopac Systems, Santa Barbara, CA) and analysis 

( AcKnowledge 3.0.3, Biopac) software. 

2.6 Reverse Transcriptase-Polymerase Chain Reaction 

Colonic iNOS mRNA expression was examined using reverse-transcriptase 

polymerase chain reaction (RT-PCR). Whole thickness colonic tissues (-1 50-200 mg) 

were placed in 2 ml of TRIzol reagent (GIBCO BRL, Gaithersburg, MD), and RNA was 

isolated according to previously described methods (1 55). The method used for RT-PCR 

was modified slightly from that described previously (156). The housekeeping gene for 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. 

Briefly, 1 pg of RNA from each sample was reverse transcribed at 42°C using 

Superscript RNase H Reverse Transcriptase (GIBCO BRL, Gaithersburg, MD) and 

appropriate reaction mixture (containing 2 pl of 10X PCR buffer, 2 pl of 10 mrnol/L 

deoxynucleoside triphosphate [dNTP] stock, and 2 pl of N6 random hexamer stock). The 



enzyme was then deactivated by heating the sample to 95°C for 10 minutes. After the 

reaction, 2 pl of complementary DNA (cDNA) was mixed with 2 pl of 2 mmoVL cNTP 

stock and 5 pl of 10X PCR buffer. The NOS upstream primer (2 pl; -20 pmol) and 

NOS downstream primer (2 pl; -20 pmol) were then added to each tube). 

DNA amplification was conducted under the following conditions: denaturation at 

94OC for I minute, annealing at 5S°C for 30 seconds, and extension at 72°C for 1 minute. 

To ensure complete denaturation of the DNA with no background polymerase activity, 

Taq DNA polymerase was added to the PCR mixture during the hot start of cycle 1. 

Optimal coamplification of each primer with GAPDH was determined during preliminary 

trials. The iNOS/GAPDH genes were coarnplified for 26/22 cycles. Hence, the GAPDH 

upstream and downstream primers were added to the NOS PCR mixture during the hot 

start of cycle 5. 

After separation of the PCR products on a 1% agarose gel containing 10 pg of 

ethidium bromide, a Polaroid (Cambridge, MA) picture of the gel was taken under W 

light. Using a densitometer and National Institutes of Health software, quantities of each 

product were normalized to control levels of GAPDH and expressed as densitometry 

units. The NOS and GAPDH products were made using primers based on published 

sequences (Table 2.2). 

2.7. Statistical Analysis 

All data are presented as the mean it SEM. Comparisons between two experimental 

groups were performed using an unpaired Student's t test. Comparisons among three or 



more experimental groups were camed out using a one-way analysis of variance 

followed by the appropriate post-hoc test. Details of the specific post tests used are 

provided in the individual chapters. With all analyses, an associated probability (P 

value) less than 5% was considered significant. 

2.8. Materials 

TNBS was purchased from Fluka Chemika (Buchs, Switzerland). PCR buffer, 

dNTPs, Ns random hexamers, and Wasin  were purchased from Pharmacia Biotech (Baie 

d'Urfe, QC, Canada). Superscript and TRIzol were obtained from GBCO BRL. The 

chemicals utilized in the MPO activity assay and Ussing chamber studies were purchased 

from Sigma (St. Louis, MO, USA). 



Tcrble 2.1. Cn'teria for the macroscopic scoring of colonic &monge 

Feature Score - 
Ulceration 

Normal appearance 

F d  hyperemia, no ulcers 

Ulceration without hyperemia or bowel wall thickening 

Ulceration with inflammation at 1 site 

Ulceration1 inflammation at 2 or more sites 

Major sites of damage extending >I cm along the length 

of the colon 

When an area of damage extended 22 cm along the length 

of the colon, the score is increased by 1 for each 

additional cm of involvement 6-10 

plus 

Adhesions 

No adhesions 

Minor adhesions (colon can be separated from other tissue 

with little effort) 

Major adhesions 

Diarrhea 

No 

Yes 

Thickness 

The maximal bowel wall thickness (x), in mm, was added x 

Total Score 



Table 2.2. Rimer Sequences for RT-PCR 

Gene 

iNOS 

GAPDH 

Primer Sequences 

Upstream, 5'-ACA ACA GGA ACC TAC 
CAG CTC A-3' 
Downstream, 5'-GAT GTT GTA GCG CTG 
TGT GTC A-3' 
Upstream, 5'-CGG AGT CAAC GGA TTT 
GGT CT AT-3' 
Downstream, 5'-AGC CTT CTC CAT GGT 
GGT GAA GAC-3' 

Amplicon 
Length 

(base pairs) 

65 1 

306 

Reference 

Lyons et 
01. (1 57) 

Wong et 
ai. ( 1  58) 



THE ROLE OF NITRIC OXIDE IN AN EXPERIMENTAL MODEL OF COLITIS 

3.1 Introduction 

Ulcerative colitis and Crohn's disease are inflammatory bowel diseases (IBD) 

characterized by extensive ulceration of the intestine and alterations in smooth muscle, 

enteric nerve and epithelial function (39). However, the etiological basis of these 

disorders is not fblly understood. In recent years it has been postulated that over- 

production of nitric oxide (NO) might contribute to the tissue injury observed in IBD. In 

support of this hypothesis, several investigators have reported a correlation between the 

extent of tissue injury and nitrate levels in colonic biopsies from patients with IBD (144- 

146). Similarly, studies using animal models of colitis have suggested a correlation 

between the extent of colonic injury and the levels of nitric oxide synthase activity 

(143,147). 

Several groups have examined the effects of inhibition of nitric oxide synthase 

(NOS) on the severity of tissue injury in experimental colitis, but the results have been 

discrepant. The effects of NOS inhibitors have varied fiom amelioration of intestinal 

inflammation (1 47,15 9- 162), to no effect on colonic injury (1 63), to exacerbation of 

tissue injury (164,165). One explanation for these conflicting results is that the NOS 

inhibitors used were not isoform-selective. Inhibition of the constitutive isoforms of 

NOS may be harmful to the tissue. Thus, others have examined the effectiveness of 

selective inhibitors of inducible NOS (NOS)  for the treatment of experimental colitis. 



However, the results of these studies have also been inconsistent. Some investigators 

have reported iNOS-selective inhibitors to be beneficial in reducing macroscopic damage 

(143,160,166,167), while others have reported these drugs to have unfavourable effects 

or no effect (163,168). Administration of slow-releasing NO donors has also been shown 

to reduce, rather than augment, colonic injury in experimental colitis (169,170). 

Furthermore, studies using iNOS gene knockout mice suggest that INOS-derived NO 

might be beneficial, rather than detrimental, during inflammation. These mice exhibited 

increased susceptibility to acetic acid- and TNBS-induced colonic injury compared to 

wild type mice (149,17 1). 

The mechanism through which NO might be deleterious to tissue is not well 

understood. Harmfbl effects of NO have been attributed primarily to its reactivity with 

other biological molecules. For example, NO can react with superoxide (Of) to form the 

highly reactive and unstable peroxynitrite ion (ON003 (172). Interestingly, NOS has 

also been shown to produce superoxide (79,8 1-83). Peroxynitrite is believed to play an 

important role in tissue injury through the oxidation and nitration of proteins (172-1 74). 

For example, purines and pyrimidines can be oxidized, while antioxidant enzymes such 

as glutathione transferase and glutathione peroxidase can be inactivated through nitration 

(87). Peroxynitrite can also be formed through the reaction of NO (or even its end- 

product nitrite) with the neutrophilic enzyme myeloperoxidase (MPO) (175). Since 

increased neutrophil infiltration and increased levels of superoxide and NO have been 

demonstrated in IBD, it is possible that NO mediates tissue injury as a result of enzymatic 

and/or non-enzymatic peroxynitrite formation. Furthermore, peroxynltrite can become 

protonated to form peroxynitrous acid (ONOOH) which subsequently could undergo 



homolytic cleavage to form the strong oxidizing agents hydroxyl radical (Horn) and 

nitrogen dioxide (NOz.) (173). These two oxidants can produce detrimental effects on 

cells through inactivation of metabolic enzymes and transport proteins (86,90,93). 

The aim of this study was to clarify the roles of NOS isoforms in experimental 

colitis. First, we characterized NOS and endothelial NOS (eNOS) expression in TNBS- 

induced colitis. Second, we tested the effects of a series of NOS inhibitors (non- 

selective, iNOS-selective and nNOS-selective) on colonic damage and granulocyte 

infiltration in experimental colitis. Finally, given the potential for reactions of NO with 

antioxidant enzymes and oxidants, it is possible that affecting the production of NO 

would change the oxidative state of the tissue. Thus, we determined the effects of NOS 

inhibition on colonic levels of free radicals (superoxide, hydroxyl radical). 



3.2 Materials & Methods 

Inhction of colitis 

Colitis was induced in male Wistar rats (175-200 g) by intracolonic adminstration 

of TNBS according to the method described in chapter 2. 

NOS inhibitors 

In studies examining the effects of NOS inhibition on colonic damage, seven 

groups of rats were compared. One group consisted of untreated rats (controls) while in 

the others the rats received TNBS intracolonically. Of the TNBS-treated rats, one group 

was treated with vehicle, another group was treated intraperitoneally once-daily with L- 

nitroarginine methyl ester (L-NAME; 30 rngkg), while the others were treated 

intraperitoneally, twice-daily with: aminoguanidine (25 mg/kg), L-bf-iminoethyllysine 

(L-NIL; 3 mgkg), 1400W (3 mg/kg), or 7-nitroindazole (7-NI; 20 mg/kg). These doses 

of the NOS inhibitors have previously been shown to produce significant NOS inhibition 

(147,176-1 79). 

Seven days after intracolonic TNBS administration, the rats were killed by 

cervical dislocation and the extent of colonic injury and inflammation were assessed. 

Colonic tissue was taken for immunohistochemical analysis of NOS and eNOS 

expression, as well as for measurement of iNOS activity and MPO activity. In all 

experiments, the minimum sample size per group was six. 

Assessment of colonic injury and i n / ~ l i o n  

The distal colon was removed, opened by longitudinal incision, and the severity 

of macroscopic damage was scored using previously described criteria (chapter 2). 



Samples of macroscopically inflamed tissue, or from the same sites of the colon in rats 

devoid of damage, were taken for measurement of MPO activity. 

iNOS activity 

Colonic tissue samples (-100 mg) from untreated or TNBS-treated rats were 

frozen with liquid nitrogen and stored at -70°C until assayed for NOS activity. NOS 

activity was determined by the conversion of ~ - [ ~ ~ ~ ] a r ~ i n i n e  to ~-[ '~~]citrull ine in the 

presence of the cdcium chelator EGTA. The assay was canied out with slight 

modifications of a previously described procedure (180). Briefly, tissues were 

homogenized in ice-cold Tris buffer (5 mVg tissue; pH 7.4 containing 1 rnM L-citrulline, 

0.1 mM EDTA, 1 m M  dithiothreitol, 10 p/ml leupeptin, 2 pdml aprotonin, 10pghl 

trypsin inhibitor, and 1 rnM PMSF) using a Polytron homogenizer. Samples were then 

centrifuged at 12,000 g for 10 min and the supernatants collected. The supernatants (SO 

pl) were then diluted in 50 pl Tris buffer (pH 7.4) and incubated at 37OC for 15 min with 

1 mM CaC12, 1 rnM EGTA, 10 pM FAD, 1 mM NADPH, 1 0 p g l d  calmodulin, 0.1 mM 

tetrahydrobiopterin, and 10 pM L-arginine containing 60 nM L-['~c] arginine. The 

reaction was stopped by addition of 1 ml of cold buffer (containing 20 m M  HEPES, 1 

mM EGTA, and 1 mM EDTA). Each sample was loaded onto columns containing 1 ml 

of Dowex (SOW-X8 100-200) cation exchange resin. The eluent was collected, added to 

10 ml of scintillation cocktail (Ecolite, ICN Biomedicals, Irvine, CA) and the 

radiolabelled products counted using a Wallac scintillation counter (Turku, Finland) 



Inunrcnohistuchemr*cal detection of iNOS and eNOS and RT-PCR detectreon @NOS 

mRNA 

Tissue sections taken for immunohistochemistry were fixed in formalin for 24 h, 

and then embedded in parrafin. After deparafinization, the sections were incubated in 

0.3% hydrogen peroxide-methanol solution for 15 min to eliminate endogenous 

peroxidase activity. The sections were blocked with normal horse serum for 1 h at room 

temperature, then incubated overnight (4°C) with the primary antibodies for NOS 

(monoclonal IgG) or for eNOS (rabbit polyclonal IgG) (Santa Cruz) at dilutions of 1 :500. 

Following washes with Tris-buffered saline, the sections were incubated with a 

biotinylated universal secondary anti-IgG antibody. The sections were washed again, 

then incubated with Streptavidin for 30 min. Finally, the slides were incubated with the 

substrate hydrogen peroxide-diaminobenzamide solution for 1 min, and SlOS or eNOS 

expression examined using a light microscope. To be ceratin that non-specific staining 

was not due to the secondary antibody used, immunohistochemistry controls were 

performed. This included negative control sections in which tissues were incubated with 

secondary antibody without prior incubation with primary antibody. 

iNOS mRNA expression was examined in colonic tissues taken from control rats 

and rats administered intracolonic TNBS 7 days earlier. Examination of iNOS mRNA 

expression was carried out by RT-PCR according to the procedure outlined in chapter 2. 

Free r d c a l  detection by ~he~lumtinescence 

Free radical production was measured by chemiluminescent detection of N,NY- 

dimethyl-diacridinium (lucigenin) reactivity as previously described (1 8 1). Briefly, 

colonic tissue samples (-100 mg) were immediately placed in 1 ml of cold Tris buffer 



(pH 7.4). Following the collection of tissues &om each rat, the Tris buffer was replaced 

with 1 ml of Tris buffer (3 7°C) containing N,N'-dimethyl-diacridinium (lucigenin; 250 

pM) and glucose (5 mM). Following a 2 rnin equilibration period, lucigenin-induced 

chemiluminescence was measured over a 200 sec intervaf using a Monolight 2010 

Luminometer (Analytical Luminescence Laboratory, Ann Arbor, MI). 

Chemiluminescence in the presence of superoxide dismutase (SOD; 300 U/ml) was then 

measured in the same tissue following the addition of 1 ml of fiesh Tris buffer containing 

lucigenin. Superoxide levels were determined to be the difference between the colonic 

tissue chemiluminescence in the presence and absence of superoxide dismutase. 

Similarly, addition of salicylate (5 mM), was used to determine what proportion of the 

lucigenin-induced chemiluminescence was attributable to hydroxyl radical (1 82,183). 

These measurements were performed using fresh tissues that were not previously 

exposed to SOD. Thus, hydroxyl radical levels were determined to  be the difference 

between chemiluminescence in the presence and absence of salicylate. 

In vim effects of NO donors and NOS inhibitors on lucigenin 

chemiluminescence were also examined in colonic tissue (- 100 mg) taken from TNBS- 

treated rats. As described above, 1 ml of Tris buffer containing lucigenin (250 CIM) and 

glucose (5 mM) was added to each tissue sample. In addition, L-NAME (100 @l), AG 

(1 mM), sodium nitrite (100 , sodium nitroprusside (SNP; 50 pM), S- 

nitrosoacetylpenacillamine (SNAP; 100 pM) or vehicle was added to each sample. The 

concentrations selected for the NO donors were based on those previously shown to elicit 

epithelial secretion and muscle relaxation in rat tissue in vitro (122,123,184,185). The 

concentrations chosen for the NOS inhibitors were based on those previously shown to 



have the desired NOS inhibition and selectivity (186-1 88). Following a 2-min 

equilibration period, lucigenin-induced chemiluminescence was measured over an 

interval of 200 sec. 

Stafr'stical Analysis 

Comparisons among groups of data were made using a one way analysis of 

variance followed by a Student-Newman-Keuls test. With all analyses, an associated 

probability (P value) of less than 5% was considered significant. 



3.3 Results 

Effects of NOS itthibitom on colonic damage and granulocyte infiltration 

Intracolonic administration of TNBS caused extensive injury to the colon 

characterized by severe ulceration, adhesion of the colon to other organs, and diarrhea 

(Figure 3.1). Administration of L-NAME, a non-selective NOS inhibitor, did not affect 

the severity of macroscopic damage in the colon compared to vehicle treatment (Figure 

3.1). Treatment with the selective iNOS inhibitors aminoguanidine, L-ML, or 1400W, or 

with the selective nNOS inhibitor 7-NI, also did not f l e a  the severity of macroscopic 

damage in the colon. Intracolonic administration of TNBS caused significant 

granulocyte infiltration into the colonic tissue as indicated by elevated MPO activity (-16 

fold higher than controls) and as confirmed by histology. With the exception of L-NIL, 

the NOS inhibitors did not affect the levels of granulocyte infiltration in the colonic tissue 

(Figure 3.1). 

NOS activig and expression in TNBrindiced colitis 

iNOS activity was significantly elevated in rats with colitis (by - 110%) 
compared to controls. Administration of L-NAME, aminoguanidine, L-NIL or 1400W 

significantly reduced iNOS activity by 60%, 40%, 75% and 50% respectively (Figure 

3.2). In contrast, 7 4 1  did not affect iNOS activity in the colon of TNB S-treated rats. 

iNOS expression was low in controls. Intracolonic TNBS administration resulted 

in increased iNOS expression (Figure 3.3A.) which was mainly localized to areas of 

ulceration. iNOS was primarily expressed in inflammatory cells within the lamina 

propria and in epithelial cells. In contrast, eNOS expression was localized to the lining of 

blood vessels and did not appear to be different in tissues from TNBS-treated versus 



control rats. NOS mRNA expression was not detectable in the colon of control rats, but 

was induced 7 days after induction of colitis (Figure 3.3B.). 

Effects of NOS inhibition on colonicfne radicdpro~ction in vivo 

Colonic tissue fiom untreated control rats exhibited low levels of total fiee radical 

production (58.7 2 3.2 relative light units/mg tissue). Colonic tissue from rats with 

TNBS-induced colitis displayed significantly increased free radical production (- Cfold) 

compared to tissue fiom control rats. Treatment with NOS inhibitors did not affect fiee 

radical production in the inflamed colon when compared to vehicle. Superoxide 

production in colonic tissue taken from rats with colitis was significantly increased 

compared to that in tissue of control rats. Likewise, inflamed colonic tissues fiom rats 

treated with NOS inhibitors (L-NAME, AG, 7-NI) displayed significantly elevated 

superoxide levels compared to tissues from control rats. However, colonic superoxide 

levels were significantly reduced in these tissues compared to that in vehicle-treated rats 

(Figure 3.4). 

Hydroxyl radical production in colonic tissue fiom rats with colitis was not 

significantly different from that in control rats. In contrast, colonic tissues from L- 

NAME- and AG-treated rats with colitis displayed significantly elevated levels of 

hydroxyl radical when compared to control and vehicle-treated rats with colitis (Figure 

3.4). Colonic tissues fiom 7-NI-treated rats did not display any change in hydroxyl 

radical production when compared to tissues taken fiom control rats. 

Effects of NOS inhibitors and NO donors on free rdical production in viho 

To examine the effects of NO on fiee radical production, in vitro experiments 

with NOS inhibitors and NO donors were performed. Unlike the effects of L-NAME and 



AG on colonic superoxide and hydroxyl radical production in vivo, neither NOS inhibitor 

had an effect on fiee radical production in viho (Figure 3.5). In contrast, the NO donors 

S N P  and SNAP reduced fiee radical production in inflamed colonic tissue by -40% and 

-30%, respectively (Figure 3.5). Addition to the tissue of sodium nitrite, which releases 

nitrite (an end product of NO), had no effect on colonic free radical prod~ction (Figure 

3 -5) .  
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Figure 3.1. Effect of NOS inhibitors on severity of colonif doncoge @anel A) and 

myeIoperm*rlbse ~ ( M )  activity @anel B) 7 days affer intracolonic oclministration of 

2,4,6hinitrobentenesu~onic acid (nv&S). L-nitroarginine methyl ester (&-NAME; 3 0 

mgkg), aminoguanidine ( AG; 25 mg/kg), ~-N6-iminoeth~ll sine (L-NU.,; 3 rng/kg), 

1400W (3 mg/kg) and 7-nitroindazole (7-NI; 20 mg/kg) were administered for 7 days. 

Each bar represents the mean * SEM, with at least 7 rats per group. *'P K0.01 compared 

with the vehicle-treated colitis group. 
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Figure 3.2. Effects 4 NOS inhibitors &nitrourgr*ni~e methyl ester @-NAME; 30 

rng/kg)? aminogrconirline (AG; 25 rngkg)), L-N6-imin~eth~llysine +NIL; 3 rngkg;), 

1400 W (3 mgkd and 7-nittoindozole (7-NI; 20 mgkd on colonic NOS activity 7 days 

am intracoIonic TNBS Each bar represents the mean + SEM, with at least 5 rats per 

group. *P<O.OS, **P<0.01, * *'P<0.001 compared with the control group. %0.05, 

e e ~ < ~ . ~  1, eee~<O.OO 1 compared with the vehicle-treated group. 
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Figure 3.3. (A) iNOS and eNOS i~nohistochemrDstry and (B) iN(ES nrRNA 

expression 7 days after inbacoionic adhinistration of TNaS Tissue from control and 

TNBS-treated rats are shown. The original magnification of the tissue was X 200. 
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Figure 3.4. Colonic free radical production 7 days qfler intracolonic adnrnistration of 

TNBS and treatment with either vehicle, L-nitroqinine methyl ester &NAME; 30 
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compared to the control group. %?<0.05, '@P<O. 0 1 compared to the vehicle-treated colitis 

!!FOUP. 
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Figure 3.5. I n  vibo effects of NOS inhibitors (Lnitroaqginine methyl ester tL-NAME; 

100 pkf) and aminogumidine (AG; I mM)) and NO donors (sodium nilroprusside 

(SNP; SO CcM), S-nitrosoac~~enacillamne (SNAP; 100 0, and sodium nitrite (100 

C1M) on pee radical pmductior as determined by kcigenin-inheed 

~hemilu~nescence in intlrund colonic tissue. Each bar represents the mean + SEM, 
with at least 5 rats per group. *P<0.05, **P<0.0 1 compared to the vehicle group. 



3.4. Discussion 

Miller et al. (86) suggested that the concept that low levels of NO are good and 

high levels of NO are bad is an oversimplification. What determines the extent of tissue 

injury during an inflammatory event includes not only which NO-derived species are 

formed and in what proportion to one another, but also what the levels of antioxidants 

relative to oxidants are. For example, in experimental colitis it has previously been 

shown that concomitant with an increase in iNOS expression there is a decrease in tissue 

SOD levels (189). 

Numerous studies have been performed to test the hypothesis that NO is a 

mediator of intestinal injury, but these have produced conflicting results. In the present 

study, we have tested the effects of non-selective, iNOS-selective and nNOS-selective 

inhibitors in the TNBS-induced model of colitis in the rat. Our results showed that 

despite significant inhibition of NOS activity, the NOS inhibitors tested did not reduce 

colonic damage or granulocyte infiltration. 

Beckman et al. (172) proposed the idea that NO is the "bad guy" in inflammation, 

causing tissue injury subsequent to its conversion to peroxynitrite. However, if this is the 

case, why did we not observe an attenuation of damage when NOS was inhibited? It is 

now known that all three isoforms of NOS can produce superoxide (79,81-83). iNOS 

may be a particularly important source of superoxide in that it is the most prevalent 

isoform during an inflammatory state. The mechanism of superoxide production by 

NOS differs fiom that of eNOS and nNOS. iNOS superoxide production occurs at the 

reductase domain, whereas superoxide production by eNOS and nNOS occurs at the 



oxygenase domain. Given the difference in the mechanism of superoxide production 

among the isoforms, it is possible that certain NOS inhibitors inhibit both NO and 

superoxide production derived fiom one isoform, but not necessarily that derived from 

the others (8 1,84,85). 

In this study, we were interested in examining the effects of NOS inhibitors on 

free radical production in the colon. Our results revealed that neither selective nor non- 

selective NOS inhibitors had an effect on total free radical production. However, 

superoxide levels were reduced by the NOS inhibitors, regardless of which isoform of 

NOS the inhibitors were selective for. It should be noted that fiom these studies it is not 

possible to distinguish between superoxide derived fiom sources such as NADPH 

oxidase and that derived fiom the various NOS isoforms. Nevertheless, the reduction in 

superoxide levels in tissues from rats treated with non-selective and NOS-selective 

inhibitors was accompanied by an increase in hydroxyl radical production. Therefore, it 

is possible that a reduction in NO levels results in a diversion of superoxide to other 

pathways such as the iron-catalyzed Haber-Weiss reaction, which would result in the 

production of hydroxyl radical (H202 HOa + OH) (190). Given the potentially 

h d l  reactions a strong oxidizing agent such as hydroxyl radical can undergo in vivo, 

its formation is clearly not favourable for the surrounding tissue. In contrast to L-NAME 

and AG, the selective nNOS inhibitor 7-NI did not increase hy droxy 1 radical production. 

This suggests that NO derived fiom iNOS andlor eNOS, but not fiom nNOS, might be 

abrogating the production of other free radicals such as hydroxyl radical. This may be 

explained by the fact that NO from different NOS isofoms is found in different cells, and 

therefore, may undergo different reactions depending on the other chemical species 



present within the particular cell. Tissues £tom 7-NI treated rats continued to exhibit the 

same level of total free radical production as those fiom other TNBS-treated rats. These 

findings may explain why there was no attenuation of damage observed in 7-NI treated 

rats. It is possibie that despite inhibiting NO production, colonic injury occurs due to the 

production of other cytotoxic free radicals. The results of this study point to at least one 

potential culprit, the hydroxyl radical. Further studies examining the roles of other fiee 

radicals such as NO2. and 02; as well as their effects on antioxidant enzymes, must be 

completed in order to determine what effect different nitrogen oxides have on colonic 

tissue during a bout of inflammation. 

Finally, the in vitro reduction of chemiluminescence by the NO donors SNP and 

SNAP is consistent with the hypothesis that NO can scavenge superoxide. Furthermore, 

the lack of any effect on colonic fiee radical production by direct addition of sodium 

nitrite suggests that the form of NO released into the inflammatory mileu is a critical 

determinant of whether deleterious fiee radicals are produced. Thus, while SNP and 

SNAP release forms of nitrogen oxide that Sec t  fiee radical production, nitrite does not. 

In summary, NOS inhibitors failed to reduce colonic injury sustained during an 

inflammatory insult of the colon. Furthermore, NOS inhibitors did not affect total free 

radical production in the colon, but did change the composition of the fiee radicals that 

were produced. Thus, the positive effects of nitric oxide as a scavenger of free radicals 

may outweigh its properties as the origin of h d l  nitrogen oxide derivatives. 

Determining which fiee radical species are present in an inflammatory milieu may be 

critical to predicting the clinical outcome of disease. Further studies are required in order 

to determine which nitrogen oxide species are deleterious to the body. 



Chanter 4 

COLONIC EPITHF&IAL HYPO-RESPONSIVENESS FOLLOWING COLITIS: 

ROLE OF INDUCIBLE NITRIC OXIDE SYNTEIASE 

4.1 Introduction 

The colonic epithelium is continually exposed to bacteria, bacterial products and 

dietary antigens that are capable of inducing or exacerbating mucosal inflammation. The 

epithelium performs an important barrier function, preventing the entry of these factors 

into the lamina propria. The secretion of water by the colonic epithelium is a further 

defensive mechanism aimed at diminishing the ability of pathogens to adhere to the 

epithelium, as well as diluting noxious luminal agents (191). Water secretion by 

intestinal epithelial cells occurs passively, driven by an osmotic force generated through 

the active transport of chloride ions. The motor activity of the intestine also contributes 

to this defensive response by assisting in the physical expulsion of the luminal contents. 

Although normally a defensive response, excessive secretion of water or impaired 

absorption of water (and electrolytes) can lead to diarrhea, as can impaired motor 

function. On the other hand, impaired electrolyte (and therefore water) secretion could 

predispose the colon to infection and inflammation. 

There is a great deal of evidence that during an acute bout of colitis, epithelial 

secretory hnction is profoundly altered (1 24,13 8,192). A number of inflammatory 

mediators, such as prostaglandins and leukotrienes, are capable of stimulating chloride 

secretion by colonocytes (54,193). However, large increases in chloride secretion have 



not been noted in studies of colonic secretion in inflammatory bowel disease or in animal 

models of colitis (194-196). It is possible that a bout of colitis produces long-lasting 

changes in fbnction (i-e., down-regulation of secretory responses to inflammatory 

mediators) that persist after resolution of the mucosal inflammation. If such changes 

occurred in epithelial permeability and/or secretory fbnction, they may render the colon 

more susceptible to subsequent inflammatory events. 

In the present study, we have investigated the possibility that inflammation of the 

colon results in significant long-term alterations in epithelial permeability and secretion. 

Given recent evidence that nitric oxide can modulate intestinal permeability and secretion 

(7,118,12 I), and that NO derived from NOS may contribute to altered secretory function 

in acute colitis (124), we have also examined the role of iNOS-derived NO in mediating 

prolonged epithelial dysfunction after colitis. 



4.2 Methods and Materials 

Indrtction of Colitis 

Colitis was induced in male, Wistar rats using the method described in chapter 2. 

A second group of rats was treated intracolonically with 50% ethanol (the vehicle for 

TNBS). A control group consisted of rats that were left untreated during the course of 

the study. 

Rats were killed by cervical dislocation 6, 9, or 12 weeks following induction of 

colitis. Controls (age-matched to the other rats) were killed at the same times. Rats 

treated with 50% ethanol were killed at the 6 wk time-point. Within each group, some 

rats were used for assessment of colonic injury and inflammation, while others were used 

for electrolyte transport studies. The minimum sample size per group in all experiments 

was 5. 

Electro&te Flux Studies 

The distal colon was removed from each rat and placed in Ussing-type chambers 

coiltaining oxygenated Krebs buffer as described in chapter 2. Afier a 20 min 

equilibration period, the basal transport parameters of short circuit current (I,) and 

potential difference (PD) were measured. Conductance (G) was calculated from PD and 

I, according to Ohm's law. 

The PD was clamped to zero and the short circuit current (I,) responses to various 

stimuli measured. Electrical field stimulation @FS; 50V, 10 Hz, 5s) was delivered with a 

Grass S48 stimulator and SIUSO stimulus isolation unit (Grass Instruments, Warwick, 

RI). In the same colonic preparations, I, responses to the secretagogues IBMX (300 pM) 



and carbachol(1 CIM) added to the serosal side of the tissue were also recorded. Isc was 

allowed to recover to a stable baseline between application of drugs or EFS. 

In other Ussing chamber experiments, 2 2 ~ a  (4 pCi) and 3 6 ~ ~  (2 pCi) were added 

to the bathed tissues and after a 20-min equilibration period, steady-state unidirectional 

electrolyte fluxes (pEq.cmJh-I) were measured during four 5-min intervals, as previously 

described (1 3 8,197). 

Permeability Measurements 

In separate Ussing chamber experiments, the permeability marker "~r-labeled 

EDTA (24 pCi) was added either to the mucosal or serosal side of the tissues taken from 

rats 6 wk after TNBS administration or from age-matched controls. The tissues were 

allowed to equilibrate in the Ussing chambers for 20 min before unidirectional 5 ' ~ r -  

EDTA fluxes were measured during four 5-min intervals, as previously described 

(138,197). 

Measurement of Nitric Oxide Synthase Activity 

Colonic tissue samples (-100 mg) from control and TNBS-treated rats were 

frozen with liquid nitrogen and stored at -70°C until assayed for NOS activity. NOS 

activity was determined by the conversion of ~ - [ ' ~ ~ ] a r ~ i n i n e  to L-['4~]citrulline as 

previously described. Briefly, tissues were homogenized using a Polytron homogenizer 

in 0.5 ml of ice-cold buffer (pH 7.4; containing 10 nM HEPES, 320 nM sucrose, 1 nM 

dithiothreitol, 0.1 nM EDTA, 0.01 mg/ml soybean trypsin inhibitor, 0.01 mg/rnl 

leupeptin, and 0.002 mg/ml aprotinin) followed by centrifugation for 10 min at 14 000 g 

at 4OC. Supernatants (20 pl) were then incubated at 37OC for 10 rnin in 50 pl of NOS 

assay buffer (containing 50 mM KH2P04, 1 mM MgC12, 0.2 mM CaC12, 50 rnM valine, 



0.3 rnM NADPH, 3.15 mglml L-arginine, and 157 pM ~ - [ ' ~ ~ ] a r ~ i n i n e ) .  Addition of 

EGTA (1 mM) was used to determine the activity of caz+-independent NOS. The 

reaction was stopped by addition of0.5 ml of Dowex (SOW-X8 100-200) cation exchange 

resin and the mixture was then loaded onto columns containing 1 ml of Dowex resin. 

Eluent was collected and a 1 ml aliquot measured for radiolabelled products using a 

Wallac scintillation counter (Turku, Finland). 

NOS activity was defined as the rate of ~-[ '~~]ci t rul l ine formation. NOS activity 

that was abolished by EGTA was considered as constitutive NOS (cNOS), whereas that 

not inhibited by EGTA incubation was considered inducible NOS. 

Detection of iNOS mRNA Ekpression 

Colonic iNOS mRNA expression was examined using RT-PCR as outlined in 

chapter 2. Briefly, whole thickness colonic tissues from rats killed 6 weeks after 

induction of colitis were placed in 2 ml TRIzol reagent (GIBCO BRL, Gaithersburg, 

MD). Total RNA was isolated from each sample, and RT-PCR performed as previously 

described (chapter 2). The INOS and GAPDH products were made using primers based 

on published sequences (see chapter 2). 

Drug Treatments 

Dexamethasone was tested for its ability to reverse the hypo-responsiveness of the 

epithelium following colitis. Five weeks after induction of colitis, dexamethasone (1 

mg/kg; i.p.) was administered once-daily for 4 days. Rats were killed 48 h following the 

find dose of dexamethasone and the colon was removed for electrolyte transport studies 

or for RT-PCR and MPO analyses. 



Experiments examining the role of nitric oxide derived from iNOS were 

performed in vino using the Ussing chamber technique. After a 20-min equilibration 

period, a selective iNOS inhibitor (L-Ns-(1-iminoethyl) lysine; L-NIL, 3 pM), was added 

serosally. Isc responses to EFS, IBMX, and carbachol were determined after a 10-min 

incubation period. This concentration of L-NIL was selected because it has been reported 

to significantly decrease NOS activity without affecting cNOS activity (198). 

Materials 

~ - [ ' ~ ~ ] a r ~ i n i n e  was purchased fiom Dupont NEN Research Products 

(Mississauga, ON, Canada); SOW-X8 Dowex resin from BioRad (Hercules, CA); 

dexamethasone, IBMX, carbachol, EGTA, L-valine, and L-arginine fiom Sigma 

Chemical Co. (St. Louis, MO). NOS and GAPDH primers were synthesized by 

University Core DNA Services (Calgary, AB, Canada). 

Statisticid Analysis 

With the exception of the 1x0s activity data, comparisons among groups of data 

were made using a one way analysis of variance followed by a Student-Newman-Keuls 

test. The NOS activity data was analyzed using the Mann-Whitney non-pararneteric test. 



4.3 Results 

Colonic Injury and Inflammation 

As shown in Figure 4.2, the severe inflammation that was apparent 3 days after 

intracolonic administration of TNBS/ethanol or ethanol alone had resolved within 6 wk to 

a point where the colonic damage score was not significantly different fiom that of age- 

matched, control rats. Similarly, the colons of TNBS- and ethanol-treated rats were not 

histologically different from controls (Figure 4.1). Likewise, colonic MPO activity in 

rats treated with TNBS-ethanol or ethanol alone had recovered to the levels seen in 

controls (Figure 4.2). In the rats killed 9 or 12 wk after TNBS administration, the colon 

was macroscopically (damage scores: 0.5 f 0.2 in controls vs 1.3 f 0.5 in rats 9 wk and 

1.2 ?r 0.6 in rats 12 wk after TNBS administration) indistinguishable fiom controls. 

Epithelial Permeability 

Measurement of unidirectional fluxes of 5 ' ~ r - ~ ~ ~ A ,  as summarized in Table 4.1, 

demonstrated that there were no significant differences in the flux of this molecule in 

either direction between the rats treated with TNBS and the controls at either time point 

examined. These data, taken together with the lack of significant differences in 

conductance of the epithelium in these two groups (Table 4. I), strongly suggest that there 

was no difference between the groups in terms of epithelial permeability. 

Elecbolyte Transport 

Basal transport parameters (Isc, PD, and conductance) of the distal colon taken 

from rats killed 6 wk after TNBS administration were not different fiom controls 

(conductance data shown in Table 4.1). Tissue from rats killed 6 wk after intracolonic 



administration of 50% ethanol also exhibited basal transport parameters not significantly 

different firom those of controls. Furthermore, basal colonic Na' and C1' ion fluxes or rats 

receiving TNBS 6 wk earlier were not significantly different fiom those of control rats 

(Table 4.2). However, the distal colon from rats killed 6 wk after TNBS administration 

had significantly depressed I,, responses to EFS, IBM,  and carbachol (Figure 4.3). 

Moreover, at both 9 and 12 wk post-TNBS administration, the I, responses to EFS and 

carbachol remained significantly depressed, while the response to IBMX had recovered 

to that observed in controls. The hypo-responsiveness observed after induction of colitis 

with TNBS was not a non-specific response to tissue injury, as tissues taken fiom rats 6 

wk after intracolonic administration of 50% ethanol, which caused extensive colonic 

injury (Figure 4.2), responded to EFS and carbachol stimulation in a comparable manner 

to that observed in controls (e.g., response to EFS: 50% ethanol: 11.6 k 3.6 vs. 22.7 f 

6.1 p~ /cmZ in controls; response to IBMX: SO?! ethanol: 71 -7 f 15.8 vs. 68.8 + 10.7 

@/cmZ in controls; response to carbachol: 50% ethanol: 28.9 f 5.4 vs. 31.2 f 7.3 

p~ / cm2  in controls). The hypo-responsiveness observed after induction of colitis was 

also not likely to be a result of neuronal changes, as tissues from both control and TNBS- 

treated rats pre-incubated with the sodium channel blocker tetrodotoxin (TTX; 1 pM) did 

not exhibit altered Isc responses to IBMX and carbachol compared with tissues pre- 

incubated with vehicle (Table 4.3). The reason there was a TTX-resistant response to 

EFS is not known. However, it has previously been suggested that there are TTX- 

insensitive neurons in the myenteric plexus of the gut (199,200). Therefore, it is possible 

that some of these neurons are activated upon EFS-stimulation and are responsible for the 

TTX-insensitive response. 



NOS Activity and rnRNA l3pression 

In control rats, NOS activity in the colonic tissue was very low or undetectable. 

In rats killed 6 wk after induction of colitis, NOS activity was quite variable, but 

significantly (PcO.05) elevated above that in the controls (Figure 4.4). These rats also 

exhibited significantly (P<0.01) elevated NOS mRNA expression in the distal colon 

compared to controls (Figure 4.5). Expression of iNOS mRNA was not observed in rats 

killed 6 wk after intracolonic 50% ethanol. 

Effecb of Damnethasme 

Treatment with dexamethasone 5 wk after intracolonic TNBS administration had 

no effect on basal I,. The I, response to IBMX in rats treated with dexamethasone was 

not significantly different fiom control rats and significantly elevated compared with 

TNBS-treated rats receiving saline. Interestingly, the I,, response to EFS after 

dexamethasone treatment was not significantly different from that in either untreated 

controls or TNBS-treated rats receiving saline. In contrast, the I, response to carbachol 

after dexamethasone treatment was not significantly different fiom RIBS-treated rats 

receiving saline and remained significantly depressed compared with control rats (Fig. 

4.6). Dexamethasone treatment had no effect on the basal I, of TNBS-treated rats and 

had no effect on transpon responses in tissues firom control rats (e.g., response to EFS: 

rats treated with vehicle: 25.8 f 4.8 vs. 31.2 f 4.9 pVcrnZ in rats treated with 

dexamethasone; response to IBMX: rats treated with vehicle: 80.8 f 15.8 vs. 83.1 f 8.8 

pA/cm2 in rats treated with dexarnethasone; response to carbachol: rats treated with 

vehicle: 41.0 f 9.1 vs. 47.7 f 7.9 pA/cm2 in rats treated with dexamethasone). Treatment 



with dexamethasone abolished the increase in iNOS mRNA expression caused by 

intracolonic TNBS treatment 6 wk earlier (Figure 4.5). 

Effects of &NIL 

In vitro exposure to L-NIL resulted in a normalization of the I, responses to EFS 

and IBMX, but not to carbachol, in tissues fiom rats killed 6 wk after TNBS 

administration (Figure 4.7). L-NIL had no effect on the responses to any of the three 

stimuli in tissues fiom controls. 



Figtire 4.L Microscopic uppearattce of tlte distal cdott 6 wk afer intracolonic TNBS 

udtninistration. Distal colonic tissues fYom control (A) and TNBS-treated (B) rats are 

shown. The latter were killed 6 wk after intracolonic administration of TNBS. Tissue 

architecture is normal and the level of imrnunocytes within the lamina propria are 

comparable to those seen in age-matched control rats. The bar at top of panel A 

represents 100 pm. 



Am- 
" Control Ethanol TNBS Ethanol TNBS 

3 Days 6 Weeks 

Figure 4.2. Colonic ntacroscopic damage scores @me1 A) and myefopera~~~rlbse 

(MPO) activity @onel B) 3 days and 6 weeks arm intmcolonic d n i s b o t o n  of 

ethanol or TN&E/elmoL Each bar represents the mean f S.E.M., with 5-16 rats per 

group. *'P<O.O 1, " *P<0.00 1 compared to the control group. 
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Table 4. I. Colonic epithelidpermeability 6 and 9 weeks am inhctiun of colitis 
- -- - -- 

"Results for flux are expressed as the amount of "~r-EDTA that moved across the 

epithelium as a percentage (~10 '~ )  of the amount added to one side of the chamber (mean 

f SEM). kesults for conductance are expressed as msiemens/cm2 (mean f SEM). Each 

group consisted 5 or 6 rats. There were no significant differences among the groups. 

Control rats were untreated, but were age-matched to the 2,4,6-trinitrobenzenesulfonic 

acid (TNBS)-treated rats. 

TNBS 

2.68 3- 0.5 1 

3.57f 1.45 

33 -t6 

3.12 + 0.19 

2.47 + 0.53 
29f 4 

6 Weeks Post-TNBS 
mucosal to serosal EDTA fluxa 

secosal to mucosal EDTA fluxa 

conductanceb 
9 Weeks Post-TNBS 

mucosal to serosal EDTA fluxa 

serosal to mucosal EDTA fluxa 

conductanceb 

Control 

1.69 2 0.22 

2.29 f 0.42 

32f4 

2.72 f 0.53 

1.65 + 0.15 

36f 4 



Table 4.2 Colonic epithelial soCi.ium and chloride fluxes 6 weeks ape? ittikction of 

colitis 

Na* and C1' flux values are expressed in pEq.cm-2.h-' (mean + SEM; @ 5) .  m + s 
denotes mucosal-to-serosal flux, whereas s + m denotes serosal-to-mucosal flux. 

Control rats were untreated, but were age-matched to the rats treated intracolonically with 

2,4,6-trinitrobenzenesulfonic acid (TNBS) 6 wk earlier. 

Group 

Control 

TNBS 

JN; Jci 

Net 

0.72 k0.59 

0.61 f 0.75 

m-bs 

7.25 40.44 

6.48 k0.44 

m-h 

5.39 f 0.42 

4.51 k0.48 

s-+m 

4.35 k 0.33 

3.89 + 0.53 

e r n  

6.30 f 0.32 

5.63 + 0.38 

Net 

0.95 f 0.51 

0.86 + 0.64 



Control 
TNBS 

Figure 4.3. Epithelial shoH circuit cumnt (IJ responses to electrrbca1 field stimulation 

(EFS), I B W ,  and c4cbachoI 6, 9, or I2 weeks aper induction of colihis Each bar 

represents the mean f S.E.M., with 5 to 7 rats per group. *P<0.05, *'P<O.OI 

" *P<0.001 compared to the control group at the same time point. 



Tdle  4.3. Effects of Tetrodotm'n on cotonic epithelial I, responses 

Results are expressed as % control-vehicle short circuit current (I,) response to electrical 

field stimulation (EFS), IBMX, and carbachol (mean f SEM; e 5 ) .  *P<0.05, **P<0.0 1, 

* * *P<0.00 1 compared with control-vehicle response to each stimulant. Control rats were 

untreated, but were age-matched to the rats treated intracolonically with 2,4,6- 

trinitrobenzenesulfonic acid (TNBS) 6 weeks earlier. 

Group 

Control-Vehicle 

Control-TTX 

TNBS-Vehicle 

TNBS-TTX 

EFS 

100.0 k 10.8 

25.8 f 7.3"" 

57.9 f 12.3** 

9.5 4 4.6*** 

BMX 

99.9 f 32.5 

104.2 k 24.7 

32.7 + 12.8* 
25.4 k 9.1 * 

Carbachol 

100.0 f 26.3 

124.4 3- 32.7 

33.3 =t 13.7* 

32.8 + 9.7" 



Control TNBS 

Figure 4.4. iNOS e w m e  activity in ra& 6 weeks a i r  indrtctim of colitis Each bar 

represents the mean f S.E.M., with 6 rats in the control group and 8 rats in the TNBS 

group. *P<0.05 compared to the control group. 



Mol Wt. Control Saline Dex 

iNOS 

GAPDH 

Figure 4.5. iNOS mRNA expression in the distal colon: effects of daamethasone (I 

mgkg; once-daily for 4 &us) jive weeks a f ~  int~coIonic TN&S arlministttatio~~. 

Representative gel of SlOS expression as determined by RT-PCR of tissue from control 

rats, TNBS-treated rats receiving saline, and TNBS-treated rats receiving dexamethasone. 

MW, molecuiar weight markers. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 



Control Vehicle Dewmethasone 

rnBS 

Figure 4.6. Effects of d-thasone (1 tng/kg; once-daily for 4 days) on epithelial 

short circuit current (if,J responses to EFS, IBMX and c(~buchu1, jive weeks after 

inbucolonic TN&S rrdrnistrdon. Each bar represents the mean + S.E.M., with 6 to 10 

rats per group. *P<0.05, **P<0.01 compared to the control gotip response to the same 

secretagogue. 9 ~ 0 . 0 5  compared to control rats that received TNBS and five weeks later 

received vehicle (saline) in place of dexarnethasone. 



Vehicle L-ML Vehicle L-NIL 

Control TNBS 

Figure 4.7. Colonic epitheliid short circuit current (I,d responses to EFS, I B M ,  and 

carbachol: effects of a selective iNOS inhibitor (GNU; 3 3. Each bar represents the 

mean f S.E.M., with 5 to 10 rats per group. 'P<O.OS, **P<O.Ol, and **'P<0.001 

compared to the control group response to the same secretagogue. 9 <0.05 compared to 

rats that received TNBS intracolonically and five weeks later received vehicle (distilled 

water) in place of L-NIL. 



4.4 Discussion 

An acute bout of colitis is associated with substantial alterations in epithelial 

function, including a profound hypo-responsiveness to secretagogues (138). Few studies 

have investigated intestinal function during the post-in flammatory period. In the present 

study we demonstrated that epithelial hypo-responsiveness to a variety of secretagogues 

extended for up to 12 wk after induction of the inflammatory response. 

Exposure of the rat colon to TNBS in 50% ethanol caused an acute inflammatory 

response characterized by mucosal ulceration, bowel wall thickening, and adhesion 

formation, as previously described (20 1). Furthermore, there was an acute granulocyte 

influx as shown histologically and by the significant increase in colonic MPO activity. 

By 6 wk after the initial administration of TNBS the colonic damage score and MPO had 

returned to the levels of control rats. Tissue conductance and the serosal-to-mucosal flux 

of ''C~-EDTA were similar to those observed in control rats, indicating that there was no 

persistent permeability defect after resolution of the acute phase of inflammation. 

Despite the fact that, on the basis of these parameters, the colon was not inflamed at 6 wk 

post-TNBS, segments of this tissue mounted in Ussing chambers exhibited significant 

hypo-responsiveness to EFS or to serosal application of IBMX and carbachol. 

Furthermore, compared with control rats, NOS expression and iNOS activity were 

increased 6 wk post-TNBS. The effects on responsiveness to secretagogues and on NOS 

expression and activity were specific to the inflammatory response and were not simply a 

finction of generalized tissue injury. Intracolonic administration of 50% ethanol alone 



caused an acute colonic damage and granulocyte infiltration, but did not cause epithelial 

hyporesponsiveness after 6 wk. Furthermore, iNOS mRNA expression was not elevated 

6 wk after intracolonic 50% ethanol, 

Prolonged epithelial dysfbnction after acute inflammation may be due to 

structural changes that persist after resolution of the acute phase of the inflammatory 

response or to ongoing mediator release. Although we have not investigated the former 

possibility in the present study, the fact that L-NIL reversed the hypo-responsiveness 

suggests that a "structural change" did not account for the hypo-responsiveness, at least 

in the case of EFS- and IBMX-evoked secretion. The role of NO in epithelial fbnction is 

controversial. Several studies have shown that in vifro application of NO-donating 

compounds to intestinal tissue in Ussing chambers stimulated chloride secretion 

(1 1 I 9 2 2  Furthermore, endogenous NO has been implicated in the diarrhea caused 

by administration of castor oil (202) or magnesium sulfate (203), although whether these 

were secretory or malabsorptive forms of diarrhea was not determined. In contrast to 

these studies, it has been shown that endogenous NO may be antisecretory. Inhibition of 

NOS activity exacerbated cholera toxin- and prostaglandin-induced secretion in rats 

(1 20,12 I), perhaps through effects on enteric neurons. Our data are in keeping with these 

latter observations in that chronic elevation of NOS activity may exert a potent 

antisecretory tone on the colonic epithelium. N O S  is expressed during periods of active 

inflammation in animal models of colitis (163) and in inflammatory bowel disease (204). 

The evidence for NOS expression after resolution of acute inflammation is less clear. 

We have shown that elevation of 1NOS mRNA expression and NOS activity persist for 

at least 6 wk post-TNBS. Inhibition of iNOS mRNA expression by dexamethasone and 



of NOS activity using the selective iNOS inhibitor L-NIL resulted in responses to EFS 

and IBMX that were similar to those observed in control rats. Dexamethasone inhibits 

iNOS mRNA expression by increasing I-KB expression and decreasing nuclear factor-lcB 

(205). In addition, dexamethasone has been shown to decrease mast cell reactivity and 

number (206,207). Mast cells can affect epithelial transport through their release of 

histamine and 5-HT which stimulate secretion. Therefore, it is forseeable that inhibition 

of a mast cell response by dexamethasone might explaifi why there was only a partial 

reversal of epithelial hypo-responsiveness by dexamethasone, whereas a more dramatic 

effect by L-NIL. L-NIL is a selective inhibitor of iNOS activity in mouse colon at the 

concentration used in this study (124). Interestingly, inhibition of NOS expression and 

activity by L-NIL did not reverse the hypo-responsiveness to carbachol. This suggests 

that INOS-derived NO selectively inhibits CAMP-mediated secretion. NO has been 

shown in other systems to reduce intracellular CAMP (208). Neurally evoked chloride 

secretion is a composite response to neurotransmitter release from cholinergic and 

vasoactive intestinal peptidergic (VTPergic) submucosal secretornotor neurons, implying 

that both ca2'-dependent (acetylcholine) and CAMP-dependent (VIP) mechanisms are 

involved in the response to EFS (209). Furthermore, these data indicate that the hypo- 

responsiveness to carbachol is mediated by an undetermined, NO-independent 

mechanism. 

The prolonged hypo-responsiveness to EFS, IBMX and carbachol may have 

important implications for host defense against invading pathogens and antigens. 

Secretion of chloride ions and water is characteristic of enterocytes near the base of the 

crypt region and is thought to "flush" bacteria, bacterial products, and antigens away 



fiom the epithelium (210). The intestinal neuroimmune system links this secretory 

function to motility to  effectively remove harmful microorganisms and antigens fiom the 

intestinal lumen (191). An inability to respond to these luminal stimuli would 

compromise this defense mechanism, potentially leading to translocation of bacteria, 

toxins, or antigens across the epithelium, with subsequent inflammation or endotoxemia. 

Our data are consistent with the hypothesis that chronic synthesis of NO through NOS 

may also predispose the intestine to recurrent bouts of inflammation and injury. 



Chapter 5 

llV W O  COLONIC EPITHELIAL DYSFUNCTION AND BACTERIAL 

TRANSLOCATION FOLLOWING A BOUT OF -TION 

5.1. Introduction 

Inflammatory bowel disease (IBD) is characterized by periods of remission and 

relapse. Little is known regarding the factors that trigger relapses and there are few 

therapeutic options for prolonging remission. One of the most accepted theories for the 

pathogenesis of IBD is that an infectious agent triggers the initial inflammatory event in 

genetically susceptible individuals (21 1). An impaired immune response then results in a 

failure of the normal down-regulation of the inflammatory response, leading to excessive 

tissue injury. Thus far, however, a specific infectious agent responsible for triggering 

IBD has not been identified. Another possibility is that a genetically susceptible 

individual who suffers a bout of inflammation, perhaps due to an infection, becomes 

more susceptible to recurrent inflammation induced by the commensal flora. For 

example, it is possible that a bout of colonic inflammation causes long-term changes in 

the ability of the tissue to resist infection, thereby predisposing the individual to recurrent 

bouts of infection and inflammation. If that individual were also genetically predisposed 

in some way, such as an impaired mucosal immune response, these recurrent bouts of 

inflammation would lead to extensive tissue destruction and the generation of the 

symptoms that typify IBD (pain, bleeding, diarrhea, etc.). 



The intestinal epithelium plays an essential role in host defence by preventing the 

entry of bacteria and other potentially harmful substances into the lamina propria. The 

secretion of water and mucus by the epithelium assists in preventing the adherence and 

invasion of microbes, as well as diluting luminal toxins. Impairment of epithelial barrier 

function andfor secretion could therefore result in an increased susceptibility to infection 

and inflammation. Inflammation of the gastrointestinal mucosa in various species is 

associated with the release of a number of soluble mediators that have the capacity to 

influence intestinal epithelial knction (57,2 12,2 13). For example, interleukin @I,)-4 and 

prostaglandin D2 have been shown to decrease epithelial chloride secretion, while IL-4, 

IL-13, and interferon-y have been shown to diminish epithelial barrier function 

(9,43,47,,53). Nitric oxide (NO) has also been shown to modulate epithelial barrier 

fbnction and secretion, but its role is somewhat controversial. Our own findings have 

been in agreement with an anti-secretory role for NO (chapter 4)(214). It has previously 

been demonstrated, in various species, that inflammation of the colon is accompanied by 

an acute reduction in epithelial responsiveness to secretagogues (1 24,138,192,196). We 

have further shown that in the rat such changes are long-lasting, at least when assessed in 

vitro (chapter 4). The epithelial dysfunction observed was attributed, at least in part, to 

the release of NO tiom the inducible isofonn of nitric oxide synthase (INOS) (chapter 4). 

While epithelial secretion was impaired for a prolonged period of time after a bout of 

colitis, permeability of the colonic epithelium (in vitro) to "~r-EDTA was normal 

(chapter 4). 

In the present study, the possibility that colonic epithelial secretory dysfbnction 

occurs in vivo in response to clinically relevant stimuli (bacterial toxin, antigen), and that 



it persists for many weeks after resolution of a bout of colonic inflammation have been 

examined. Moreover, the hypothesis that small intestinal inflammation could produce 

prolonged alterations in colonic epithelial secretion has been tested. Finally, whether or 

not the functional consequences of altered secretory function following a bout of colitis 

or enteritis might include an increase in bacterial colonization of the colon, and bacterial 

andlor neutrophil translocation across the epithelium has been examined. 



5.2. Methods & Materials 

Induction of cdonic injammation 

Colitis was induced in male Wistar rats by intracolonic administration of TNBS 

dissolved in 0.5 ml of 50% ethanol (voVvol), as described in chapter 2 (1 5 1). A group of 

age-matched rats, which were left untreated during the course of the study, served as 

controls. In all experiments the minimum sample size per group was 5. 

Colonic fluid secretion was measured 6 wk after TNBS administration and in 

controls. In separate groups of rats, permeability of the gastrointestinal tract to "-Cr- 

EDTA was assessed (72 h and 6 weeks post-RJBS). The measurement of permeability 

to "Cr-EDTA involved placing rats in individual metabolic cages and collecting urine 

over a period of 12 hours. The rats (n=6 per group) were given 100 pCi of "~r-EDTA 

(33 Ci/mmol) orally, after which the collection of urine was initiated. The urine samples 

were then counted in a gamma spectrometer and the fiactional excretion of the " ~ r -  

EDTA was calculated. 

Induction of small intestinal inflammation 

Sprague-Dawley rats were infected with -3000 stage-m Nippostrongyltis 

brasiliensis larvae, as previously described (2 15). A group of age-matched rats served as 

controls. In this model, infection of the small intestine (primarily jejunum) occurs 60- 

120 h after the administration of the larvae. The infection and the associated small 

intestinal inflammation is typically cleared by 18 to 21 days after infection 

(216,217,218). Tissue for histological analysis was taken from the small intestine and 



colon 52 days after administration of the larvae. A separate group of rats was used for 

measurement of colonic fluid secretion (see below). 

Samples of the small intestine and colon of control rats, and of rats infected with 

N. brasiliensis 52 days earlier, were fixed in Carnoy's solution and processed using 

routine histological techniques. Sections (7 pm) were mounted on glass slides and 

stained with hematoxylin and eosin. The sections were then assessed for degree of 

inflammation by an observer who was unaware of the treatments the rats had received. 

Catrageenan-aipouch model 

In order to determine if extraintestinal inflammation would affect colonic fluid 

secretion, the carrageenan airpouch model was used. An airpouch was induced as 

previously described (2 19). Briefly, 20 ml of air was injected subcutaneously on the back 

of the rat on the first day. Two and five days later, another 10 ml of air was injected at 

the same site. Twenty-four hours later, carrageenan (2 ml of a I % w/v solution in sterile 

saline) was injected into the air pouch. Six hours following Garrageenan injection, 

colonic fluid secretion was measured. A separate group of rats in which airpouches were 

not induced by carageenan served as controls. 

I n  vivo colonic D i d  secre.*on 

Rats were fasted for 24 h, anesthetized with 20% urethane (6 mllkg) and a laparotomy 

was performed. Colonic loops (-5 cm) were formed using suture to tie off each end. 

Care was taken not to disrupt the blood and nerve supplies to the gut. A cannula was 

inserted into one of the ends of each loop. Clostridium difficile-derived toxin A (10 pg) 

dissolved in 2 ml of Tyrode' s buffer (1 3 3 mM NaCI, 4.7 mM KC!, 1.84 mM MgSOs, 20 

mM NaHCO,; pH 7.4) was injected into the colonic loops. In control rats, loops were 



injected with Tyrode's buffer alone. In other experiments, 2 mi of Tyrode's buffer 

containing the phosphodiesterase inhibitor 5MX (300 CLM) or vehicle were injected 

instead of toxin A. IBMX was used as another agonist because we have previously found 

that the epithelium of the previously inflamed colon is hypo-responsive to this 

secretagogue in viko (220). After 2 h (in the case of IBMX) and after 3 h (in the case of 

toxin A), the loops were carefully excised and the volume of fluid recovered from the 

loop was recorded. The time allowed for fluid accumulation in the colon was based on 

preliminary experiments showing that peak fluid accumulation occurred 2 h after IBMX 

stimulation and 3 h after toxin A stimulation (Figure 5.1). Any changes in the volume of 

fluid during this period would reflect the difference between secretion and absorption. 

However, it has been well established that accumulation of fluid in the colon following 

administration of C. dificile toxin A or iBMX is due to active secretion, with little effect 

of these agents on absorption (22 1,22 1-224). Thus, in the present study we have used the 

volume of fluid recovered from the colonic loops as an index of secretion. The dry 

weight of the tissue was determined after desiccation at 50°C for 24 h. Changes in fluid 

accumulation after administration of C. dificile toxin A could also be attributable to 

epithelial damage caused by this agent. To test this hypothesis, we used leakage of the 

lysosomal enzyme lactate dehydrogenase into the lumen as an index of cellular 

disruption. A spectrophotometric assay for lactate dehydrogenase was performed on 

samples of the luminal fluid from vehicle- and toxin A-treated rats according to a 

previously described protocol (225). 



Role of entmec nerves 

In order to examine the role of nerves in the epithelial hypo-responsiveness 

observed afier colitis, the effects of the sodium channel blocker tetrodotoxin (TTX), were 

examined. C. dzflciie toxin A has previously been shown to elicit its fluid secretory 

effect in the intestine via a neurally-mediated mechanism (226). Therefore, TTX (10 

pM), at a concentration that significantly reduced colonic fluid secretion stimulated by 

toxin A (7.3 + 1.0 pl/ mg tissue in TTX-treated rats vs 13.2 + 2.0 pV mg tissue in vehicle- 

treated rats), or vehicle was added to Tyrode's buffer containing BMX. The IBMX- 

stimulated fluid secretory responses in untreated control rats and rats 6 wk after induction 

of colitis were then compared following TTX or vehicle treatment. 

Role of iNOS 

In order to determine the contribution of iNOS to any changes in colonic fluid secretion 

induced by a prior bout of colitis, rats were treated with L-NO-iminoethyl-lysine (L-NIL; 

3 mg/kg; i.p.) or vehicle (saline) 10 min prior to measurement of colonic fluid secretion. 

This dose of L-NIL was chosen because it has previously been shown to inhibit iNOS 

selectively; that is, it reversed an endotoxin-induced decrease in blood pressure, but had 

no effect on the blood pressure of normal rats (227). 

Mucus secretion 

Rats (n=5-9 per group) that had been fasted for 24 h were given 3~-glucosamine 

(20 pCi) intraperitoneally in order to quantify mucus secretion (3 1). To examine basal 

mucus secretion, the rats were killed 3 h after injection of the labeled glucosamine. The 

colon was excised and the fecal contents removed prior to gentle scraping of the lurninal 

surface with a glass slide. These samples were subsequently processed for quantification 

of the labeled glycoproteins (see below). To examine stimulated mucus secretion, rats 



were anesthetized with sodium pentobarbital (65 mg/kg i.p.) 3 h after injection of the 

labeled glucosamine. Colonic loops (-2 cm long) were formed using suture to tie off 

each end and a cannula was inserted into one end of the loop. Carbachol(300 pl of a 10 

mM solution) was instilled into the colonic loop and left in place for 30 min. At the end 

of this period, the luminal surface of the loop was gently scraped with a glass slide, as 

above. The samples collected in both sets of experiments (basal and carbachol- 

stimulated) were placed in 5 ml of PBS and were then vortex mixed. After centrifbgation 

at 1000 g for 10 min, the supernatant was mixed with an equal volume of 10% 

trichloroacetic acid/l% phosphotungstic acid for 30 min at 4°C in order to precipitate the 

glycoproteins. Following centrifugation (2000 g 10 min), each pellet was mixed with 4 

ml of scintillation cocktail (Ecolite, ICN Biomedicals, Irvine, CA) and counted in a liquid 

scintillation counter. The amount of radiolabeled glycoprotein secreted was then 

calculated as cpmlmg of proteinfcm of colon. 

Antigen-induced colonic secretion in vitro 

In experiments examining colonic epithelial responses to antigen, Hooded-Listar 

rats were sensitized by intraperitoneal injection of a 1.0 ml solution containing 10 pg of 

ovalbumin and 1.0 mg of aluminum hydroxide adjuvant, prepared as previously 

described (228). Adjuvant alone was injected in control animals. Two days later, 

sensitized and non-sensitized control rats were divided into two groups. Colitis was 

induced in one group of sensitized and one group of control rats by intracolonic 

administration of TNBS, as described above, while the remaining rats were left without 

any fbrther treatment. Following a six-week time period to allow for the colonic 

inflammation to resolve, blood was taken fiom each rat for measurement of ovalbumin- 



specific reaginic antibody titres by the passive cutaneous anaphylaxis (PCA) reaction 

(229). Rats were considered sensitized if the serum diluted to s1:32 caused a positive 

PCA reaction. 

The distal colon fiom sensitized and control rats was excised and gently washed 

of fecal contents. The colon was stripped of its external muscle by blunt dissection and a 

segment of mucosa from each rat was mounted in Ussing-type diffision chambers 

(Navicyte, Sparks, NV). Experiments were carried out as described in detail previously 

(chapter 2). Briefly, after a 20 min equilibration period, the short-circuit current (I,) 

response to serosally applied ovalbumin (100 pg/ml) was measured. This concentration 

of ovalbumin was chosen because it has previously been shown to cause a maximal Isc 

response in the rat (59). Following the completion of these experiments, luminal fluid 

from the Ussing chambers was taken for measurement of rat mast cell protease (RMCP)- 

I1 concentrations. The release of this protease is a sensitive index of mucosal mast cell 

degranulation (230). Briefly, this entailed protein precipitation by addition of an equal 

volume of 10% TCA to the lurninal fluid, followed by centrihgation at 12,000 g for 30 

minutes at 4OC. Protein samples from each tissue were then run on a 12.5% sodium 

dodecyl-sulfate polyacrylamide gel and RMCP-I1 levels measured by Western blot 

detection using a rabbit anti-RMCP-II antibody. 

BrdU staining of prolifr&*ng cells 

The detection of proliferating cells in the colonic epithelium was compared 

among three groups of rats. One group of rats was treated intracolonically with RJBS, 

another was treated intracolonically with 50% ethanol, and the third group was left 

untreated. Six wk later dl the rats were dosed with 5'-bromo-2'-deoxyuridine (BrdU; 



150 mg/kg; i-p.). One hour later the rats were anesthetized with pentobarbitol (6.5 

mg/100 g) and pefised with 10% fonnalin. The colon was removed and cryostat 

sections (10 pm) were mounted on chromium phosphate-gelatin coated slides. 

Imrnunohistochemistry was then performed using anti-BrdU and goat anti-donkey CY3 

secondary antibody (Jackson Laboratories). Briefly, tissues were washed in Tris buffer 

containing 0.1% Triton X-100 followed by a 30 min incubation in 1 M HCI. M e r  two 

washes in Tris buffer, the slides were incubated with primary antibody (1 500 dilution of 

antiBrdU) overnight at 4°C. Following another series of washes, the slides were 

incubated with secondary antibody (1:1000 dilution of donkey anti-rat) at room 

temperature for 4 hours. The slides were examined using a fluorescence microscope and 

a CY3 filter by an observer who was unaware of the group that each slide was from. 

Bacterial translocation and colonic bacterial levels 

Rats were killed by cervical dislocation six weeks afier TNBS administration or 

52 days after infection with N brusiiiensis. Controls were killed at the same time. The 

mesenteric lymph node complex and spleen were removed from each rat using sterile 

technique, as previously described (231). Each tissue was then weighed and 

homogenized in 5 ml of sterile PBS. Two serial 10-fold dilutions were made of each 

sample and 0.1 rnl aliquots of each undiluted and diluted sample were plated onto 

MacConkey and blood agar plates. Following incubation at 37°C for 48 h, bacterial 

counts were performed as previously described (23 1). Any mesenteric lymph node or 

splenic tissue having more than 20 colony forming units (CFU) per gram of tissue was 

classified as positive for translocation of bacteria. 



To determine total colonic bacterial levels (luminal plus adherent), a segment of 

colon including luminal contents was placed in 5 ml of sterile PBS. To determine the 

number of bacteria adherent to the colonic tissue, a second tissue sample (excluding the 

luminal contents) was placed in 5 ml of PBS and processed as previously described by 

Deitch et al. (232). The samples were then vortexed vigorously for 5 seconds, then 

transferred to tubes containing sterile PBS and vortexed again. This was repeated a total 

of four times. Finally, both tissue samples (for total and for adherent bacteria) were 

weighed, homogenized, and diluted prior to plating 0.1 ml of each dilution on 

MacConkey and blood agar plates. Following incubation at 37OC for 48 h, bacterial 

counts were performed. 

To examine the contribution of iNOS-derived NO to changes in bacterial 

colonization and translocation after a bout of colitis, rats treated 6 weeks earlier with 

R\IBS (n=6) were treated twice-daily with L-NIL (3 mg/kg; i. p.) for 7 days, beginning 5 

weeks after intracolonic administration of TNBS. A second group of rats (n=6) was 

treated with vehicle (saline) instead of L-NIL. 

Measurement of fecal excretion of granulocyte matker protein (GMP) 

In separate rats, feces were collected over a 24-hour period and fecal excretion of 

granulocyte marker protein (GMP) was measured by ELISA as previously described 

(233). Briefly, fecal samples were homogenized for 20-30 sec on ice in 4 ml of buffer 

(containing 0.25 rnM Thimerosal and 10 rnM CaCl2; pH 8.4) per gram of feces. The 

samples were then centrifuged at 4OC for 20 min at 10,000 g and the supernatants 

collected and stored at -70°C until analysis was performed. GMP was quantified by 

enzyme-lined immunosorbent assay as previously described (234). GMP is an iron- 



binding protein found in neutrophils (235). Therefore, this was used as an index of 

transepithelial neutrophil migration. 

Statrasticd analysis 

All data are expressed as the mean f SEM. Comparisons among groups of data 

were made using a one-way ANOVA followed by the Student-Neuman-Keuls Test, with 

the exception of the bacterial translocation incidences, where the Fisher's Exact Test was 

used. With all analyses, an associated probability (P value) of less than 5% was 

considered significant. 

Materials 

Alcian blue 8GX, IBMX, ovalbumin and L-NIL were obtained from Sigma 

Chemical Co. (St. Louis, MO). CIostridium d@icife toxin A was purchased from 

Techlab Inc. (Blacksburg, VA). S&anine was obtained from Fisher Scientific (Nepean, 

ON, Canada). The bacterial culturing materials were obtained fiom Becton-Dickinson 

(Cockeysville, MD). RMCP-I1 and the antibody to this protease were obtained tiom 

Moredun Animal Health (Glasgow, UK). 3~-glucosamine was obtained fiom ICN 

Biomedicals Inc. (Costa Mesa, CA). All other materials were obtained fiom VWR 

(Edmonton, AB, Canada) or Sigma Chemical Co. (St. Louis, MO). 



5.3 Results 

The results described in chapter 4 established that by six weeks after intracolonic 

administration of TNBS, macroscopic damage scores and myeloperoxidase activity 

(MPO) in the colon were not significantly different from those in controi rats. 

Furthermore, six weeks after TNBS administration, the histological appearance of the 

colon and the permeability of the colon to %~-EDTA (in vitro) were indistinguishable 

from those of nalve controls. In the present study, we have confirmed that permeability 

to "~r-EDTA in vivo is not significantly different from that in age-matched controls 

(Figure 5.2). While the acute colitis at 72 h after TNBS administration was associated 

with a 6-fold increase in permeability to ''C~-EDTA, the permeability had returned to 

normal by 6 weeks after TNBS administration. 

Effects of a prior bout of colitis on colonic secretion 

In control rats, toxin A from C. d~flcici caused approximately a 5-fold increase in 

fluid secretion into the colonic loops over that observed in vehicle-treated controls 

(Figure 5.3, panel A). In rats in which colitis had been induced 6 weeks earlier, the fluid 

accumulation in colonic loops after exposure to toxin A was significantly lower than that 

in toxin A-treated controls (reduced by 53%; Figure 5.3, panel A). More striking was the 

observation that the secretory response to IBMX was completely abolished in the rats that 

had previously had colitis (Figure 5.3, panel B). 

Any change in fluid accumulation after exposure to C. dlflcife toxin A could be 

due, at least in part, to exudation of intracellular and extracellular fluid subsequent to 

injury. Thus, differences among the treatment groups could be attributable to differences 



in the severity of damage, rather than to differences in secretion. To test this hypothesis, 

we measured levels of lysosomal enzyme lactate dehydrogenase in the luminal fluid 

samples as an index of damage. We found that there were no significant differences in 

luminal levels of lactate dehydrogenase among the four groups (as a percent of the 

control group treated with vehicle: controVtoxin A: 98 + 9%; TNBSIvehicle: 104 & 35%; 

TNBS/toxin A: 74 f 1 1 %). 

While a prior bout of colitis resulted in markedly diminished fluid secretion, it did 

not significantly affect basal or carbachol-stimulated colonic mucus secretion (Figure 

5.4). Exposure to carbachol for 30 min caused a -20-fold increase in 'H-glucosamine- 

labeled glycoprotein release in both control and post-colitis rats. 

The effects of antigen (ovalbumin) on chloride secretion by the colon was 

examined in vitro using tissue fiom in post-colitis rats and fiom controls. Addition of the 

antigen to the serosal side of the colonic tissue fiom control, sensitized rats resulted in a 

10-fold increase in short-circuit current, which is generated primarily by active C1- 

secretion into the lumen (Figure 5.5). When the same experiments were performed in 

control rats that had not been sensitized to the antigen, no secretory response was 

observed. Antigen challenge of colonic tissue fiom sensitized, post-colitis rats did not 

elicit a secretory response (Figure 5.5). Indeed, the response to antigen was no different 

from that in post-colitis rats than had not been sensitized to the antigen. The absence of a 

secretory response to antigen in the sensitized post-colitis rats was not due to a railure of 

the antigen to cause mucosal mast cell degranulation, as we observed a significant 

increase (3-fold) in the luminal levels of the mucosal mast cell protease, RMCP-11, in 

these rats. A doubling of RMCP-I1 concentrations in the luminal side of the Ussing 



chamber was noted in control, sensitized rats following challenge with the antigen. 

Moreover, all rats used in this study as "sensitized" were confirmed to be sensitized by a 

positive PCA test. 

Effects of a prior bout qfenterits or extraintestinal infamination on colonic secretion 

Colonic tissue that was fixed 52 days after N brasiliensis infection did not exhibit 

any histological evidence of inflammation. Toxin A caused a significant increase (2.8- 

fold) in fluid accumulation in the colon of control rats (Figure 5.6). In colonic loops tiom 

rats previously infzcted with N. brusiliensis, toxin A caused significantly less fluid 

accumulation than in controls (33% reduction). There was no significant difference in 

the amount of fluid recovered from toxin A- versus vehicle-treated loops in rats 

previously infected with N.  braszfiemis. 

IBMX caused a significant increase (- I .Ffold) in fluid accumulation in control 

rats (Figure 5.7). A similar level of fluid secretion was observed in rats in which a 

carrageenan-airpouch was induced. 

Effects of rrX 

The colonic fluid secretion hypo-responsiveness to IBMX after a bout of colitis 

was not a result of neural input to the epithelium. Rats treated with intracolonic TNBS 6 

wk earlier continued to exhibit reduced fluid secretion responses to IBMX in the presence 

of the neuronal blocker TTX when compared to the secretory responses in control rats 

(Figure 5.8). TTX did not have an effect on IBMX-stimulated colonic fluid secretion 

responses in control rats when compared to vehicle (Figure 5.8). 



Effects of iNOS inhibi~on 

Treatment with L-NIL 10 min prior to toxin A administration did not have any 

effect on colonic fluid accumulation in control rats (Figure 5.9). Similarly, L-NIL 

pretreatment did not affect colonic secretion in rats treated with TNBS 6 weeks earlier; 

that is, the volume of fluid recovered from toxin A-treated colonic loops in post-colitis 

rats remained significantly reduced compared to the volume recovered f?om controls. In 

contrast, in IBMX-stimulated colonic loops, the volume of fluid recovered in post-colitis 

rats pretreated with L-NIL was not different from the volume of fluid recovered from 

control rats (i-e., L-NIL partially reversed the hyposecretion; Figure 5.9). 

Colo~ic bacterial levels and bacterial and neutropkil hans~oc~*on: effects of a bout of 

colitis 

Despite the normal macroscopic and histological appearance of the colon, there were 

marked changes in bacterial colonization of the colon 6 weeks after induction of colitis. 

We observed a 16-fold increase in the number of aerobic bacteria in the colon (tissue + 

lumen) of post-colitis rats compared to controls (Table 5.1). However, there was no 

difference in the number of adherent aerobic bacteria between control and post-colitis 

rats. Total gram-negative bacterial levels in the colon were also not different between 

control and post-colitis rats. Aerobic bacterial translocation to either the rnesenteric 

lymph nodes or spleen was observed in 17 of the 22 rats (77%) exanlined 6 weeks after 

administration of TNBS, significantly greater (p<0.0005) than the 23% incidence (5 of 

22) in control rats. In terms of the types of bacterial colonization in the post-colitis rats 

versus controls, there were few major differences. Eschericia coli and Enterococcz spp. 

were the predominant bacteria in both control and post-colitis rats. Neutrophil 



translocation across the colonic mucosa, as detected by fecal granulocyte marker protein 

excretion, was also significantly elevated 6 wk after the induction of colitis (Figure 5.7.). 

The increase in bacteria1 colonization and translocation across the colonic mucosa 

was not simply due to tissue damage caused by TNBS. This was demonstrated by the 

fact that rats treated intracolonically with ethanol 6 wk earlier did not exhibit changes in 

bacterial colonization (gram negative bacteria: 4.6 + 0.1 log CFU/ g tissue in the ethanol 

treated group vs 4.0 + 0.6 logCFU1 g tissue in the control group; total aerobes: 5.3 + 0.1 

log CRI/ g tissue in the 50% ethanol treated group vs 4.4 + 0.6 log CFU/ g tissue in the 

control group). Similarly, the rats treated with ethanol 6 wk earlier did not have a 

significantly different incidence of bacterial translocation compared to control rats (25% 

translocation in ethanol-treated rats vs 23% translocation in control rats). 

In post-colitis rats treated with L-NIL for 7 days, the incidence of bacterial 

translocation was 50% (3 of 6 rats), not significantly different from the rate observed in 

nalve rats, nor fiom the rate observed in post-colitis rats treated with the vehicle (83%; 5 

of 6 rats). Similarly, the total numbers of bacteria in the colon of rats treated with L-NIL 

(7.07 t 1.00 log CN/mg)  were not significantly different fiom those in the rats treated 

with vehicle (7.00 f 0.20 log CFU/rng). 

Colonic bacterial levels and bacterial translocation: effects of a bout of enteriris 

In rats that had been infected with N. brasiliensis 52 days earlier, the colonic aerobic 

bacterial numbers were LO-fold higher (pC0.05) than in controls (7.8 k 0.6 log CFU/g 

versus 6.8 f 0.4 log CFU/g, respectively). Unlike the case in the post-colitis rats, there 

was also a significant increase (25-fold) in the numbers of Gram-negative bacteria in the 

colon of the post-enteritis rats compared to controls (6.1 k 0.6 log CFU/g versus 4.7 f 0.6 



log CFU/g, respectively; pC0.0 1). The incidence of bacterial translocation in rats that 

previously had enteritis was 54% (7 of 13 rats), significantly greater @<0.05) than the 

23% incidence in controls. 

Epithelial cellproliJer&*un: effecects of a bortr of colitis 

Induction of colitis 6 wk earlier resulted in significantly increased (- 1.8-fold) 

epithelial cell proliferation in the colon when compared to untreated controls (Figure 

5.10). This increase in proliferation rate was not associated with a non-specific response 

to tissue injury, as colonic tissues taken from rats 6 wk after intracolonic administration 

of 50% ethanol, which caused extensive damage, did not display increased proliferation 

rates compared to controls. 
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Figrtre 5.2. Permeability of the gastroitttestinal tract to the small molecular weight 

marker p~t-EDTA) in tats 72 h or 6 wk a#er induction of colitis and in age-matched, 

control rats Results are expressed as the mean + SEM fractional excretion of the 

labeled permeability probe (measured in urine over a 12 h period after its oral 

administration). Each group consisted of at least 6 rats. *P<0.05 versus the 

corresponding control group. 
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Figure 5.3. (A) C d~(fici1e toxitz A- (5 pg/ml) or (B) I B M -  (300 pk9 stirnufated 

colonicfktid secretion offer a bout of colitisi Colonic fluid levels were measured 3 h 

after administration of toxin 4 IBMX or vehicle. Each bar represents the mean f SEM, 

with 5-8 rats per group. *P<0.05, **P<0.01 compared to the corresponding vehicle- 

treated group. '~<0.05 compared to the corresponding control group. 
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Figure 5.4. Basal and carbachol-stimulated mucus secretion afer a bout of colitis. 

3~-glucosamine-labeled glycoprotein levels were measured as an index of mucus 

secretion under basal conditions and after stimulation with carbachol(l0 pM). Each bar 

represents the mean + SEM, with 5-9 rats per group. There were no significant 

differences between the control and post-colitis groups. 



Figure 5.5. Colonic epithelial short circuit current (42 responses to ovalbutttin 

challenge afler a bout of colitis. Tissues from rats killed 6 weeks after induction of 
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Figure 5.6. Effects of a prior bout of enteritis on C dincie toxin A-stimulated co furtic 

fluid secretiom Colonic fluid levels were measured 3 h after stimulation with toxin A (5 

pg/ml) or vehicle. Each bar represents mean 2 SEM, with 6-9 rats per group. **P<0.01 

0 compared to the corresponding vehicle-treated group. P<0.05 compared to the 

corresponding control group. 
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Figure 5. Z Effects of extraintestinal inflammation on C wfjic toxin A-stimulated 

colonicfluid secretion. Colonic fluid secretion was measured 6 h after administration of 

a 1% carrageenan solution in to the airpouch. Untreated rats served as controls. Each bar 

represents the mean f SEM, with 8-9 rats per group. *P<0.05 compared to the vehicle- 

treated control group. There were no significant differences between the IBMX-treated 

control and airpouch groups. 



Vehick 

Control 
Vehick TTX 

Prior Colitis 

Figure 5.8. Effects of the sodium channel blocker tetrodotain (10 p'b@ on IBMX- 

stimulated colonicflrtid secretion Each bar represents the mean f SEM, with 5- 1 0 rats 

per group. *P<0.05 compared to the corresponding control group. 
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Figure 5.9. Effects of a selective iNOS inhibitor, L-NK (3 mg/kg, on in vivo colonic 

@id responses to (A) C dtpcile tomon A (5 pg/ml) and (B) lBMX (300 fl. Each bar 

represents the mean f SEM, with 7-9 rats per group. '$<0.01 versus to the 

corresponding control group. 



Control 

Figure 5.10. Number of proli/erating cells in the colonic epitltelium 6 wk after 

intracoIonic adhinistration of TN&S or ethanol Staining of colonic epithelial cells 

with 5'-bromo-2'-deoxyuridine was assessed six weeks after intracolonic administration 

of TNBS/SO% ethanol, or ethanol alone. Each bar represents the mean f SEM, with 5- 13 

rats per group. ** *P<0.00 1 versus the control group. 



Table 5.1. Colonic Bacterial Levels and Bacterial Translocation in Control and Post- 

Colitis Rats 

These studies were performed in rats killed 6 weeks after induction of colitis with 

trinitrobenzene sulfonic acid and in age-matched, controls. Bacterial colonization was 

measured in two ways: from samples of the colonic tissue plus the luminal contents 

(Tissue + Lumen) and from samples of tissue that were repeatedly washed to remove all 

but the adherent bacteria (Adherent). 

Control 

Prior 

Colitis 

Incidence of 

Bacterial 

Translocation 

(%) 

23 

77 

(p<O. 0005) 

n 

22 

22 

Colonic Bacteria Levels (loglo CFU/g) 

Tissue + Lumen Ad herent 

Total 

Aerobes 

5.3 + 0.5 

6.5 k 0.3 

(p<O. 05) 

Total 

Aerobes 

4.4 k0.6 

5.0 k0.5 

Gram- 

Negative 

4.4 f 0.9 

4.2 + 0.9 

Gram- 

Negative 

4.0 + 0.6 
3.7 k0.6 



Control 50% Ethanol 6 W k Post 
Cditis 

Figure 5.11. Fecal granulocyte marker protein (GMP) excretion follmving a bout of 

colitis. Each bar represents mean + SEM, with 5-6 rats per group. **P c0.0 1 versus the 

control group. 



5.4 Discussion 

Epithelial secretion of electralytes, water and mucus is an important mechanism 

of host defence against microbes and toxins in the intestinal lumen. During inflammatory 

reactions, this response may be altered as a result of the release of soluble mediators such 

as prostaglandins, nitric oxide and various cytokines. However, following the resolution 

of inflammation, epithelial dysfunction can persist for prolonged periods of time. We 

previously demonstrated that epithelial dysfunction in vitro persists for at least 12 weeks 

after the episode of inflammation, but this dysfunction was not seen in rats only given the 

ethanol vehicle (chapter 4). In the present study, we have extended this observation by 

demonstrating that colonic epithelial hypo-responsiveness can also be observed in vivo 

for at least 6 weeks after induction of colitis, and after resolution of small intestinai 

inflammation. The secretory dyshnction was a generalized effect, rather than being 

specific to a single stimulus. Thus, the hypo-responsiveness was observed in vivo with 

two secretagogues that have distinct mechanisms of action (C. d~ficile toxin A and 

IBMX), while secretory dysfbnction in viwo was demonstrated in a model of antigen- 

induced epithelial chloride secretion. Moreover, the rats that had previously been 

subjected to colitis or enteritis exhibited significant increases in bacterial colonization of 

the colon, consistent with the notion that colonic epithelial secretion normally limits 

bacterial colonization. The impairment of colonic secretion may also have accounted for 

the significant increase in bacterial translocation in the rats that previously had 

experienced a bout of colitis or enteritis. Interestingly, the tripling of the amount of 

bacterial translocation in post-colitis rats occurred despite the epithelial permeability to a 



small molecular weight probe (EDTA) not being significantly different from that in 

normal rats. 

The mechanism for epithelial hypo-responsiveness following a bout of colitis is 

not yet hlly understood. In previous in v i m  studies in which epithelial hypo- 

responsiveness was found to persist for more than 12 weeks after a bout of colitis, 

inhibition of NOS was found to normalize the responsiveness of the colonic epithelium 

to electrical field stimulation and IBMX, but not to carbachol (chapter 4). Based on these 

data, we proposed that NO might contribute to the hypo-responsiveness by affecting 

CAMP-mediated (such as that activated by [BMX), but not caZi-mediated (such as that 

activated by carbachol) pathways of secretion. Similarly, our in vivo findings in this 

study demonstrate that L-NIL treatment partially reversed the epithelial hypo- 

responsiveness to IBMX, but had no effect on C. d~fzciIe toxin A-stimulated secretion. 

C. dlflciIe toxin A is believed to elicit its effects through ca2'-dependent pathways 

(228,228,236). C. dlflcile toxin A has also been shown to elicit epithelial toxicity. 

Consequently, it was possible that the difference in fluid accumulation levels observed 

between control and post-colitis rats could have been due to increased susceptibility to 

toxin A-induced damage in the latter group. However, cellular injury (as determined by 

lactate dehydrogenase release) in toxin A-treated versus vehicle-treated colonic loops 

from control and post-colitis rats were not significantly different. 

It is important to note that acute administration of L-NIL (iNOS inhibitor) 

resulted in a partial reversal of the hypo-responsiveness to IBMX. This indicates that the 

epithelial dyshnction was not attributable to a loss of the cellular apparatus for active Cl- 

section (e.g., loss of expression of the chloride transporter). The results of the present 



study are consistent with the hypothesis that the defect lies at the level of the enterocyte, 

rather than in cells in the lamina propria that can influence epithelial chloride secretion 

(e.g., nerves, mast cells). For example, in both the present study and in our previous in 

vitro study, we observed that the hypo-responsiveness was evident with a number of 

different secretagogues that act through different pathways. Moreover, in the present 

study we observed a complete absence of an epithelial secretory response to antigen in 

sensitized, post-colitis rats despite the fact that tii:: antigen still caused mucosal mast cell 

degranulation. 

The mechanism of NO-mediated hypo-responsiveness is not clear, but may be due 

to the effect of NO on adenylate cyclase activity, an effect on the N~'-K'-ATP~s~, or 

both. Cyclic AMP-dependent pathways regulate chloride secretion in intestinal epithelial 

cells, and NO has been shown to inhibit the generation of CAMP in other systems (208). 

NO can decrease CAMP generation in an intestinal epithelial cell line (Dr. W. 

MacNaughton, personal communication). NO has also been shown to reduce expression 

of the a subunit of the Na'-~'-~Tpase in a kidney cell line (237). N~+-K. '-ATP~S~ 

provides the electrochemical gradient that promotes chloride entry into the enterocyte, 

with subsequent secretion through the apical CFTR chloride channel. However, as this 

effect of NO is against a transcriptionally regulated event, it is unlikely to account for 

suppression of activity in a system such as epithelial chloride secretion, which can be 

rapidly reversed by inhibition of the generation of NO. 

As mentioned above, in addition to secretory dysfunction, we observed that 

following resolution of colitis or enteritis there was an increase in the number of bacteria 

in the colon and an increase in bacterial translocation to lymphatic organs such as the 



mesenteric lymph nodes and spleen. These data point to a finctional consequence of 

epithelial hyposecretion following a bout of intestinal inflammation. The inability to 

"flush away" bacteria could contribute to the elevated colonization in the mucus layer, 

which in turn could cause an increase in bacterial translocation. The fact that we have 

observed a marked increase in bacterial and neutrophil translocation in the absence of any 

detectable change in permeability suggests that caution should be exercised in drawing 

conclusions from studies that use permeability probes as a sole index of "barrier 

firnction". 

Another important finding was that following a bout of colitis, the colonic 

epithelium displayed increased cell proliferation when compared to tissue fiom control 

rats. This suggests that the epithelium may be hnctionally different after a bout of 

inflammation, as increased proliferation could result in a more immature (crypt-like) 

epithelium. That is, epithelial cells may migrate fiom the crypt to the surface epithelia 

without allowing for sufficient time for their maturation to become surface absorptive 

cells. This may have implications for epithelial function. For example, the tight 

junctions of crypt cells are more permeable than those of surface epithelial cells. 

Therefore, it is possible that following a bout of inflammation, an increased proliferation 

rate resulting in a phenotypically crypt-like epithelium may predispose the colon to 

increased translocation (i.e., by neutrophils, bacteria) across the mucosa. On the other 

hand, epithelial cell proliferation does not result in detectable changes in permeability to 

the small molecular weight probe EDTA (figure 4.1). The reason for this is not known, 

however, it is possible that the procedure used to measure epithelial permeability was 

simply not sensitive enough to detect the changes in permeability resulting in increased 



bacterial translocation. Another possibility is that the increased bacterial translocation 

was due to transcellular passage of bacteria across the epithelium. If this were the case, a 

paracellular epithelial marker such as EDTA would not reveal any changes in 

permeability. 

The findings of this study may have important implications for understanding the 

pathogenesis of TBD and irritable bowel syndrome. The possibility that an intestinal 

infection could be an early event in the etiopathogenesis of IBD has already been 

discussed. Several studies have reported that in a significant percentage of patients with 

imtable bowel syndrome, the symptoms can be traced to a bout of intestinal infection (2, 

4,5,238). The present study has demonstrated that a prior bout of i~~testinal inflammation 

can cause long-lasting changes in epithelial fbnction that could contribute to an increased 

propensity for infection and/or inflammation. There is also evidence of long-term 

changes in nerve and muscle hnction after a bout of colitis in humans and in animal 

models (37,39,40,42). In addition, myenteric nerve finction has been shown to be altered 

not only at the site of the inflammatory reaction, but also at more distant, non-inflamed 

sites (9,36,41). These changes, along with the hypo-responsiveness of the epithelium, 

could contribute not only to reduced mucosal defense, but also to the generation of 

symptoms (diarrhea, pain) in patients with LBD or irritable bowel syndrome. 



- -- -- 

Chapter 6 

GENERAL DISCUSSION 

Inflammation causes alterations in smooth muscle contractility and enteric nerve 

function (39,41,42). These changes have been proposed to contribute to symptoms of 

diarrhea and pain associated with inflammatory disorders such as IBD (e.g., diarrhea, 

pain). Likewise, in post-infectious IBS, it is believed that a bout of inflammation results 

in alterations in intestinal function that may be associated with the chronic symptoms of 

abdominal discomfort, fecal urgency and bloating. Given the evidence that alterations in 

smooth muscle and nerve fbnction can occur in areas of the gut not directly exposed to 

the inflammatory insult, it is possible that inflammation has other long-term 

consequences for intestinal hnction. The epithelium serves as an important part of the 

intestinal barrier against bacteria and other noxious substances in the lumen of the 

intestine. This may be through the secretion of electrolytes, water and mucus, or simply 

the nature of the tight junctions that prevent the translocation of luminal contents across 

the mucosa. As a result, if a bout of inflammation were to impair normal epithelial 

function, it is forseeable that one would be predisposed to a subsequent bout of 

inflammation or infection. Thus, the goal of this project was to examine whether a bout 

of inflammation can affect epithelial hnction, particularly during the post-inflammatory 

period. 

This dissertation provides a description of two studies examining the effects of 

inflammation on colonic epithelial function. In addition, the first study examines the role 



of NO in acute intestinal inflammation. Details of each study are provided in the 

corresponding chapters. In the following discussion, a brief overview of the main 

findings, the implications of these results, and some limitations of the research are 

provided. Future studies that may be pursued as follow-up experiments are also 

discussed. 

6.11. Role of Nitric Oxide in Colitis 

In the study described in chapter 3, the interaction of NO, superoxide and 

hydroxyl radical in TNBS-induced colitis was examined. In this study, the role of NO 

derived fiom the different NOS isoforms in acute inflammation was examined using a 

variety of NOS inhibitors. Macroscopic damage and granulocyte infiltration were not 

reduced by non-selective, iNOS-selective or nNOS-selective inhibitors. A review of the 

literature encompassing the effects of NOS inhibition in experimental colitis 

demonstrates that the results have been conflicting. Some investigators have attributed 

the discrepant results to the fact that many of the NOS inhibitors used were not isoform- 

selective. As a result, inhibition of the constitutively expressed eNOS and nNOS 

isoforms may have detrimental effects on the intestine with respect to damage. However, 

studies examining the effects of iNOS-selective isoforms have also been inconsistent. 

Another explanation proposed to explain this controversy is that the chemically reactive 

form of nitrogen oxide present is a critical determinant of whether NO is beneficial or 

detrimental to the tissue. That is, it is important to determine which nitrogen oxide 

species (nitroxyl ion, nitrosonium, nitrogen dioxide or nitric oxide) are present in the 



tissue, as each species will undergo different reactions in vivo. The discrepant results of 

NOS inhibitors in colitis may also be explained by the fact that the various forms of 

nitrogen oxide described above interact with other potentially harmful free radicals such 

as superoxide. The subsequent formation of reactive species such as peroxynitrite and 

hydroxyl radical also precludes the destructive manner in which nitric oxide may act. 

The interaction of these reactive nitrogen and oxygen intermediates with antioxidant 

enzymes such as glutathione peroxidase and glutathione transferase also adds complexity 

to the regulation of oxidants within the intracellular milieu. Grisham et a!. (87) 

demonstrated that these enzymes can be inactivated through nitration by nitrogen oxide 

species (i.e., nitroxyl ion, nitronium ion, peroxynitrite). Therefore, when a NOS inhibitor 

is administered in vivo, it is important to consider not only which reactive nitrogen and 

oxygen species are formed, but also the oxidative state of the tissue. For example, the 

study conducted in chapter 5 revealed that although nitric oxide production was inhibited 

by NOS inhibitors, superoxide production was also suppressed. Furthermore, as 

superoxide production was reduced in tissues from NOS inhibitor treated rats, there was 

an elevation of hydroxyl radical levels. Thus, the lack of a beneficial effect of non- 

selective and iNOS-selective inhibitors in colitis may have been attributable to a change 

in the tissue from superoxide production to hydroxyl radical production. On the other 

hand, the nNOS-selective inhibitor 7-NI did not attenuate macroscopic damage or 

granulocyte infiltration, despite a reduction in superoxide production and a lack of 

stimulation of hydroxyl radical production. Interestingly, total free radical production 

remained elevated in all NOS inhibitor-treated groups regardless of the isoform 

specificity of the drugs. This was also true of colonic tissue from 7-NI-treated rats which 



suggests that free radicals other than superoxide and hydroxyl radical must be present at 

the site of inflammation. Therefore, although NOS inhibition may eliminate or reduce 

the levels of NO-derived free radicals, other potentially detrimental reactive species such 

as oxygen-derived intermediates may be produced. In theory, the inhibition of NO 

production, particularly that derived from iNOS, should reduce the level of fiee radicals 

produced at the site of inflammation and this should attenuate the damage caused by the 

inflammatory insult. However, the data from this study demonstrated that inhibition of 

NOS does not reduce the production of potentially harmful fiee radicals. Rather, the 

production of fiee radicals such as superoxide is changed to the production of other free 

radicals such as hydroxyl radical. Finally, the in vine findings of this study point to the 

importance of the different nitrogen oxide derived species at the site of inflammation. 

NO is believed to interact with superoxide to form peroxynitrite (172). Therefore, it is 

not surprising that the addition of NO donors such as SNP and SNAP reduced free radical 

production within the inflamed colon. However, the fact that sodium nitrite, which 

releases nitrite, did not elicit the same effects as SNP and SNAP suggests that the 

nitrogen oxide-species released is very important to consider in the realm of the 

inflammatory milieu. 

In summary, this study disproved our initial hypothesis that INOS-selective 

inhibitors are beneficial in acute inflammation of the colon, as well as provided evidence 

that NO might be beneficial in inflammation by affecting the production of other free 

radicals. 



6.2. Effects of Inflammation in vifro 

Chapter 4 focused on epithelial hnction with respect to electrolyte secretion and 

permeability following an inflammatory insult. This study examined whether 

inflammation of the colon due to intracolonic RJBS administration caused long-term 

changes in epithelial function in vitro. At a time-point 6 wk following the induction of 

colitis, the colonic epithelium appeared histologically and macroscopically normal. 

Furthermore, tissue conductance and serosal-to-mucosal flux of the permeability marker 

5 1 ~ r - ~ ~ ~ ~  were normal, indicating the lack of any persistent permeability defect. 

However, consistent with the initial hypothesis, epithelial function was altered following 

a bout of colitis. The epithelium was hypo-responsive to EFS, IBMX and carbachol 

stimulation with respect to electrolyte secretion. This phenomenon was not attributed to 

neuronal irregularities as TTX did not affect epithelial transport responses to IBMX and 

carbachol compared to tissues pre-incubated with vehicle. It is also unlikely that 

structural changes in the epithelium such as alterations in the expression of the CFTR 

chloride channel caused the observed hypo-responsiveness. Evidence to support this 

included the fact that L-NIL treatment reversed the hypo-responsiveness to IBMX and 

EFS. Therefore, the hypo-responsiveness was at least partially attributed to elevated 

levels of NO derived from the inducible isoform of NOS. These data provide evidence 

that a bout of inflammation can have long-term effects on colonic epithelial electrolyte 

secretion. This may have consequences for mucosal defense as impaired epithelial 

secretion may predispose the intestine to frequent adherence and translocation of 

pathogens and antigens. Given these findings, one question that remains unanswered is 



the mechanism through which epithelial hnction is altered long after the inflammation 

has resolved. From these data, although NO is implicated in the observed hypo- 

responsiveness, the molecular mechanisms through which NO alters epithelial electrolyte 

transport are not known. Increased CAMP levels have been shown to increase CFTR 

translocation to the cell membrane. Thus, it is still possible that a decrease in CAMP 

levels by NO could cause acute changes in surface expression of CFTR (239,240). That 

is, decreased CFTR expression could cause reduced secretory responsiveness that may be 

reversed by inhibition of NO synthesis by L-NIL. Furthermore, the hypo-responsiveness 

to carbachol stimulation was not reversed by L-NIL. This suggests that a bout of 

inflammation results in other changes that affect electrolyte transport. Other 

inflammatory mediators that affect electrolyte transport may persist in the intestinal 

mucosa despite macroscopic resolution of inflammation. These could include cytokines 

or eicosanoids that have previously been shown to alter electrolyte transport. For 

example, prostaglandin Dz which has been found to be elevated up to 6 wk after 

induction of colitis (Dr. M. Ajeubor, personal communication), may exhibit an anti- 

secretory effect on the epithelium. Other experiments examining the mechanisms 

through which the epithelium was hypo-responsive were conducted in the study 

described in chapter 5 and are discussed below. 

6.3. Effects of Inflammation in vivo 

In the subsequent study described in chapter 5, we set out to determine whether 

the changes in epithelial function observed in vitro (chapter 4) were also characteristic of 



the colon in vivo. We also examined whether the epithelium was hyporesponsive to the 

more "clinically relevant agonists," C. dzficile-derived toxin A and ovalbumin. 0 nce 

again, our hypothesis was confiirmed by the findings that with respect to fluid secretion, 

rats exhibited hypo-responsiveness to toxin A and IBMX stimulation 6 wk following the 

induction of colitis. The colonic epithelium was also hyporesponsive to ovalbumin 

stimulation. Furthermore, small intestinal, but not extra-intestinal, inflammation was 

found to induce changes in colonic epithelial function. These findings are consistent with 

the notion that an inflammatory insult in one part of the intestine can induce changes in 

other, non-inflamed parts of the gut. This has been previously demonstrated with respect 

to smooth muscle contractility and enteric nerve function (39,41,42). Moreover, the 

findings of the present study suggest that this is not a generalized phenomenon. That is, 

although inflammation in the small intestine can affect epithelial hnction in the colon, 

peripheral inflammation did not exert similar effects on the colonic epithelium. These 

findings are consistent with the hypothesis that inflammation in one part of the intestine 

might aff'ect epithelial function in another as a result of neurally-mediated effects. For 

instance, Nocwino el (11. (207) demonstrated that exposure of the jejunum to cholera 

toxin resulted in a secretory response not only in the exposed intestinal segment, but also 

in the colon. This phenomenon was attributed to the enteric nervous system as 

transection of the intestine fiom the colon eliminated the secretory response in the colon 

(207). Thus, as observed in this study, extra-intestinal inflammation that does not affect 

enteric nerve hnction would not be expected to affect colonic epithelial function. The 

hypo-responsiveness of the epithelium observed in vivo was also not attributed to a neural 

defect, in that TTX did not change the epithelial secretory responses to IBMX 



stimulation. However, the epithelial changes were at least partially attributed to XOS- 

derived NO. L-NIL partially reversed the hypo-responsiveness to IBMX but had no 

effect on toxin A-stimulated fluid secretion. Thus, other inflammatory-induced changes 

must be present in the tissue for epithelial fluid secretion to be altered. C. d~flciie toxin 

A causes epithelial secretion as a result of changes in cytoplasmic calcium levels, 

induction of cytoskeletal changes in epithelial cells, activation of mucosal mast cells, 

recruitment of neutrophils and release of substance P from sensory afferent nerves (1 8). 

Therefore, it is possible that changes in any of these factors as a result of an inflammatory 

episode might contribute to the secretory hypo-responsiveness. For instance, altered 

nerve fbnction has previously been shown to occur following a bout of inflammation 

(40,42), and it possible that the hypo-responsiveness was due to hypo-responsive enteric 

nerves or altered nerve-mast cell interactions. Further experiments must be conducted in 

order to test such a hypothesis. 

Another possible mechanism underlying the prolonged hypo-responsiveness of 

the epithelium after colitis is that changes in epithelial cell proliferation result in an 

altered epithelial phenotype. The results of this study indicated that there is increased 

cell proliferation in the colon 6 wk after induction of colitis. This raises the possibility 

that the colonic epithelium might contain increased numbers of immature crypt-like cells 

during the post-inflammatory period. That is, epithelial cells may migrate along the 

crypt-surface epithelium axis at a faster rate than normal due to the increased 

proliferation rate. This may not allow for the co~nplete maturation of cells from secretory 

crypt to absorptive surface epithelial cells as the migration progresses. As a result, it is 

possible that crypt cells have different capacities to secrete fluid and electrolytes in 



response to secretagogues when compared to surface epithelial cells (241,242). 

Intuitively, this would be expected to result in a hyper-responsive epithelium as crypt 

cells are secretory, whereas surface epithelial cells are absorptive. However, it is possible 

that a prior bout of colitis affects the maturation of epithelial cells in a manner that 

reduces their ability to secrete, although the mechanism by which this would occur is 

unknown. 

Normally the epithelium secretes fluid and electrolytes in order to "flush away" 

bacteria, toxins and other noxious substances (210). Therefore, the findings of a hypo- 

responsive epithelium following a bout of inflammation in vivo suggest that the intestine 

may be more susceptible to infection or inflammation. Examination of bacterial 

translocation following a bout of inflammation revealed that the epithelium was in fact 

more conducive to the translocation of bacteria. Furthermore, 6 wk after the induction of 

colitis, increased levels of bacteria were present in the colon. These data indicate that 

alterations in epithelial function following a bout of inflammation are associated with 

increased bacterial colonization and translocation across the mucosa. This was observed 

at the same time that elevated iNOS activity was detected in the colon (chapter 4). These 

results are consistent with the findings that increased bacterial translocation in septicemia 

is attributed to induction of iNOS expression (140,141). This suggests that the altered 

epithelial secretory and barrier function were at least partially due to SIOS-derived NO. 

However, the increased bacterial translocation occurred despite the lack of detection of 

permeability changes in the intestine. Moreover, translocation of neutrophils across the 

epithelium was persistent in the intestine during this post-inflammatory period. 

Examination of epithelial permeability and mucus secretion in vivo did not reveal any 



significant alterations 6 wk after the induction of colitis. These data suggest that changes 

in the "epithelial barrier are not necessarily detected as changes in permeability 

of a small molecular weight probe. 

This study provided strong evidence that epithelial changes occur following a 

bout of inflammation. However, a limitation of this study is the fact that the method used 

to examine fluid secretion did not directly differentiate between changes in fluid 

absorption versus fluid secretion. That is, theoretically, an increase in the volume of fluid 

recovered from the colon could have been due to increased fluid secretion, decreased 

fluid absorption, or both. As previously described in chapter 4, we assumed that the 

increased fluid recovered following stimulation with agents such as toxin A and IBMX 

was likely due to increased fluid secretion. The reason for this is that C. dlflcicile toxin A 

and IBMX have both been shown to cause fluid accumulation in the colon as a result of 

active chloride secretion (22 1,224,243). Another limitation of the method used to 

measure fluid secretion was that it was not possible to know what was being secreted 

when detecting changes in the volume of fluid recovered. The increased fluid secretion 

could have been due to increased water and electrolyte secretion and/or mucus secretion. 

However, it was shown that mucus secretory responses were not different between 

control rats and rats with colitis 6 wk earlier. This suggested that changes in the volume 

of fluid recovered due to mucus secretion would be similar in control and treated rats. 

Thus, the limitations described above are important to consider when interpreting the 

epithelial responses in this study. 

Another limitation of this study was with respect to the link between bacterial 

translocation and epithelial dysknction. The findings of this study include the fact that a 



bout of inflammation resulted in epithelial dysfunction and increased bacterial 

colonization and translocation across the mucosa. However, the link between these two 

findings was correlative. That is, we simply showed an association between these factors 

following a bout of inflammation and did not directly provide evidence that epithelial 

dysfbnction caused increased bacterial translocation. This is not to say that epithelial 

dysfbnction did not result in increased bacterial translocation, but rather the fact that 

when interpreting these results it is important to realize that we have demonstrated 

correlation and not causation. 

6,4. Future Considerations & Directions 

In the study examining the role of nitric oxide in colitis, a series of NOS 

inhibitors (non-selective, iNOS-selective and nNOS-selective) did not have an effect on 

the extent of macroscopic damage or MPO activity. Interestingly, despite NOS inhibition 

there was no change in total free radical production when compared to vehicle treatment 

in rats with colitis. Furthermore, superoxide production was reduced in rats treated with 

all NOS inhibitors, whereas hydroxyl radical production was elevated with non-selective 

and iNOS-selective inhibitor treatment. These results illustrate the importance of 

interactions among free radicals. Thus, one question that comes to mind based on these 

findings is which free radical species, whether it be oxygen- or nitrogen-derived, are 

present in the inflamed colon. Secondly, how does altering the levels of NO produced in 

the inflamed colon affect which free radicals are produced? Answering these questions is 

difficult due to the limitations of what can be detected experimentally. As technological 



advancements are made, our ability to detect and distinguish between the various free 

radical species should some light as to which species are important determinants of tissue 

destruction versus tissue protection. 

The findings of this project also shed some light on possible mechanisms of 

intestinal dyshnction following a bout of inflammation. Nevertheless, many questions 

remain in our understanding of iflammation-induced effects on intestinal function. In 

this project, we have demonstrated that epithelial dyshnction persists despite the lack of 

macroscopic evidence of inflammation-induced damage to the mucosa, and that this 

could lead to increased susceptibility to subsequent infection/inflammation. Although, 

we have provided some speculation (i.e., iN0S-derived NO and increased cell 

proliferation) as to why the epithelial dysfunction occurred, hrther experiments 

examining the mechanism for the epithelial hypo-responsiveness are necessary. For 

example, determining the role of other inflammatory mediators such as PGD2 in 

electrolyte transport during the post-inflammatory period may be beneficial to 

understanding the mechanism of epithelial hypo-responsiveness. Furthermore, 

experiments examining whether intracellular changes (i.e., in signal transduction 

pathways) occur within the epithelial cell following a bout of inflammation might be 

helpful in determining whether changes in the epithelial cell itself make the epithelium 

hypo-responsive. Given the proposed mechanism of toxin A-stimulated secretion, it 

would also be particularly interesting to examine the long-term effects of inflammation 

on the cytoskeletal structure of epithelial cells, as well as the effects on mast cells and 

enteric nerves. 



Finally, with regards to the long-term effects of inflammation, it is also important 

to know whether changes in mast cell-nerve interaction and/or pain perception exist in 

the colon. The relevance of this is that knowing what other aspects of intestinal function 

are altered by a bout of inflammation may help us understand what factors influence the 

underlying susceptibility to relapse in IBD, andlor symptoms of abdominal pain and 

diarrhea in IBS. Moreover, determining the mechanisms of change in intestinal hnction 

are essential to understanding whether changes in smooth muscle, nerve, and epithelial 

fbnction are unrelated to each other or rather a direct result of one another. This study 

revealed that in association with altered epithelial secretion, increased bacterial 

translocation was characteristic of  the colon following a bout of colitis. Although it was 

previously described that BOS-derived NO might be responsible for this phenomenon, it 

is also possible that other aspects of the mucosal defence system are altered as a result of 

prior inflammation. For example, altered production and secretion of IgA could 

forseeably result in increased antigen and bacterial translocation across the mucosa. As a 

result, it would not be unreasonable to examine the expression and fbnction of luminal 

IgA following a bout of inflammation in future studies. 

In summary, the data of this project suggest that inflammation has long-term 

effects on epithelial fbnction that may predispose the intestine to subsequent exposure to 

luminal antigens and microbial pathogens. With respect to human disease, in particular 

post-infectious IBS, the findings of this study have clinical significance. Despite the 

macroscopic appearance of an intact epithelium, previous inflammatory episodes might 

predispose the intestinal tract to continual symptoms of gut dysfbnction. For example, 

IBS patients experience nausea, bloating and diarrhea (34) despite the lack of any 



clinically evident signs of inflammmation or intestinal injury. In this study mucus 

secretion was not altered following a bout of inflammation. However, unlike the case 

with ulcerative colitis, IBS patients have been found to have diarrhea in association with 

increased mucus secretion (34). As a result, the relevance of these findings to IBD and 

IBS must be considered bearing these differences in mind. 
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