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ABSTRACT 

The intestinal epithelium is a heterogenous population of cells that cooperate in 

the absorption and secretion of water and electrolytes. Sympathetic nerve projections to 

the epithelium provide inhibitory control of intestinal secretion; loss of adrenergic input 

results in increased secretion. Adrenergic receptors on enterocytes may increase because 

of denervation and participate in the heightened response to catecholamines. This 

research first describes neural receptors on intestinal epithelial cells along the crypt-villus 

axis but also provides information on the functional characterization of ai-adrenergic 

receptors following denervation and their relation to C1C-2 chloride channels. 

Using isolated intestinal epithelial cells and flow cytometry, a i - and ^-adrenergic, 

dopamine D] and D 2 , but not histamine Hj or H 2 , receptors were found on enterocytes 

and intraepithelial lymphocytes (IELs) from the guinea pig jejunum. More IELs (45-

50%) have a 1-adrenergic receptors compared to enterocytes whereas more enterocytes 

(37-40%) have P-adrenergic receptors. These receptors may participate in direct 

regulation of intestinal ion secretion 

ai-Adrenergic receptors are found on approximately 27% of jejunal villus 

enterocytes following acute adrenergic denervation. At this same time post-denervation, 

ai-adrenergic stimulation of intestinal epithelial sheets mounted in Ussing chambers 

decreases Isc by -13.45%. This effect of ai-stimulation by phenylephrine is inhibition of 
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CT secretion; the absence of CI" reversed the Isc to +13.79%. This may reflect inhibition 

of CI" secretion at the villus tip. 

PKC-dependent inhibition of C1C-2 may be mediating the ai-adrenergic induced 

inhibition of CI" secretion. By immunoblotting and RT-PCR, C1C-2 protein and m R N A 

was found in villus and crypt epithelial cells from both experimental groups. Denervation 

induced a significant increase in C1C-2 protein but not of P-actin or PKC. P M A and 

phenylephrine activated P K C in isolated intestinal cells as measured by immunoblotting 

with phospho-PKC antibodies. Phenylephrine significantly decreased C1C-2 protein in 

villus and crypt epithelial cells from the denervated gut. 

These results suggest direct co-adrenergic stimulation of the denervated intestinal 

epithelium inhibits CI" secretion through down-regulation of C1C-2 ion channels, part of 

which may be occurring at the villus. This likely reflects a compensatory mechanism to 

combat the increased intestinal secretion and provides a partial explanation of adrenergic 

denervation hypersensitivity. 
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1 
1. GENERAL INTRODUCTION 

The intestinal mucosa is one the largest areas of the body in contact with the 

external environment which in an adult human can extend 200 to 300 m 2 (Kato & Owen 

1999). This mucosal layer is both a physical barrier that provides a passive means of 

excluding most macromolecules from entering the body (Christ & Blumberg 1997) and is 

a selectively permeable barrier specialized for the absorption of nutrients and the 

secretion of protective and lubricating fluids. Thus, under normal physiological 

conditions the gut is able to maintain a balance between absorption and secretion. Fluid 

secretion in the intestine is necessary for normal gastrointestinal physiology as it aids in 

the digestion and absorption of nutrients by maintaining a fluid environment that is 

essential for the mixing of food with digestive enzymes (Montrose et al. 1999). To this 

regard, it is estimated that the luminal fluid load to the intestinal epithelium is 9 liters per 

day with approximately 2 liters coming from oral ingestion and 7 liters from endogenous 

secretions. O f these 9 liters, approximately 8.8 liters or 98% of the fluid load presented to 

the gut on is effectively re-absorbed (Chang & Rao 1994). 

In the intestine, sodium (Na+), potassium (K + ) , bicarbonate (HCO3") and chloride 

(CI*) are the primary ions whose active transport controls fluid movement. Here, fluid 

follows the direction of electrolytes to maintain isotonicity between the lumen and tissue 

compartments (Montrose et al. 1999). To effectively accomplish the balance between 

absorption and secretion, a coordinated effort between intestinal epithelial cells, blood 

capillaries and lymphatics, intestinal smooth muscle, the enteric and peripheral nervous 

systems, mesenchymal cells and immune cells (Chang & Rao 1994; Hubel 1989) must 

occur. 
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Fluctuations in intestinal ion transport are therefore carefully regulated by agents 

from these sources. Immune mediators, paracrine or hormonal messengers and 

neurotransmitters released from within the autonomic nervous system (ANS) (Cooke & 

Reddix 1994) can all regulate ion movement. Moreover, the ANS regulates salt and water 

transport across the epithelial lining through direct input from both the extrinsic 

sympathetic and parasympathetic pathways (Cooke & Reddix 1994). Indeed, many 

neurotransmitters found within the central nervous system such as dopamine and 

epinephrine (Epi) are released within the intestinal wall and serve as critical regulators of 

intestinal physiology. Through complex and incompletely understood interactions 

between these neurotransmitters and their receptors, intracellular second messengers and 

electrolyte transport proteins, both of these agents can regulate active intestinal 

absorption and/or secretion (Donowitz et al. 1982; Barry et al. 1994a; Barry et al. 1994b; 

Barry et al. 1995). Whether these agents are acting directly at the cellular level within the 

intestinal epithelium under normal conditions remains to be demonstrated. Evidence 

linking the pharmacological response to specific receptors on discrete epithelial cell types 

is lacking and largely based on indirect functional and/or inaccurate 

immunocytochemical studies (Donowitz et al. 1982; Donowitz et al. 1983; Hernandez et 

al. 1987; Lucchelli et al. 1990; Vieira-Coelho & Soares-Da-Silva 1998; Barry et al. 

1994b; Barry et al. 1994a). 

Despite these multiple control mechanisms, aberrations in intestinal ion transport 

do occur. Ultimately, excessive accumulation of ions and water in the lumen of the gut 

exceeds the absorptive capacity of the intestine and diarrhea ensues. Such alterations in 
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intestinal transport can occur in response toxins, noxious agents, adaptation following 

small bowel resection, infectious pathogens, mucosal inflammation and autonomic 

neuropathy. Adrenergic innervation plays a major role in the regulation of fluid and 

electrolyte transport by providing tonic inhibition of secretory fluxes and mediating a 

pro-absorptive response via adrenergic receptors, possibly within the enteric nervous 

system and/or on the epithelium itself (Oishi & Sarr 1995). Loss of autonomic 

innervation to the intestine, especially adrenergic input, will therefore tip the balance 

from an absorptive to a secretory state (Cooke & Reddix 1994) and severely alter 

electrolyte movement, motility and blood flow (Chang et al. 1996). Overall, basal net 

secretion is increased through a combination of unaltered release of neurosecretory 

agents in conjunction with the absence of the pro-absorptive adrenergic tone. 

As a compensatory and reversible adaptation to this diminished adrenergic tone, 

post-synaptic denervation hypersensitivity to Epi and norepinephrine (NE) occurs 

(Change et al. 1986a) on both the intestinal epithelial and muscle layers. Exogenously 

administered N E augments net intestinal transport of water and electrolytes (Oishi & Sarr 

1995) and dose-dependently inhibits spontaneous contractile activity in smooth muscle 

layers (Ohtani et al. 2000; Shibata et al. 1997) yet has minimal effect on nutrient 

absorption (Watson et al. 1988; Sarr et al. 1991). Thus, the experimental administration 

of selective adrenergic agonists following intestinal denervation can reverse secretion to 

absorption (Change et al. 1986a). 

While it has been speculated that such modifications in intestinal physiology are 

the result of increased adrenergic receptor numbers (Change et al. 1986a; Herkes et al. 



4 
1994; Oishi & Sarr 1995), the effect of extrinsic denervation on specific receptor 

populations within the epithelium is unknown. Further to this, correlation between 

adrenergic receptors and specific alterations in epithelial secretory pathways and/or 

channels remains obscure. Fundamental explanations for intestinal cellular physiology 

under both normal and pathological conditions will further enhance our understanding of 

gastrointestinal biology and may provide areas for novel therapeutic intervention in the 

future. 

1.1 THE INTESTINAL EPITHELIUM 

The intestinal mucosa can be divided into three layers- the muscularis mucosa, 

lamina propria and epithelium. The deepest layer is the muscularis mucosa, a thin sheet 

of smooth muscle whose contractile potential may contribute to intestinal function by 

influencing the movement of the villi. The middle mucosal layer, the lamina propria, is a 

continuous stratum of connective tissue bounded by the muscularis mucosa and the 

epithelium. The lamina propria contains numerous immune cells, nerve fibers, blood and 

lymph vessels and smooth muscle cells. This layer therefore has important 

immunological functions, provides structural support for the intestinal epithelial cells, 

houses blood vessels that nourish the epithelium and provides an initial means of 

transport for absorbed material (Madara & Trier 1994). To this regard, the blood 

capillaries and lymphatics rapidly remove absorbed nutrients, water and electrolytes or 

conversely, increase mucosal blood flow and capillary filtration and decreased villus 

lymph pressure and total lymphatic flow to ensure active secretion (Chang et al. 1996). 
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The third layer is in direct contact with the luminal contents of the gut and forms 

a continuous sheet of epithelial cells one layer thick; it is these cells which line the vill i 

and surrounds the base of the crypts (Madara & Trier 1994). Thus, the epithelial 

architecture of the small bowel can be divided functionally into the crypt and villus. The 

villi are separated by pits called crypts, which encircle the base of each villus (Jones 

1997). Cellular proliferation and differentiation and secretion occur at the basally-located 

crypts. Cells mature as they move up the crypt and obtain digestive brush border enzymes 

upon reaching the villus tips, a process that takes approximately 3-5 days (Chang et al. 

1996). To this regard, the major known function of the villus epithelium is the absorption 

of nutrients (Madara & Trier 1994), fluid and electrolytes (O'Loughlin & Gall 1989) 

The intestinal cells that make up this epithelial layer include enteroendocrine 

cells, tuft cells, cup cells, goblet cells, Paneth cells, intraepithelial lymphocytes (JJELs), M 

cells, undifferentiated crypt stem cells and enterocytes. 

1.1.1 Cells of the Intestinal Epithelium 

1.1.1.1 Enteroendocrine Cells 

The intestinal enteroendocrine system consists of at least 15 different cell types 

that are classified on the basis of morphological criteria, expression of secretory products 

and abundance of specific marker molecules (Hòcker & Wiedenmann 1998). 

Enteroendocrine cells are specialized cells that are distributed throughout the 

gastrointestinal tract but are commonly located in the intestinal epithelium adjacent to the 



lamina propria and surrounded by other mucosal epithelial cells (Kato & Owen 1999). 

They are typically classified into either closed or open types. Closed enteroendocrine 

cells have no contact with the intestinal lumen whereas open-type cells have a direct 

connection. This latter cell type is presumed to react to stimuli from both the tissue 

environment as well as from the lumen of the gut (Kato & Owen 1999). These cells 

contain secretory granules that house various messengers which are released by 

exocytosis in response to various stimuli. The content of these granules generally exerts 

paracrine or endocrine effects (Madara & Trier 1994) that will regulate intestinal 

function. Serotonin-expressing cells are the largest population among enteroendocrine 

cells in the gut but there are also numerous cells which contain transmitters such as 

cholecystokinin, gastric inhibitory polypeptide, neuropeptide Y , substance P and 

pancreatic polypeptide (Hòcker & Wiedenmann 1998). 

1.1.1.2 Tuft Cells 

Tuft cells, also called caveolated (Madara & Trier 1994) or fibrovesicular cells, 

have been discovered in the villus and the crypt regions of the intestinal epithelium of 

many species (Madara & Trier 1994; Kato & Owen 1999). Morphologically, these pear-

shaped cells have a narrow apex with long microvilli. Tuft cells also have distinctive 

caveolae that are located between the base of the microvilli and extend into the nucleus. 

It is believed that tuft cells may be chemoreceptor cells, with the caveolae acting 

as chemical sensors for the luminal mileau (Kato & Owen 1999). It has also been 
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speculated that these cells may have a secretory function or may be capable of 

regulating electrolyte content (Sato et al. 1998). However, their exact function remains 

obscure. 

1.1.1.3 Cup Cells 

Cup cells, largely limited to the ileum (Fujimura & Iida 2001), have been 

identified in several mammalian species based on their morphological characteristics. 

Cup cells, by virtue of their name, have shorter microvilli at the centre of the cell and 

longer microvilli at the perimeter (Madara & Trier 1994). Overall, these cells represent a 

minor component of the intestinal epithelium, constituting about 3-6% of villus epithelial 

cells in some species (Fujimura & Iida 2001). 

The function of cup cells in the intestinal epithelium is unknown. These cells do 

not contain secretory granules and do not transport intact protein. However, bacteria may 

preferentially adhere to the brush border of cup cells, suggesting that they may serve 

some sort of immunological function (Fujimura & Iida 2001; Madara & Carlson 1985). 

1.1.1.4 Goblet Cells 

Small intestinal goblet cells are columnar-shaped, mucus-secreting cells present 

throughout the villus and crypt epithelium (Madara & Trier 1994; Deplancke & Gaskins 

2001) that increase in number from the proximal to distal portion of the intestine (Kato & 

Owen 1999). The apical two-thirds of these cells are distended by many clear mucin 

granules that give the appearance of a wine goblet (Madara & Trier 1994). Mucus 
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granules are synthesized in the endoplasmic reticulum and secreted from the apical 

surface of the goblet cells (Deplancke & Gaskins 2001). Although the regulation of the 

release is unclear, mucins may be released in response to a variety of bioactive factors 

including hormones, neuropeptides, inflammatory mediators such as cytokines (Kato & 

Owen 1999; Deplancke & Gaskins 2001), toxins and certain bacterial species (Deplancke 

& Gaskins 2001). 

A thin discontinuous layer of mucus covers the small intestine. It is assumed that 

mucus acts as a barrier to protect the epithelium from noxious substances. It is also 

possible that goblet cell mucus binds intraluminal microorganisms, thereby preventing 

their binding to the underlying epithelial cells (Madara & Trier 1994). Thus, the mucus 

gel layer acts as a medium for protection, lubrication and transport between the luminal 

contents and intestinal epithelium (Deplancke & Gaskins 2001). 

1.1.1.5. Paneth Cells 

Paneth cells are present in most mammals and are commonly located in the crypts 

of the small intestine although they may extend up the lower half of the crypt wall. They 

are characteristically pyrimidal in shape, being widest at the base and narrow at their 

apex (Madara & Trier 1994). The apical cytoplasm of these cells contains numerous 

secretory granules that contain lysozymes, tumour necrosis factor and cryptdins 

(Ouellette 1999). 

While Paneth cells do not seem to contribute significantly to intraluminal 

digestion of food stuffs, there is strong evidence that these cells participate in defensive 
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barrier function of the intestinal epithelium (Madara & Trier 1994) by releaseing their 

granules into the crypt lumen in response to bacteria and lipopolysaccharide (Ganz 2000). 

These secretory granules therefore do provide host defence and are thought to prevent the 

proliferation of crypt microorganisms (Kato & Owen 1999). Lysozymes, for example, are 

bacteriolytic enzymes that partially degrade bacterial cell walls. Cryptdins, defensin-like 

proteins, are potent anti-microbials that exhibit selective activity against certain 

microorganisms (Ouellette 1997). Cryptdins also appear to be capable of eliciting crypt 

chloride secretion and may therefore influence crypt physiology (Ouellette 1999). 

1.1.1.6 M Cells 

Mucosal lymphoid tissue in the small intestine occur as follicles or aggregates of 

immune cells termed Peyer's patches, the primary source of precursor immune cells in 

the gut and where specific immune responses are generated. These individual follicles 

comprise a patch of mucosa with a rounded dome that is devoid of microvilli. The 

epithelium covering the dome consists of specialized absorptive cells termed M cells 

(Madara & Trier 1994). Ultrastructurally, M cells have processes on their apical surface 

that are shorter and more irregular than neighbouring absorptive cells or in some species, 

the apical surface simply consists of microfolds (Kato & Owen 1999). 

M cells capture and take-up a variety of antigens from the lumen of the gut 

including particles and macromolecules, viruses, bacteria and parasites (Kato & Owen 

1999). Once antigen has been taken up, it is transported intact into the Peyer's patch 



(Kelsall & Straber 1999) to underlying macrophages, dendritic cells, lymphocytes 

and/or mast cells within the lymphoid follicle to be processed and presented to B and T 

cells. The overall outcome is to provide an appropriate immune response. 

1.1.1.7 Intraepithelial Lymphocytes 

IELs are found on the external basolateral surface of the basement membrane 

between adjacent villus and crypt epithelial cells. Here, it is estimated that there are about 

10-20 IELs per 100 villus enterocytes (Hayday et al. 2001). IELs are a unique population 

of immune cells that are mainly C D 3 + C D 8 + T cells which, although they can express 

either the aP or y6 T-cell receptor (TCR) (Lepage et al. 1998), exhibit a higher 

proportion of TCR ya+ cells than T cells found in the general circulation (Hayday et al. 

2001). IELs are so abundant in the small intestine that they form one of the major T cell 

populations of the entire body (Trejdosiewicz 1992). 

Most IELs are believed to be terminally differentiated and activated T cells that 

display cytolytic capabilities and can secrete a variety of cytokines to carry out their 

effector roles (Nanno et al. 1998). While their exact function in mucosal immunity is still 

enigmatic, IELs are the first immune cells to encounter a pathogen that has invaded the 

intestinal epithelium, consistent with an immune surveillance role (Beagley & Husband 

1998). Therefore, IELs likely play an important role in protecting the intestine from 

infection by parasites and viruses (Müller et al. 2000; Lepage et al. 1998; Brunner et al. 

2001). It has also been suggested that IELs may be involved in cytokine secretion, 

tolerance, renewal regulation of the mucosal epithelium, maintenance of epithelial 
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integrity, removal of damaged or transformed epithelial cells and immunoregulation by 

supporting differentiation of B cells into immunoglobulin-producing cells (Kato & Owen 

1999; Arandaet al. 1999). 

1.1.1.8 Enterocytes 

Enterocytes, the transporting epithelial cells which perform the absorptive and 

secretory functions of the gut (Montrose et al. 1999), constitute the majority of the 

intestinal epithelium (Kato & Owen 1999). These cells form a uniform layer of polarized 

cells with distinctive luminal and basolateral compartments. Enterocytes can be divided 

into two subtypes- crypt and villus enterocytes- although both develop from a common 

stem cell precursor. These proliferating stem cells, located approximately 4 cell positions 

above the base of the crypt (Merritt et al. 1995), serve to replenish the epithelial layer of 

the small intestine Intestinal stem cells serve as the precursors for other intestinal 

epithelial cells including undifferentiated crypt cells and differentiated absorptive, goblet, 

enteroendocrine and Paneth cells and possibly tuft, cup and M cells (Madara & Trier 

1994). 

As cells undergo this villus-crypt differentiation, there are significant changes in 

cell morphology, differences in cellular organelles, development of the microvillus 

membrane as well as alterations in functional characteristics. Crypt enterocytes are 

generally short, cuboidal cells with a rudimentary terminal web and minimal, short 

microvilli (Chang et al. 1996). Conversely, villus enterocytes are tall columnar cells with 



a well-developed terminal web and microvilli, the surface of which is covered by a 

glycocalyx and thick mucus layer (Kato & Owen 1999). 

Tight junctions (TJ) maintain the integrity of the epithelial barrier. TJ are 

specialized membrane structures that creates a rate-limiting barrier by forming narrow 

belts that circumferentially surround the upper part of adjacent epithelial cells (Gasbarrini 

& Montalto 1999; Dunina-Barkovskaya 1998). Tight junctions are composed of at least 

10 proteins including ZO-1, 2 and 3; occludin; cingulin; 7H6; RAB3B; symplekin; AF-6 

and 19B1 and are closely associated with the cytoskeletal protein actin (Stevenson & 

Keon 1998). The perijunctional actin-myosin ring (PAMR) encircles the apical pole of 

columnar epithelial cells and interfaces with the lateral membrane just below the TJ 

(Madara 1998). This ring may permit contractile/tension responses to influence TJ 

permeability through mechanical means (Madara & Pappenheimer 1987; Turner et al. 

1997). Therefore, TJ connect adjacent enterocytes at their apical border to maintain 

cellular polarity and regulate permeability by influencing the movement of ions and water 

between the blood and lumen (Hubel 1989). As cells migrate up the crypt, the number of 

strands within the tight junctional complex increases and they become more uniformly 

organized, making the villus region more impervious to passive diffusion of water and 

electrolytes (Chang & Rao 1994; Gasbarrini & Montalto 1999) than the crypt region. 

The lateral membranes of enterocytes also interact by means of cell adhesion 

molecules and gap junctions (Kato & Owen 1999). Adhesion molecules that hold 

epithelial sheet together belong to a family of calcium (Ca2+)-dependent adhesion 

molecules such as cadherins (Yap et al. 1997). Cadherins can be concentrated in the 



junctional region called the belt desmosome, the site where actin filaments encircle the 

cell just inside the plasma membrane (Darnell et al. 1990). If cadherin-mediated cell 

adhesion is prevented from forming, no other cell junctions such as spot desmosomes or 

gap junctions will be generated (Darnell et al. 1990). Further, tight junctional assembly 

and maintenance also requires the continual presence of C a 2 + (Dunina-Barkovskaya 

1998). Thus depletion of C a 2 + from the epithelial milieu, such as with the use of the 

chelating agent ethylenediaminetetraacetate (EDTA) (Harrison & Webster 1969; Weiser 

1973; Traber et al. 1991), disrupts cell adhesion and promotes single epithelial cells to 

dissociate and slough off. 

Basally, enterocytes rest on a basement membrane that is composed of collagen, 

laminin, proteoglycans, intersitital matrix components, fibronectin and procollagen. Both 

the overlying epithelium and underlying lamina propria contribute to the formation and 

maintenance of the basement membrane. The function of the basement membrane is to 

provide a substrate for adhesion of the epithelium to its underlying extracellular matrix, 

to provide a surface for the migration of the intestinal epithelium and to contribute to the 

regulation of epithelial cell differentiation (Madara & Trier 1994). 

While both villus and crypt enterocytes possess similar structural features, they 

are often described as functionally distinct. Villus, or absorptive, enterocytes are 

primarily dedicated to the digestion and absorption of nutrients from the lumen on the 

gut. The glycocalyx of villus enterocytes contains both enzymes and nonenzymatic 

proteins such as disaccharidases, peptidases, receptors and transport proteins. On the 

other hand, the apical membrane of crypt cells is the predominant site for the cystic 



fibrosis transmembrane regulator (CFTR) CI" channels that serve as a regulated 

electrogenic CI" efflux pathway. It is therefore believed that crypt cells play a major role 

in the secretion of water and ions into the lumen (Madara & Trier 1994). Thus, the 

absorption of water and electrolytes has long been believed to be two distinct and 

spatially-separated processes in the gut. Such functional heterogeneity of the villus/crypt 

axis may in fact represent erroneous oversimplification (Montrose et al. 1999). 

1.2 MECHANISMS OF WATER AND E L E C T R O L Y T E TRANSPORT 

The small intestine has two important functions: vectoral transport (absorption 

and secretion) and constraining the passive transfer of nutrients and other solutes 

(Mayhew et al. 1999). While many texts cite an equally important immunological 

function to the intestinal epithelium, as briefly discussed above, further detailed 

discussion is beyond the scope of this work. 

Water transport is generally linked to the movement of other solutes in response 

to osmotic gradients. Here, increases in osmolarity from movement of ions and solutes 

causes the movement of water across the epithelium. Ions and solutes can cross the 

epithelium either around the cell (paracelhilar) or by transversing the cell membrane 

(transcellular) (Sellin 1998) (Figure 1). 



Figure 1. Paracellular and transcellular mechanisms of intestinal transport. Transport 

across the intestinal epithelium can occur passively around (paracellular) or through 

(transcellular) the cell. The negative potential difference (PD) and low sodium (Na") 

concentrations inside the cell is maintained by the basolateral Na +/K*-ATPase. See text 

for full details. K ' , potassium; mM, millimolar; TJ, tight junction (adapted from (Sellin 

1998)). 
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1.2.1 Paracellular Pathway 

The paracellular pathway consists of TJ and lateral intracellular spaces (Yap et al. 

1998). In fact, TJ are often described as the rate-limiting step in the paracellular pathway 

for permeation by ions and larger solutes (Turner et al. 1997, Madara 1998). To this 

regard, TJ act as a selective filter. 

Paracellular permeability may be influenced by the state of the tight junctional 

protein and members of the actin-myosin II cytoskeleton. Therefore, physiological and 

pathological mediators can effect paracellular permeability by modifying tight junctional 

proteins, cytoskeletal elements or both. For example, activation of the Na+/glucose 

cotransporter (SGLT)- l on the enterocyte membrane results in a change in TJ structure 

and condensation of the actin-myosin ring with a consequent increase in TJ permeability. 

Here, SGLT-1 transports glucose together with Na+ across the apical membrane and 

deposits glucose into the paracellular space. Therefore, deposition of actively transported 

glucose to the intracellular space below the TJ results in osmotically-driven water flow 

across the TJ such that glucose and other molecules are carried by water across the TJ, a 

process called "solvent drag" (Madara & Pappenheimer 1987; Pappenheimer & Reiss 

1987; Pappenheimer 1988; Gasbarrini & Montalto 1999). It has been suggested that 

solvent drag accounts for 60-90% of total glucose absorbed through the body 

(Pappenheimer 1988). Subsequently, correlation between activation of sodium-glucose 

co-transport and myosin light chain phosphorylation (thereby increasing cytoskeletal 

tension via contraction of the P A M R ) with increased TJ permeability has been shown as 

an intracellular mechanism (Turner et al. 1997; Berglund et al. 2001). 



The phosphorylation status of the P A M R and/or TJ proteins also affects 

paracellular permeability induced by factors other than electrogenic N a + absorption. 

Infection of T84 cell layers with Entamoeba histolytica (Leroy et al. 2000) or Clostridium 

difficile toxin A (Chen et al. 2002) alters paracellular fluxes through changes in the 

phosphorylation status of the TJ protein ZO-1. The significance of the paracellular 

pathway in intestinal transport under both normal and pathological conditions is clearly 

discernible. However, it the basic principles underlying vectoral transcellular movement 

that ultimately drives both types of intestinal epithelial transport. 

1.2.2 Transcellular Transport 

Transcellular transport requires the movement of electrolytes across one cell 

membrane, through the cytosol and across the opposite membrane into the underlying 

tissue. The polarity of epithelial cells, maintained in part by TJ, drives this vectoral 

movement by a combination of active and passive processes (Montrose et al. 1999). 

Charged species such as ions, which cannot transverse the lipid core of plasma 

membranes, cross by way of specialized membrane proteins (channels, carriers and 

pumps) with the consumption of cellular energy (active transport) or by flowing down 

existing electrical or chemical gradients (passive transport). 

The two basic features of epithelial cells, low N a + and electronegative 

intracellular composition, are maintained in part by the basolateral Na + ,K + -ATPase 

(Figure 1). This primary active transport system generates energy by hydrolyzing 

adenosine triphosphate (ATP) to pump three N a + out of the cell and two K + into the cell. 



This imbalance in charge contributes to the electronegativity of the cell's interior. 

Secondary active transport involves the use of the electrochemical ion gradients 

established by the Na + ,K + -ATPase as driving forces to transport other substances against 

their concentration gradient without further input of metabolic energy. Such secondary 

transport can either occur via cotransporters that move two or more substances in the 

same direction or exchangers that move substances in the opposite direction (Montrose et 

al. 1999). 

Ion channels are protein pores within the cell membrane that are usually specific 

for a certain ion (Sellin 1998). Ion channels are important transmembrane routes for 

passive ion flow (Montrose et al. 1999) where channel transport is dependent on 

favourable electrochemical gradients (Chang et al. 1996). Because ion channels transport 

one charged species across the membrane, such movement is usually electrogenic i.e. 

causing a potential difference across the epithelial layer that promotes passive diffusion 

of a counter ion (Chang et al. 1996). Ussing chambers, where intestinal tissue is mounted 

between two compartments, are commonly used to define the presence of electrogenic 

electrolyte transport. Here, epithelial tissue can be bathed in solutions of known 

composition (Steward & Case 1989). The tissue is then voltage clamped (transepithelial 

voltage or PD is clamped to zero), which eliminates the driving force for transepithelial 

ion movement. The amount of current needed to keep the P D to zero is the short-circuit 

current (Isc) (Steward & Case 1989). With no electrochemical gradient across the 

epithelia for any ion, the magnitude of current required to offset the PD reflects active, 

electrogenic ion transport (Steward & Case 1989; Montrose et al. 1999). 



Hence, all net transepithelial transport requires at least one active transport step 

to drive the vectoral movement of ions; net passive transport occurs only in response to 

transepithelial electrochemical gradients established by the active transport process 

(Montrose et al. 1999). Primary active transport via the Na + ,K + -ATPase is therefore 

necessary to establish a favourable electrochemical gradient for the passive entry of N a + 

into the cell. Downhill movement of Na^ is pivotal for most absorptive and secretory 

processes that use the energy of the N a + gradient to enter the cell through either the apical 

or basolateral membrane (Sellin 1998). 

1.2.2.1 Absorption 

In the small intestine, Na + , CI", and K + are the principle ions absorbed through the 

epithelium. Here, about 85% of ingested fC is absorbed passively (Montrose et al. 1999). 

N a + and CI" uptake on the other hand can occur through several mechanisms. 

Sodium absorption in the small intestine can occur by electrogenic N a + 

absorption, electroneutral sodium chloride (NaCl) absorption and NaT-coupled solute 

absorption (Figure 2). Electrogenic Na + absorption occurs by diffusion across the brush 

border membrane down its electrochemical gradient (Figure 2A). However, this 

mechanism may not contribute significantly to N a + absorption in the small intestine under 

normal conditions (Fondacaro 1986; O'Loughlin & Gall 1989). 

In the absence of luminal nutrients, electroneutral NaCl absorption (Figure 2B) is 

likely the major mechanism of transepithelial Na + absorption (Fondacaro 1986; Montrose 

et al. 1999; Gawenis et al. 2002). Electroneutral Na + absorption can occur through 
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Figure 2. Mechanisms of absorption in the small intestine. A. Sodium absorption can 

occur passively through the apical enterocyte membrane. B. Electroneutral NaCl occurs 

with Na + uptake through the Na"" / H + (NHE3) exchanger and the CI" uptake through the 

CT /bicarbonate (HCO3") anion exchanger. The pathway of exit for CI" through the 

basolateral surface is unknown. C. Nutrient-dependent Na absorption, such as with 

SGLT-1-mediated glucose absorption, is electrogenic. Exit of glucose from the cell is 

through the basolateral membrane carrier G L U T 2 . This creates a hypertonic intracellular 

space, water moves from the lumen. Na + ,K + -ATPase provides the necessary 

electrochemical gradient (adapted from (O'Loughlin & Gall 1989; Sellin 1998; Montrose 

et al. 1999; Gawenis et al. 2002). 



synchronous function of two different exchangers- Na + /hydrogen (H +) (NHE) 

exchangers and the CITHCCV anion exchanger (Chang et al. 1996). N H E couples the 

entry of N a + -down its electrochemical gradient generated by the basolateral N a + , K + -

ATPase-to the removal of H + , which in turn alkalinizes the cell and increases the activity 

of the CITHCCV exchanger. The net reaction is NaCl uptake in exchange for H + and 

HCO3* efflux (Montrose et al. 1999). To date, five N H E isoforms have been identified 

with N H E 1-3 being localized to the small intestine (Praetorius et al. 2000). While both 

N H E 2 and NHE3 contribute to this pathway, NHE3 is likely the dominant isoform 

(Gawenis et al. 2002). The way in which the absorbed CI" exits the basolateral surface of 

the cell has yet to be conclusively determined although outwardly rectifying CI" channels 

may play a role (Monaghan et al. 1997). 

Sodium-coupled solute absorption simultaneously couples the absorption of N a + 

to nutrient absorption; one of the best-characterized pathways is glucose uptake. Here, 

SGLT-1, located in the apical membrane of the enterocyte, binds two Na + to a single 

glucose molecule and transports them into the cell. The entry of Na + i s maintained by the 

favourable electrochemical gradient supplied by the basolateral Na + ,K + -ATPase. Glucose 

exits the basolateral surface of the cell by diffusing across the basolateral membrane via a 

specific glucose transporter, GLUT2 (Sellin 1998; Tavakkolizadeh et al. 2001) (Figure 

2 C ) , thus accounting for a significant amount of water absorption (Sellin 1998). 

Electrogenic Na" absorption also stimulates the absorption of CI" through the paracellular 

route (Montrose et al. 1999). 
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1.2.2.2 Secretion 

While absorption is necessary to obtain adequate nutrition and maintain the 

correct composition of electrolytes, secretion is also critical for proper digestion and 

absorption. Although debilitating under pathological events, it also serves as a vehicle for 

secreted immunoglobulins to reach the lumen and for the removal of noxious agents, 

toxins and pathogens from the intestinal tract (Chang & Rao 1994). 

Intestinal secretion is largely driven by the active secretion of CI and HCO3*. 

Bicarbonate secretion occurs primarily in the duodenum where it contributes to the 

mucus-bicarbonate layer that protects the duodenal surface against ulceration; however, 

HCO3' secretion also occurs in the ileum (Montrose et al. 1999). At the cellular level, 

more than one mechanism may contribute to the secretion of HCCVand involve both 

electroneutral and electrogenic components (Figure 3 A) (Sellin 1998). To be secreted, 

HCO3' must enter the cell by diffusion, through a specific N a T -HCO3" (NBC) 

cotransporter (Flemstrom & Isenberg 2001) or alternatively may be produced by 

metabolic processes within the cell (Sellin 1998). Export of HCO3" occurs through one of 

two ways- Q ' / f K X V exchange (electroneutral) and an apical CI" channel which is likely 

the CFTR (electrogenic) (Seidler et al. 1997; Flemstrom & Isenberg 2001). C F T R is the 

cyclic adenosine monophosphate (cAMP)-activated CI' channel that is localized to the 

apical surface of crypt enterocytes (Ameen et al. 2000; Barrett & Keely 2000). Any 

factors that diminish this model of HCO3" secretion can increase the vulnerability of the 

mucosa to injury (Flemstrom & Isenberg 2001). 

Chloride secretion, thought to be the primary anion secreted by the intestine, 



Figure 3. Mechanisms of secretion in the small intestine. A.HCO3" secretion into the 

lumen requires uptake through the basolateral surface through N B C , a Na + -HCO3" 

cotransporter and exit via an apical channel (CFTR) and/or C l ' / H C C V exchange. B. CI" 

enters the cell through the the N a + - K + - 2 CI"-cotransporter (NKCC1) and exits via CFTR 

or other apical chloride channels. Both of these secretory processes are ultimately driven 

by the N a + gradient generated by the Na + ,K +-ATPase (adapted from (O'Loughlin & Gall 

1989; Sellin 1998; Montrose et al. 1999; Barrett & Keely 2000). 



(Grubb et al. 2000), has long been thought of as a crypt event, with minimal 

contribution coming from the villus. To this regard, the crypt secretory mechanism has 

been extensively characterized and involves four membrane proteins (Figure 3B) (Chang 

& Rao 1994). Chloride enters the cell primarily by the N a + - K + - 2 CI" -cotransporter 

(NKCC1), a basolateral membrane protein expressed by crypt epithelial cells (Matthews 

et al. 1998; Barrett & Keely 2000). Selective K + channels allow for the recycling of K + 

that has been brought in by N K C C 1 . The electrochemical gradient for N a + -generated by 

the Na + ,K + -ATPase- provides the driving force for N K C C 1 and allows for the 

accumulation of CI" above its electrochemical gradient. This increase in the intracelluar 

concentration of CI" above equilibrium is necessary for secretion as CI" channels only 

permit passive transport by diffusion (Jentsch et al. 2001). Finally, Cl" exits the apical 

membrane through CFTR when it has been opened by regulatory agents and enters the 

intestinal lumen. 

CFTR has long been believed to be the sole contributor to water and electrolyte 

secretion in the intestine. There are several other CI" channels that may have considerable 

importance. Calcium-activated chloride channels (CaCC) and members of the C L C 

family of CI" channels have been found in the gastrointestinal tract of several species 

(Barrett & Keely 2000; Gaspar et al. 2000; Gyomorey et al. 2000). Although the idea is 

controversial (Barrett & Keely 2000), the ability of non-CFTR CI" channels to contribute 

to intestinal secretion has recently been proposed (Gyomorey et al. 2001). However, the 

physiological regulation of these novel chloride channels within the secretory 

context of the small intestinal epithelium remains to be elucidated. 
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1.3 REGULATION OF INTESTINAL SECRETION 

The regulation of intestinal function can divided into those factors that stimulate 

water and N a + absorption or inhibit CI" secretion (absorbagogues) and those that either 

inhibit N a + absorption or stimulate CI" and water secretion (secretagogues). Clearly i f one 

of these prédominants, the homeostatic balance in the gut is lost. For example, any 

imbalance that favours CI" and water secretion forms the basis of secretory diarrhea. 

Although the intestinal epithelium exhibits a basal rate of CI" secretion, this can be 

augmented by a variety of sources including paracrine, inflammatory, luminal, neural, 

endocrine, hormonal, systemic and osmotic factors (Sellin 1998). These factors can be 

broadly grouped into immune, endocrine and paracrine and neural regulators. The 

regulatory systems that describe gut function are sometimes collectively referred to by 

one acronym- PINES- for paracrine-immuno-neuro-endocrine system (Sellin 1998). 

Because of the considerable interaction that occurs from all of these sources, any 

classification scheme including the one described here should not be regarded with 

absolute rigidity. 

1.3.1 Immune Regulation 

The gut-associated lymphoid tissue (GALT) is a compartmentalized 

immunological system contained within the lamina propria as Peyer's patches, T cells, B 

cells, plasma cells, phagocytic cells, macrophages, neutrophils, esoinophils and mast cells 

and within the epithelium as a resident population of IELs (Weiner et al. 1994; Blumberg 

& Stenson 1995; Wallace & Chin 1997). The Peyer's patches are the primary source of 



precursor cells and are where specific immune responses are generated (Weiner et al. 

1997). Here, antigen is taken up through M cells and channelled to underlying 

macrophages, dendritic cells, lymphocytes and/or mast cells to be processed and 

presented to B and T cells. These activated cells migrate out of the G A L T , into the 

afferent lymphatics and enter the systemic circulation where they mature and 

subsequently home to various mucosal sites including the gut (Kagnoff 1993; Czerkinsky 

et al. 1999). 

Consequently, there is a nominal amount of immunocompetent cells within the 

intestinal mucosa that also help regulate fluid and electrolyte homeostasis (Montrose et 

al. 1999). Increased number of immunocytes within the mucosa (Sellin 1998), such that 

would occur with intestinal inflammation, produce a large amount of mediators, most of 

which cause intestinal secretion. These include cytokines such as IL-1 (Homaidan et al. 

1999) and tumour necrosis factor (TNF)-a (Kandil et al. 1994), arachidonic acid 

metabolites (Read 1993; Chang et al. 1996), serotonin, histamine (Chang et al. 1996) and 

thrombin (Buresi et al. 2001). 

These agents can either have direct or indirect effects on intestinal secretion. 

Histamine elicits secretion when added to the serosal side of epithelial sheets of guinea 

pig ileum and jejunum, suggesting direct effects on the epithelial cell (Russell 1986; 

Cooke et al. 1984). Some immune and inflammatory mediators may act indirectly by 

stimulating arachadonic acid metabolism. Arachadonic acid, released from membrane 

phospholipids upon stimulation, can enter the cyclooxygenase pathway to form 

prostaglandins or the lipooxygenase pathway to form leukotrienes (O'Loughlin & Gall 
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1989). Prostaglandins themselves can then induce copious intestinal secretion (Read 

1993) or be important mediators in this process. For example, prostaglandins can cause 

the release serotonin (Beubler et al. 2001). Serotonin, a neurotransmitter, has been shown 

to induce CI" secretion in human jejunal mucosa through a nonneuronal pathway (Kellum 

et al. 1994). 

1.3.2 Endocrine and Paracrine Regulation 

Both endocrine (blood-borne mediators released from distant sites) and paracrine 

(local) components can have significant effects on intestinal absorption and secretion. 

The gastrointestinal endocrine system represents that largest and most complex endocrine 

organ in the body with hormone-producing cells (e.g. enteroendocrine cells) being 

scattered along the length of the gut (Miller 1999). Endocrine cells of the small intestine 

produce a variety of hormones including secretin, somatostatin, motilin, cholecystokinin 

and neurotensin. Although the effect that many of these hormones have on intestinal ion 

and water transport has not been well characterized, there are a few that have been shown 

to act as either absorbagogues or secretagogues. Peptide Y Y , a hormone produced 

primarily by L-type enteroendocrine cells of the ileum (Miller 1999), has anti-secretory 

effects in the rat jejunum (Cox et al. 1988; Eden et al. 1995; Eto et al. 1997). Uroguanlyin 

on the other hand stimulates intestinal ion secretion. Uroguanylin is an intestinal hormone 

that circulates in the blood and is abundantly produced within the mucosa of the proximal 

small intestine (Nakazato et al. 1998; Forte 1999). When stimulated, these cells release 



uroguanylin bi-directionally (both into the lumen and circulation) (Nakazato et al. 

1998;Beltowski 2001). 

The dual release uroguanylin indicates that it can have a direct paracrine and/or 

endocrine action on intestinal secretion. Further, it is believed that luminally-released 

uroguanylin and guanilyn, an intestinal peptide that is closely related to uroguanylin, acts 

as a luminocrine (Nakazato 2001) to stimulate CI" and HCO3" secretion through C F T R 

(Soo Joo et al. 1998; Beltowski 2001). To this regard, apical administration of 

uroguanylin to segments of the mouse intestine mounted in Ussing chambers increases 

Isc (indicative of active anion secretion) (Soo Joo et al. 1998). Similar results have been 

obtained by mucosal application of guanylin in the rat intestine (Guha et al. 1996; Volant 

et al. 1997) and T84 cells (Forte et al. 1993). Other peptides that can act in a paracrine 

and/or endocrine manner to induce CI' secretion include serotonin and histamine 

(O'Loughlin & Gall 1989; Barrett & Keely 2000), which have previously been described 

for their immunoregulatory role. 

1.3.3 Neural Regulation 

Neural input to the small intestine has three main divisions that are critically 

involved in the regulation of epithelial transport: the enteric (ENS), parasympathetic and 

sympathetic nervous systems. The continual interaction between neurons from these three 

pathways has formed the basis of the so-called "brain-gut axis". 
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1.3.3.1 Enteric Nervous System 

The ENS, or intrinsic nervous system of the gut, consists of nerve cell bodies and 

their processes embedded in the intestinal wall (Elenkov et al. 2000). It has been 

estimated that the ENS has equal to or great than the same number of nerve cells as the 

spinal cord (Chang et al. 1996; Furness et al. 1999). The ENS is composed of two enteric 

ganglia (nerve cell bodies groups in small aggregates): the myenteric plexus and the 

submucous plexus. The myenteric ganglia are found between the longitudinal and 

circular muscle layers and submucous ganglia are embedded in the submucosa. 

Generally, myenteric neurons regulate contractile activity whereas submucous neurons 

are involved with epithelial function and blood flow; interconnecting fibers between 

these two regions help to coordinate motility and transport functions (Cooke & Reddix 

1994). 

Thus, the ENS consists of a complete reflex pathway of enteric sensory neurons, 

interneurons and final secretomotor neurons through which enteric reflexes, such as 

motility and secretion, are generated (Furness et al. 1992). In the submucous plexus, 

mucosal afférents respond to luminal stimuli (e.g. touch or changes in luminal content or 

composition), the message is relayed to interneurons that sort the signal and send it to 

efferent motor neurons that for example regulate smooth muscle, epithelial cells and/or 

blood vessels (Chang et al. 1996). Thus, the major target of secretomotor neurons within 

the submucous plexus is to the intestinal mucosa. In fact, most submucous nerves arise 

from the submucous ganglia and travel to the mucosa via short projections (Keast et al. 

1984). Overall, sensory neurons with their endings in the mucosa combined with an 



integrateci circuitry in the myenteric plexus feeds back to secretomotor neurons in the 

submucous ganglia (Furness et al. 1999) to connect both plexus. 

The number of neurotransmitters found within the nerves the ENS is large and 

includes amines (e.g. serotonin and acetylcholine (ACh)), neuropeptides (e.g. substance 

P, neurotensin, C C K , neuropeptide Y, somatostatin, calcitonin gene-related peptide 

(CGRP) and vasoactive intestinal peptide (VIP)) and purinergic neurotransmitters such as 

adenosine and adenosine triphosphate (ATP) (Chang et al. 1996). Nerve fibers in the 

mucosa of the guinea pig, an animal model used extensively to characterize the ENS 

(Cooke 2000; Brookes 2001) show immunoreactivity for VIP, somatostatin, C C K , 

neuropeptide Y and choline acetyltransferase (the synthetic enzyme for ACh). These 

nerve fibres arise from cell bodies in the submucous plexus (Keast et al. 1984; Cooke & 

Reddix 1994). 

A major consequence of the activation of the ENS and the release of many of 

these neurotransmitters is a potent epithelial secretory response. Electrical field 

stimulation (EFS) of enteric nerves of small intestinal epithelial sheets, which causes the 

release of A C h from the submucous plexes, stimulates CI" secretion (Cooke 1984; 

Fondacaro 1986; Chandan et al. 1991; Hubel 1989; Carey & Zafirova 1990). The action 

of A C h on intestinal function should not be surprising considering that about half of the 

cell bodies in the submucous plexus contain this neurotransmitter (Furness et al. 1984; 

Cooke & Reddix 1994). Based on functional pharmacological data and autoradiographic 

binding studies, this cholinergic response is likely the result of direct action on the 
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epithelium as well as through receptors on submucous neurons (Carey & Zafirova 

1990; Chandan et al. 1991; Przyborski & Levin 1997; Carey & Zafirova 1990). 

However, ACh alone does not account for all of the secretory effects in the ENS. 

VIP (Cox & Cuthbert 1989; Sellin 1998), the tachykinins substance P and neurokinin A 

(Keast et al. 1985; Yeo et al. 1989; Brown et al. 1992; Thorboll et al. 1998a; Perdue et al. 

1987) and CGRP (Cox & Tough 1994) are other major neurotransmitters found within 

the submucous plexus that have potent effects on intestinal secretion. The actions of these 

may be direct on the epithelium (VIP) or indirectly through the release of a second 

neurotransmitter (substance P) (Keast et al. 1985; Hubel 1989; Thorboll et al. 1998b). 

However, the overall control of intestinal absorption and secretion is not limited to the 

contribution from the ENS but rather, involves additional input from the both the 

parasympathetic and sympathetic branches of the autonomic nervous system (ANS), 

1.3.3.2 Extrinsic Nervous System 

The ANS coordinates cardiovascular, respiratory, digestive, excretory and 

reproductive functions. It provides signals that relay from the brain to the gut and has its 

visceral motor neurons located within the central nervous system (CNS). The 

preganglionic fibers of these motor neurons synapse within autonomic ganglia. From 

here, the axons, or postganglionic fibers, of these neurons extend to their peripheral target 

organs, such as the digestive tract. The ANS has two divisions, the sympathetic 

(adrenergic) and parasympathetic (cholinergic) branches. 
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Typically, the sympathetic and parasympathetic branches of the ANS have 

opposing functions and as expected, mediate opposite effects on intestinal epithelial 

function. The sympathetic branch prepares the body for heightened levels of somatic 

activity, partially by increasing blood flow to skeletal muscle. A further effect of the 

sympathetic response is a temporary reduction in digestive and urinary function. The 

parasympathetic division on the other hand tends to stimulate visceral activity. The 

stimulation of digestive activity following a meal, for example, includes the stimulation 

of digestive glands (Martini 1998). 

1.3.3.2.1 Parasympathetic Innervation 

Fibers from the parasympathetic division are all preganglionic and come from the 

vagus nerve. This nerve innervates the stomach, small intestine and proximal colon. Here, 

cholinergic fibers follow blood vessels that end within the myenteric plexus (Chang et al. 

1996; Martini 1998) and possibly the submucous plexus. In addition, the mucosa, 

particularly the crypt region, has extensive cholinergic innervation (Sjòvall 1984b; Hubel 

1989) although fibers are also found in the lamina propria and villi (Hubel 1989). 

However, there is considerable evidence to suggest that much of this mucosal innervation 

is instrinsic, that is, from the ENS (Sjòvall 1984b; Cooke & Reddix 1994). 

Cholinergic fibers from the parasympathetic branch of the ANS release A C h at 

the neuroeffector junction (Martini 1998). ACh reduces small intestinal absorption and 

increases water and electrolyte secretion. However, direct stimulation of the vagus nerve 

seems to have little effect on water and electrolyte transport in most species (Hubel 1989; 



O'Loughlin & Gall 1989). Although stimulation of the vagus nerve does cause fluid 

secretion in the ferret jejunum, that event was mediated by a noncholinergic transmitter 

(Greenwood & Read 1985), perhaps via synchronous substance P release (Ahlman et al. 

1981). Overall, it seems that the vagus nerve is of little importance in direct physiological 

control of ion and fluid transport in the small intestine (Hubel 1989) and that the 

secretory effects of ACh, though important, are through intrinsic neural pathways. 

1.3.3.2.2 Sympathetic Innervation 

Unlike parasympathetic innervation, sympathetic innervation to the small 

intestine is completely e,xtrinsic. That is, all fibers projecting to the mucosa originate 

outside the ENS (Keast et al. 1984; Cooke & Reddix 1994) and arrive via postganglionic 

fibers from two plexuses: the celiac (which also innervates the stomach) and the superior 

mesenteric plexuses, both of which are named for their association with adjacent arteries. 

The distribution of these adrenergic fibers is either to the ganglionic layers (i.e. 

submucosa and myenteric) (Sjòvall 1984b; Sjòvall 1984a; Cooke & Reddix 1994; 

Hildebrand et al. 1992), the lamina propria (Hubel 1989) or directly to the epithelium. To 

this regard, adrenergic nerves surround mucosal glands and project into the villus, 

terminating near the vicinity of the villus epithelium (Keast et al. 1984; Sjòvall 1984b). 

Therefore, sympathetic nerve fibers may interact directly with the epithelium (Hemlin 

1989) as well as nerves in submucosal neurons (Hirst & Silinsky 1975; Butcher et al. 

1987; Hildebrand et al. 1992). The primary neurotransmitter released by most 



postganglionic fibers (i.e. those directed towards the target organ) of the sympathetic 

branch is N E (Hildebrand et al. 1992; Martini 1998). 

Stimulation of sympathetic nerves to release N E and/or the application of 

adrenergic agonists greatly enhances fluid and electrolyte absorption. Efferent stimulation 

of splanchnic (sympathetic) nerves (Sjòvall 1984b; Sjòvall et al. 1986), inducing the 

release of endogenous N E from sympathetic nerve endings (Butcher et al. 1987) or 

applying NE/Epi to stripped epithelial sheets (Field & McColl 1973; Hildebrand et al. 

1992; Williams et al. 1990) increases fluid absorption rate and decreases Isc. Dopamine, 

a metabolic intermediate in the formation of Epi and N E (Eisenhofer et al. 1997), also 

enhances fluid and electrolyte absorption and decreases Isc (Donowitz et al. 1982; Barry 

et al. 1995; Donowitz et al. 1983; Vieira-Coelho & Soares-Da-Silva 1998; Ahsan et al. 

1988; Wahawisan et al. 1985; Cooke & Reddix 1994). It is thought that the reduction in 

Isc following sympathetic stimulation is from the enhancement of N a + and CI" absorption 

and/or the inhibition of CI" and H C 0 3 " secretion (Cooke & Reddix 1994). Earlier studies 

have suggested that the decrease in Isc and overall net increase in absorption is due to 

inhibition of a secretory process, possibly by the inhibition of a serosa-to-mucosa CI" flux 

(Sjòvall 1984b) Whether CI is the ion that is altered during sympathetic stimulation 

is currently unknown. 

This influence of adrenergic innervation on intestinal epithelial function may be 

from interaction with nerves in enteric ganglia or direct activation by N E with adrenergic 

receptors present on cells of the epithelium. Addition of tetrodotoxin, a nerve-blocking 

agent, to rat jejunal sheets reduces the Isc response to endogenous N E by half, indicating 



that the sympathetic effect is partially due to inhibition of intrinsic secretomotor 

neurons (Butcher et al. 1987). Further, the secretory response elicited by EFS is 

attenuated by N E , providing additional evidence that adrenergic innervation is important 

in inhibiting secretory nerve activity (Butcher et al. 1987; Hildebrand et al. 1992) and 

thereby inhibiting neurally-mediated ion transport (Hildebrand & Brown 1992). It has 

also been observed that the initial rise in Isc during EFS is followed by a decrease (Carey 

& Zafirova 1990; Hildebrand et al. 1992), suggesting that a mediator released during EFS 

inhibits neurally-evoked CI' secretion. This inhibitory response during EFS could be 

blocked by adrenergic antagonists, indicating that CI" secretion is both stimulated by ACh 

and inhibited by N E during EFS (Carey & Zafirova 1990). Taken together, these data 

support the concept that N E acts, at least in part, as a "sympathetic brake" on ion and 

fluid secretion in the intestine (Carey & Zafirova 1990) by preventing the prolonged 

release of A C h from enteric nerves. 

However, the secretory response elicited by EFS was not eliminated completely 

nor was the addition of tetrodotoxin entirely effective in reducing the response to 

endogenous NE. It was therefore theorized that the tetrodotoxin-resistant portion of the 

Isc response could be due to a direct effect on enterocytes. Evidence for this comes from 

the observation that tetrodotoxin had no effect on the Isc response to exogenous N E 

(Butcher et al. 1987). While it is likely that both pathways are important in the 

sympathetic control of intestinal transport, the mechanism of inhibition that is 

occurring at the epithelial level (i.e. which cell and/or ion and/or channel that may 

be involved) is unclear. 



Overall, sympathetic innervation is important in maintaining control of 

intestinal fluid transport (Liu & Coupar 1997). The importance i f this innervation is 

particularly evident when it has been ablated, either experimentally or through disease-

associated adrenergic neuropathy. Peripheral chemical sympathectomy in rats, for 

example, causes impaired absorption in the jejunum and ileum (Liu & Coupar 1997). 

Chronic diabetes or streptozocin-induced diabetes in rats is associated with the 

development of diarrhea. In this experimental model of denervation, there is a decrease in 

the rate of fluid and electrolyte absorption that corresponds with diminished adrenergic 

tone. It is thought that this loss of adrenergic innervation alters the homeostatic balance 

between absorption and secretion to one that favours secretion (Chang et al. 1985; 

Change et al. 1986b). Knowledge that adrenergic denervation may be the underlying 

cause has lead to the use of selective adrenergic agonists such as clonidine to augment 

absorption (Change et al. 1986b; Rovera et al. 1997). It was also noted that the 

denervated gut was hypersensitive to the effects of clonidine and other adrenergic 

agonists when compared to innervated controls. It has therefore been speculated this 

adrenergic denervation hypersensitivity was due to an increase in the number of post

synaptic (i.e. enterocyte) receptors (Change et al. 1986b). However, the location of 

adrenergic receptors on specific cells within the epithelium and whether enterocyte 

adrenergic receptors change following denervation are currently unknown. 

Regardless, neurotransmitters released from either the ENS or ANS, much like 

endocrine and paracrine mediators, directly affect epithelial function by binding to 

receptors on enterocytes or indirectly through their ability to release secondary hormones 
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and mediators from immune or endocrine cells (Barrett & Keely 2000). Whether the 

released agents are hormones, peptides or neurotransmitters, they all have a similar mode 

of action: they interact with receptors on the plasma membrane of the target cell to 

activate the intracellular machinery that is necessary to bring about the desired effect. 

1.4 RECEPTORS 

The concept of receptors emerged over a century ago in an attempt to explain the 

selectivity of drug actions (Laburthe et al. 1994). Since then, this concept has extended to 

include the action of regulatory agents such as neurotransmitters, their receptors and their 

ability to modify gastrointestinal physiology. The first step in the cascade that controls 

ion transport in the intestine is the initiation of the intracellular regulatory mechanisms. 

This is achieved by the binding of hormones and neurotransmitters to receptors on 

epithelial cells that may be located either intracellularly or on the external apical or 

basolateral surfaces. Most receptors in the intestine that regulate absorption and secretion 

are externally located. 

1.4.1 Receptors in the Intestine 

Receptors for regulatory gut peptides are usually glycoproteins that fulfill three 

main criteria. Receptors recognize extremely low concentrations of the ligand within its 

immediate vicinity. It is generally accepted that the higher the affinity, the lower the 

concentration necessary to give half-maximal receptor occupation. Second, receptors are 



specific. That is, they are able to discriminate their natural ligand from the vast excess 

of other peptides. Finally, receptors are able to translate receptor-ligand interactions into 

biological responses (Laburthe et al. 1994). To complete this, receptors have two 

spatially distinct domains: one that binds the ligand from the extracellular side and a 

second that initiates signal transduction cascades within the cell. The cellular response is 

triggered either by conformational changes that bring about intrinsic enzymatic activity 

of the receptor or conformational alterations that exposes a domain that interacts with 

other intracellular molecules. The physiological response that is generated therefore 

ultimately depends on the structure and presence of the receptor within the epithelium. 

Insight into the structural basis of receptors has lead to the identification of three broad 

classes of gastrointestinal receptors: (1) single-transmembrane receptors, (2) ligand-gated 

channels and (3) G protein-coupled receptors (Miller 1999). 

1.4.2 Single-Transmembrane Receptors 

Receptors from this class all have a single transmembrane domain (i.e. spans the 

plasma membrane once) that separates it into extracellular and intracellular parts (Heldin 

1996). Members of this group include protein tyrosine kinase receptors such as epidermal 

growth factor, insulin, platlet-derived growth factor, fibroblast growth factor and 

hepatocyte growth factor (Chang et al. 1996; Heldin 1996). Protein tyrosine kinase 

receptors have intrinsic kinase activity. Here, binding of one of these ligands to their 

receptor induces receptor dimerization. The juxtaposition of two tyrosine kinase domains 

allows autophosphorylation that plays a key role in signal transduction. Other members 



that belong to the single-transmembrane receptor family include transforming growth 

factor receptors which have intrinsic serine/threonin kinase activity (Massagué & Weis-

Garcia 1996) and interleukin (IL) receptors such as IL-2 that function, not by intrinsic 

enzymatic activity, but by receptor dimerization (Miyazaki & Taniguchi 1996). 

Most of the agents in this class, such as transforming growth factor-(3 (Barnard et 

al. 1989) act as growth and/or restitution factors for the gut. An exception to this is 

guanylin and other closely related peptides. Binding of guanylin to the extracellular 

domain of guanylyl cyclase receptors induces a conformation change in the receptor that 

leads to activation of the intracellular catalytic domain that contains guanylyl cyclase 

activity (Bhandari et al. 2001). It is likely that this receptor is located on the apical brush 

border surface of crypt intestinal cells (Forte et al. 1993; Chang et al. 1996). The binding 

of guanylin and the beginning of this intracellular signalling cascade eventually leads to 

an increased level of CI" secretion from the intestinal cell. The mechanism behind this, as 

discussed in a previous section, is likely through the activation of CFTR (Chao et al. 

1994) or possibly the inhibition of N a + and water absorption (Nakazato 2001). 

1.4.3 Ligand-Gated Channels 

Ligand-gated channels have subunits that span the plasma membrane multiple 

times and associate to form pores or channels. Examples in this family of receptors 

include the nicotonic ACh, serotonin 5-HT3, glycine and glutamate receptors (Miller 

1999). Most of these receptors, when activated by their ligand, undergo a conformational 

change that results in the formation of a membrane pore that allows the entry of different 



ions (Chang et al. 1996); thus, ligand-binding regulates size and permeability of the 

channel (Miller 1999). The majority of these receptors are vitally important in mediating 

synaptic transmission within the CNS. These receptors are likely of considerable 

importance within the gut; serotonin 5-HT3 receptors are present within the ENS 

(Panicker et al. 2002). However, there is little evidence to suggest that they are present on 

enterocytes and therefore unlikely to participate in direct regulation of intestinal 

absorption or secretion at the epithelial level. 

1.4.4 G Protein-Coupled Receptors 

G protein-coupled receptors (GPCR) represent the largest group of 

gastrointestinal receptors, several hundred of which have been cloned to date (Miller 

1999). In fact, it is believed the total number of GPCRs may exceed 1000 (Gudermann et 

al. 1997). This receptor group is diverse and includes muscarinic ACh, adenosine, 

adrenergic, cannabinoid, dopamine and histamine receptors. A l l GPCRs are associated 

with guanosine triphosphate (GTP)-binding regulatory proteins, or G proteins, and all 

share structural and functional similarities. G P C R have seven hydrophobic, helical 

membrane-spanning domains and a cytoplasmic binding site for G proteins (Chang et al. 

1996). Unlike members of the single-transmembrane receptor family, GPCR usually have 

no intrinsic enzymatic activity. Instead, they signal by associating with G proteins. 

Heterotrimeric G proteins are formed from a, 3 and y subunits. In an inactive 

state, G proteins exist as af3y trimers where the nucleotide binding site of the a subunit is 

occupied by guanosine diphosphate (GDP) (Laburthe et al. 1994). Interaction of the 
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membrane-bound G proteins with a ligand-occupied GPCR prompts the exchange of 

GDP for GTD and the dissociation of the Ga-GTP complex from the Py dimer. This G a -

GTP complex (and to a certain extent the GPy dimers) can activate various effector 

enzymes or interact directly with ion channels to continue the signal transduction 

cascade. Each a subunit has intrinsic GTPase activity at the guanosine nucleotide binding 

site as well as separate binding sites for receptor and effector proteins. When the GTP is 

hydrolyzed by the GTPase activity of the Get subunit, the heterotrimeric G protein 

complex reforms. This complex can then be re-activated upon an appropriate receptor-

coupled stimulus (Chang et al. 1996). 

It is therefore the G a subunit that confers functional activity and specific binding 

to various G proteins, of which at least 20 have now been identified (Gudermann et al. 

1997; Sprang 1997). Each G protein can be distinguished by the G a subunit. As such, 

there are four main groups- Gsa, Gia, Gqa and G12ot (Gudermann et al. 1997) that can 

be classified according which effector molecule(s) they couple with. Both Gsa and G i a 

couple to adenylyl cyclase (AC); the Gsa subunit is stimulatory to adenylyl cyclase 

whereas G i a is a negative regulator (Laburthe et al. 1994). Gqa activates phospholipase 

C (PLC) (Rhee 2001). The physiological role of G12a is still vague (Gudermann et al. 

1997) but it appears to regulate cellular processes controlling growth (Meigs et al. 2001). 

Essentially, G proteins form the second stage of the signal transduction cascade by 

linking the plasma membrane GPCR to cellular effectors that in turn generate 

intracellular second messengers. 



1.4.4.1 Second Messenger Systems 

Second messengers control the activity of protein kinases and other effectors to 

regulate, directly or indirectly, the activity and abundance of proteins that constitute the 

transport machinery (Montrose et al. 1999). The classic second messengers thought to be 

involved in intestinal absorption and secretion are c A M P , cyclic guanosine 

monophosphate (cGMP) and intracellular Ca 2". However, roles for diacylglycerol (DAG) 

and inositol 1,4,5-triphosphate (IP3) in regulating intestinal epithelial function are also 

coming to light. 

1.4.4.1.1 Cyclic Nucleotides 

Cyclic nucleotides such as c A M P and cGMP are generated by the action of 

membrane-associated enzymes, A C and gunaylyl cyclase, respectively. Although the 

importance of cGMP in the regulation of secretion and absorption, as discussed above, in 

not disputed, this cyclic nucleotide is not likely generated though the activation of G 

proteins and therefore will not be discussed further. The formation of cAMP on the other 

hand is directly regulated by association of the G proteins Gs and Gi with AC. Upon 

appropriate receptor activation, Gsa dissociates from Py and activates A C , which 

catalyzes the conversion of ATP to c A M P and thus increase c A M P levels within the cell. 

Conversely, association of A C with Gi inhibits this enzyme and lowers the intracellular 

concentration of cAMP. Therefore, the balance of these regulatory mechanisms maintains 

a steady-state environment of c A M P . These levels are important because cAMP in turn 



activates cAMP-dependent protein kinases such as protein kinase A (PKA) which has 

numerous intracellular phosphoprotein targets. It is the phosphorylation of these protein 

targets that initiates a series of cellular events that leads to changes in cell behavior and 

function (Chang et al. 1996) 

One of these protein targets is CFTR. It is now well established that 

phosphorylation of C F T R by P K A leads to activation of this CI" channel (Steagall et al. 

1998) and consequently to an increase in epithelial CI" secretion (Montrose et al. 1999). 

Therefore, a decrease in c A M P through Gi will decrease CI' secretion. Concurrently, 

electroneutral NaCl absorption is inhibited by cAMP-dependent phosphorylation of 

NHE3 by P K A (Yun et al. 1997). Exogenous or endogenous increases in cellular levels 

of cAMP within the epithelia can concurrently stimulate CI" secretion and inhibit neutral 

NaCl absorption. Direct alterations in adenylyl cyclase activity, such as with cholera 

toxin-induced activation of Gsa or pertussis toxin-induced inhibition of Gia , 

dramatically shift this balance to one that favours secretion; infection with either of these 

agents typically leads to diarrhea. Receptor-mediated stimulation of secretion via 

increases in c A M P also occurs by endogenous hormones or peptides such as VTP and 

prostaglandins (Chang et al. 1996). Therefore, cyclic nucleotides are recognized as 

important signal transduction molecules that control intestinal absorption and secretion. 

1.4.4.1.2 Phosphatidylinositol Pathway 

Another major signalling pathway for intestinal absorption and secretion, the 

phosphatidylinositol (PI) pathway, is one that uses membrane phospholipids as substrates 
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for the generation of second messengers. Phosphatidylinositol 4,5-bisphosphate ( P I P 2 ) 

is a membrane phospholipid that serves as a substrate for phospholipase C (PLC), a 

membrane-associated enzyme activated by receptor-associated Gq G-proteins. The 

hydrolysis of Pï ï^by P L C results in the formation of two second messengers, IP3 and 

D A G , that act in bifurcating pathways (Laburthe et al. 1994). IP3 diffuses into the cytosol 

and binds to receptors located on the endoplasmic reticulum where it stimulates an initial 

release of intracellular Ca 2 + . This initial release often triggers the entrance of extracellular 

C a 2 + through Ca2+-activated Ca2+channels (Chang et al. 1996) (Figure 4). This rise in 

intracellular Ca 2 + , brought about by many hormones such as A C h and histamine (Kaunitz 

et al. 1995) can modify transport proteins, possibly through calmodulin. Calcium-

dependent calmodulin may play a key role in regulating CI" secretion (Read 1993) 

involving an unknown C a 2 + -sensitive CI" channel (Cunningham et al. 1995; Montrose et 

al. 1999; Buresi et al. 2001) or synergistic interaction with cAMP-dependent CI" secretion 

and C a 2 + -dependent basolateral K + channel (Vajanaphanich et al. 1995). Further, 

Ca may inhibit NHE3 activity in some intestinal cell lines (Bookstein et al. 1999). 

D A G , which remains associated with the plasma membrane, is a specific activator 

of P K C . Once activated, P K C translolocates from the cytosol to the plasma membrane 

where it can phosphorylate serine and threonine residues on many protein 

substrates (Figure 4). P K C may regulate paracellular permeability by phosphorylation of 

P A M R and/or TJ proteins (Turner et al. 1999; Ferro et al. 2000; Mull in et al. 2000). The 

role of P K C in intestinal absorption and secretion may be through the inhibition of 

electrogenic CI" secretion both at the apical and basolateral surfaces. Treatment of T84 
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Figure 4. Regulation of Cl" secretion by phosphatidylinositol metabolism. Ligand 

activated GPCR (Rq) signals through Gqa to activate PLC which hydrolzyes PIP2 into 

IP3 and D A G . IP3 releases intracellular Ca 2 + to either stimulate CI" secretion and/or 

inhibit NaCl absorption via inhibition of NHE3. Alternatively, D A G activates P K C to 

phosphorylate transport proteins such as basolateral K + channels or other apical transport 

proteins yet to be determined (?). Known or accepted pathways are indicated by solid 

arrows and controversial pathways by dashed arrows (adapted from (Shen et al. 1993; 

Matthews et al. 1993; Cunningham et al. 1995; Chang et al. 1996; Montrose et al. 1999; 

Bookstein et al. 1999). 
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cells with phorbol myristate acetate (PMA) inhibited cAMP-dependent CI" secretion, 

possibly through inhibitory action on basolateral K + channels (Shen et al. 1993). 

However, the regulatory effects of P K C on other electrolyte transporters are 

undetermined (Chow et al. 2000) and a concise role for P K C in intestinal electrogenic 

CI" secretion remains to be defined. 

1.4.5 Methods for Receptor Characterization 

To effectively understand the intricate signalling mechanisms that mediate 

absorption and secretion at the epithelial level, it is necessary to understand where many 

of these receptors are located. Currently, there is little accurate information 

regarding the specific location of gut receptors within the intestinal epithelium. Part 

of the difficulty in obtaining accurate receptor localization is the heterogeneous nature of 

the epithelial layer. This combined with the lack of appropriate methodologies for 

receptor characterization has hampered many attempts. The approaches and 

methodologies that are frequently used have provided information about receptor 

function, genomic sequence and structure and include measurements of biological 

activity, various biochemical approaches, molecular biology and flow cytometry. It may 

in fact be a combination of these techniques that will ultimately provide the greatest 

insights into receptors and intestinal epithelial function. 
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1.4.5.1 Bioassays 

Functional characterization of receptors can be performed using bioassays. Thus, 

the application of specific agonists and antagonists should precisely modulate the activity 

of that receptor and bring about a desired physiological effect. Agonists should therefore 

activate the receptor and initiate biological activity and an antagonist should 

competitively inhibit that activity (Miller 1999). For example, addition of ACh to 

intestinal epithelial sheets mounted in Ussing chambers should bring about a measurable 

tissue response by virtue of its binding to muscarinic receptors, i f these receptors are 

present in the mucosa-submucosa. Second, such a response should be inhibitable by the 

muscarinic antagonist atropine. This technique has provided information about the 

function of specific neurotransmitters in the gut as well as determining receptor subtypes 

but is not able to accurately locate receptors in a mixed population of cells. 

1.4.5.2 Biochemical Methods 

Notwithstanding, bioassays cannot differentiate the precise site of action. 

Characterization of receptors is often performed using biochemical methods. Ligand 

binding attributes can be determined by using radiolabeled forms of hormones or 

synthetic ligands that normally bind to their receptors (Miller 1999). Quantitative binding 

analysis, where preparations of cells are typically incubated with the radioligand with or 

without excess unlabelled drugs, can determine kinetic characteristics such as affinity 

(KD) and receptor density (Bmax). Autoradiography, where radioligand binding is 

performed on tissue slices, can be used to determine the presence of receptors within 



certain tissues. In a heterogeneous cell population such as the intestinal mucosa, this 

assay would do little to discriminate between different cell types. 

In addition, the receptor can be isolated from the tissue/cells by methods such as 

affinity chromatography or immunoprecipitation. Here, extracts of disrupted cells or 

tissue are mixed with an antibody against the antigen (receptor) that is chemically 

coupled to plastic beads in a column. When the cellular suspension is applied to the 

column, only the protein (receptor) that the antibody is directed against adheres to the 

column, which can then be eluted out (Darnell et al. 1990). However, problems with this 

technique arises when there is a low abundance of receptors in the target tissue, as is the 

case with most gastrointestinal receptors (Miller 1999). 

1.4.5.3 Molecular Biology 

The ability to purify receptors however has led to advances in determining amino 

acid sequences that can be used for the cloning of receptor cDNA. These receptors can 

therefore be cloned and, using a mammalian expression vector, expressed in eukaryotic 

cells for receptor identification purposes as described above (Laburthe et al. 1994). 

However, the expression of a cloned receptor within an individual cell, especially one 

that may not normally express the receptor and/or other associated proteins necessary for 

signal transduction, may be of little value within the context of a normal physiological 

setting. 
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1.4.5.4 Flow Cytometry 

To circumvent some of the problems associated with cellular distinction, flow 

cytometry can be used to separate and identify cells within a mixed population. Flow 

cytometry is a technology that allows the simultaneous measurement of multiple 

characteristics of a single cell. Developed in the early part of the 1900s (Jaroszeski & 

Radcliff 1999), a version of flow cytometry called a F A C S (fluorescence-activated cell 

sorter) was designed to automate the analysis and separation of cells stained with 

fluorescent antibodies or a fluorescently-tagged ligand. The FACS uses a laser beam and 

light detector to count single cells in suspension. Every time a cell passes the laser beam, 

the laser light is deflected from the detector and the signal is recorded. Those cells having 

the fluorescent tag on their surface (indicative, for example, of receptor binding) are 

excited by the laser and emit light that is recorded by a second detector system. Thus, the 

FACS can determine which and how many members of a cell population bind 

fluorescently-labelled ligands (Goldsby et al. 2000). This detection system provides 

statistical accuracy, reproducibility and allows for the simultaneous measurement of 

multiple parameters on a cell-to-cell basis. 

A limiting factor in the use of flow cytometry for analyzing receptor populations 

is the availability or lack thereof, of fluorescently-labelled probes. Difficulties in 

obtaining fluorescent probes for receptors may be in part due to the inherent difficulty in 

labelling many neuropeptides. These difficulties can be because of their low molecular 

mass or the interference of the fluorophore with the biological activity of the peptide 

(Bunnett et al. 1995). However, the importance of fluorescent biochemicals for 



pharmacological screening has led to the development of suitable probes for many 

receptor systems such as the adrenergic system. Despite some limitations, fluorescent 

probes are advantageous over conventional radioligands in that they are relatively safe, 

the results are immediate, small amounts of single live cells can be studied and the signal 

does not degrade (McGrath et al. 1996). Overall, flow cytometry offers advantages over 

other biochemical and microscopic techniques. It allows for the analysis and isolation of 

discrete populations (Villas 1998; Cunningham 1999), a property that is useful in 

determining the presence of receptors on specific cell types within the heterogeneous 

population of intestinal epithelial cells. Flow cytometry, in combination with appropriate 

biological assays, has the potential to be a very powerful tool to accurately identify 

receptors on specific populations of intestinal cells and to characterize their biological 

function within the context of the intestinal absorption and secretion. 

1.5 RESEARCH OBJECTIVES 

There is insufficient knowledge in the scientific literature regarding the 

localization of neuropeptide receptors in the intestinal epithelium. Part of the difficulty 

has been technical, i.e. lack of appropriate methods to allow for the identification of 

intestinal epithelial cells and therefore the precise localization of receptors on 

enterocytes. The development of a novel intestinal cell isolation technique in combination 

with flow cytometry can be used to facilitate receptor identification in multiple animal 

species. Knowledge of receptor location can then be used to determine receptor function 
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on intestinal absorption and secretion using functional, biochemical and molecular 

biology techniques. The combination of these approaches in physiological research is 

powerful. Changes in adrenergic receptor populations in association with intestinal 

pathology may correlate with alterations in epithelial absorption and/or secretion; these 

changes can be determined using the approaches discussed above. Knowledge of 

alterations at the cellular level may eventually be useful in precise receptor-targeted 

therapy to treat intestinal disorders such as diarrhea. 

The research objectives of this study were: 

1. To accurately determine the distribution of adrenergic, dopamine and 

histamine receptors on enterocytes and IELs along the crypt-villus axis of the guinea pig 

jejunum. 

2. To test the hypothesis that adrenergic denervation up-regulates adrenergic 

receptors on enterocytes isolated from the proximal small intestine and alters the 

adrenergic regulation of epithelial function. 

3. To test the hypothesis that up-regulation and activation of adrenergic receptors 

in the denervated small intestine inhibits Cl'secretion via PKC-dependent inhibition of 

C1C-2 chloride channels. 



2. EPITHELIAL DISTRIBUTION OF NEURAL RECEPTORS IN THE 

GUINEA PIG S M A L L INTESTINE 
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2.1 INTRODUCTION 

The transport of water, electrolytes and nutrients across the intestinal epithelium 

is regulated by neural pathways, paracrine modulators, circulating hormones and luminal 

factors (Diez-Sampedro et al. 1998). It is well known that neural and paracrine 

modulation of intestinal transport may be altered by adrenergic and peptidergic agents 

such as dopamine, epinephrine and histamine (Cooke et al. 1984; Hubel et al. 1989; 

Hubel 1989; Sellin 1998; Montrose et al. 1999). Endogenous catecholamines decrease 

Isc, when applied to stripped epithelial sheets (Field & McColl 1973; Williams et al. 

1990; Hildebrand & Brown 1992). This response is the result of increased sodium and 

chloride absorption brought about by adrenergic receptor activation (Butcher et al. 1987; 

Hildebrand et al. 1992; Barry et al. 1994a; Ishikawa et al. 1997). Dopamine, a metabolic 

intermediate in the formation of epinephrine and norepinephrine (Eisenhofer et al. 1997) 

has similar pro-absorptive affects on rabbit and rat small intestine through its interaction 

with both dopamine and adrenergic receptors (Donowitz et al. 1982; Donowitz et al. 

1983; Wahawisan et al. 1985; Ahsan et al. 1988; Barry et al. 1995; Vieira-Coelho & 

Soares-Da-Silva 1998). Histamine on the other hand acts as a secretagogue and increases 

Isc by eliciting electrogenic chloride secretion (Cooke et al. 1984; Russell 1986). 

The intestinal mucosa is extensively innervated by sympathetic fibers and 

numerous immune cells are present within the lamina propria. It is therefore plausible 



that agents such as catecholamines are interacting with receptors directly on epithelial 

cells. However, the epithelium of the small intestine is a heterogeneous population of 

cells that includes enterocytes, IELs, enteroendocrine cells and Paneth cells. 

Pharmacological attempts to characterize and identify adrenergic, dopamine and 

histamine receptors within the epithelium of the digestive system, although numerous 

(Hernandez et al. 1987; Lepor et al. 1990; Paris et al. 1990; Hildebrand et al. 1992; 

Marmon et al. 1993; Valet et al. 1993; Khan et al. 1995; Roberts et al. 1997; Anthony et 

al. 1998) but have told us little about receptor localization. 

Techniques such as radioligand binding and immunohistochemistry have been 

used to characterize receptor populations within intestinal tissue. Hernandez and 

colleagues (Hernandez et al. 1987) applied H3-dopamine to tissue homogenates from 

human volunteers to show the presence of dopamine receptors in duodenal mucosa. The 

presence of dopamine^ receptors and m R N A localization to the base of intestinal crypts 

was confirmed using intestinal homogenates and tissue sections, respectively (Marmon et 

al. 1993). Comparable techniques were used to reveal the presence of CI2-adrenergic 

receptors in the porcine jejunal sübmucosa (Lepor et al. 1990; Hildebrand et al. 1992). 

Immunohistochemical localization of P- adrenergic receptors to the human intestinal 

mucosa (Anthony et al. 1998) and radioligand binding of A2-receptors to rat jejunal crypt 

epithelial cells (Paris et al. 1990) did not allow for cellular discrimination within the 

epithelium. 

While research into the involvement of receptor-mediated alterations in intestinal 

function and homeostasis is extensive, the cell-specific localization of receptors is 



lacking. Whether these transmitters are acting directly upon the enterocyte is vague 

and evidence linking pharmacological responses is based on indirect functional, 

radioligand-binding and/or immunocytochemical techniques. Therefore the precise 

localization of adrenergic, dopaminergic and histamine receptors within the mucosa of 

the small intestine needs to be identified. We have previously used a novel intestinal cell 

isolation technique in conjunction with flow cytometry to determine the presence of 

opioid receptors in the guinea pig jejunum (Lang et al. 1996). This combined approach 

allowed for the precise identification of u- and ô-types of opioid receptors on crypt 

enterocytes isolated from the heterogeneous population of intestinal epithelial cells. In 

this study, we describe the epithelial distribution of adrenergic, dopamine and histamine 

receptor along the crypt-villus axis in the guinea pig jejunum. The presence of these 

neuropeptide receptors on cells within the epithelium suggests that they play a significant 

and direct role in the modulation of intestinal physiology. 

2.2. MATERIALS & METHODS 

Experiments were performed on adult male guinea-pigs (750 - 900 g) that were 

purchased from Charles River (St. Constance, Quebec, Canada). The animals had a 

minimum of one week to acclimatize to the housing facilities at the University of Calgary 

before experiments were conducted. The guinea pigs were kept on a 12 hour light:dark 

cycle and had free access to food and water. Al l experiments were conducted according 



to the guidelines of the Canadian Council on Animal Care (Canadian Council on 

Animal Care 1984). 

The fluorescently-labelled probes B O D I P Y (borate dipyrromethene) F L prazosin 

(ai-adrenergic), BODIPY F L CGP 12177 (4-(3-tertiarybutylamino-2-hydroxypropoxy> 

benzimidazole-2-on hydrochloride) (p-adrenergic), B O D I P Y F L S C H 23390 (i?-[+]-7-

chloro-8-hydroxy-3-methyl-l-phenyl-2,3,4,5-tetrahydro-l//-3-benzazepine)(dopamine 

Di) , BODIPY FL NAPS (N-(p-aminophenethyl) spiperone) (dopamine D 2 ) and 

histamine-fluorescein were obtained from Molecular Probes Inc. (Eugene, OR). A l l of the 

fluorescent probes were dissolved in dimethylsulphoxide (DMSO) except histamine-

fluorescein, which was dissolved in H 2 0. The final concentration of D M S O did not 

exceed 0.1%. Al l other chemicals were purchased from Sigma-Aldrich Co. (St. Louis, 

MO) unless otherwise indicated. 

2.2.1 Intestinal Epithelial Cell Isolation 

Intestinal epithelial cell isolation was performed as previously described (Lang et 

al. 1996). Briefly, segments of proximal intestine (~ 25cm) were harvested from non-

fasted guinea pigs that had been euthanized by intraperitoneal injection of Somnotol 

(sodium pentobarbitone, 0.2mg/kg). The intestinal segment was immediately flushed with 

20 ml of warm (37 °C) phosphate buffered saline (PBS, m M : NaCl , 137; Na 2 HP0 4 , 8.16; 

KH2PO4, 1.47; KC1, 3.22; pH, 7.4), cannulated and filled with oxygenated citrate buffer 

(mM: NaCl, 96; NasCgHsOv, 27; KC1, 1.5; K H 2 P 0 4 , 8; Na 2 HP0 4 , 5.6; 

phenylmethylsulphonyl fluoride (PMSF), 40 \xM/ ml; pH, 7.4) to a pressure of 50 cm 



H 2 O . The segment was immersed in 37 C NaCl (0.15M) for 15 minutes, the luminal 

fluid discarded, refilled in the same manner with oxygenated buffer containing E D T A 

(mM: NaCl, 109; KC1, 2.4; K H 2 P 0 4 , 1.5; N a 2 H P 0 4 , 4.3; E D T A , 1.5; glucose, 10; 

glutamine, 5; dithiothreitol, 0.5 and PMSF, 40 u M / ml). The intestinal segment was again 

immersed in 0.15M NaCl. The luminal contents were collected by drainage at specified 

time intervals (villus: 5, 10, 15 and 20 minute collections; crypt: final collection at 57 

minutes) to obtain villus and crypt cell populations as previously characterized. 

Once isolated, the villus and crypt cell fractions were pelleted by centrifugation 

(600 R P M for 5 minutes) and rinsed twice with ice cold Krebs buffer (mM: NaCl, 115; 

KH2PO4, 2; M g C l 2 , 2.4; N a H C 0 3 , 25; K C L , 8; CaCl 2 , 1.3; pH, 7.4). After the second 

wash, the pellet was reconstituted with 1 ml of Krebs buffer containing 25 ul of DNAse 

(Boerhringer Mannheim, Indianapolis, IN) (from a stock concentration of 10 mg/ml) and 

incubated for 30 minutes at room temperature. The cells were again rinsed twice in ice-

cold Krebs and filtered through 30uM nylon mesh (Small Parts Ine, Miami Lakes, FL). 

Cells were brought to a final volume of 500ul in Krebs buffer and kept on ice until 

binding experiments were performed. 

2.2.2 Receptor Binding and Flow Cytometric Analysis 

Cells were distributed as 10 uL aliquots into 5ml polystyrene Falcon® tubes 

(Becton Dickinson Labware, Franklin Lakes, NJ). Whole cell suspensions were first 

incubated in buffer followed by incuation in a light-protected environment for 45 minutes 

at room temperature with fluorescently labelled probes for oti- and P-adrenergic 
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(BODIPY F L prazosin and BODIPY F L CGP 12177, respectively), dopamine D i and 

D 2 (BODIPY FL SCH 23390 and BODIPY F L NAPS, respectively) or histamine 

(histamine-fluorescein) receptors. Total binding, or the percentage of cells that bind to the 

fluorescently-labelled ligand, was determined for each receptor type by incubating the 

cells with increasing concentrations of the fluorescent probe. The lowest concentration of 

the fluorescently-labelled ligand that gave maximal binding was used for all experiments 

and calculations. These concentrations were: BODIPY F L prazosin, 4u.M; B O D I P Y F L 

CGP 12177, 0.7-10 u M ; BODIPY F L SCH 23390, 0.6 u M ; B O D I P Y F L N A P S , 0.5 u M ; 

histamine-fluorescein, 10 uM. 

To examine specific binding sites, we evaluated the ability of specific receptor 

agonists or antagonists to prevent binding of the fluorescently-labelled probes. This was 

achieved by pre-incubating the cells with excess unlabelled ligand for 30 minutes at room 

temperature followed by incubation with the fluorescent probe for 45 minutes. The agents 

used were prazosin (a i-adrenergic antagonist) (Molecular Probes Inc., Eugene, OR), 

propranolol (P-adrenergic antagonist), dopamine (dopamine D i and D 2 agonist), 

diphenhydramine (histamine Hi antagonist) and cimetidine (histamine H 2 antagonist); all 

of these agents were used at a concentration of ImM. Thus, cells were pre-treated with 

buffer (total binding) or with ImM unlabelled ligand (nonspecific) followed by 

incubation with the fluorescent probes. Specific binding was determined as the difference 

between total binding and nonspecific binding and taken to represent the presence of 

receptor binding sites (Lang et al. 1996). Controls include incubating the cells with buffer 

(background fluorescence), incubating with unrelated ligands to ensure specificity and 



incubation with the unlabeled ligands in the absence of any probe. As an additional 

positive control and further validation for this protocol, histamine binding experiments 

were conducted on peripheral blood neutrophils isolated from human volunteers, as 

histamine H 2 receptors have been previously characterized on this cell type (Petty & 

Francis 1986). 

Once the binding experiments were complete, the cells were washed three times 

with Krebs buffer, brought to a final volume of 500ul and 10,000 cells/tube were 

acquired and analyzed using a Becton-Dickinson FACScan (Becton Dickinson 

Immunocytometry Systems, San Jose, CA). The cells were analyzed such that 

approximately 3-5% of the control value was above background fluorescence. 

2.2.3 Statistical Analysis 

Statistical comparison of more than two groups was performed using the Kruskal-

Wallis analysis of variance ( A N O V A ) with Dunn's multiple comparison post-test. In all 

cases, a P value of < 0.05 was considered to be significant. Graphs were generated using 

GraphPad Prism, version 3.00 (GraphPad Software, Inc., San Diego CA) . A l l values are 

expressed as means ± S E M and reflect the percentage of cells with displaceable binding. 



2.3 RESULTS 

2.3.1 Cell Isolation 

The villus and crypt fractions obtained from our cell isolation protocol have 

previously been characterized using specific markers such as alkaline phosphatase and 

sucrase activity (villus tip) and bromodeoxyuridine incorporation (crypt) (Lang 1995). 

Therefore, villus and crypt cell fractions represent relatively pure populations of cells. 

Further, flow cytometric analysis of cells isolated from the small intestine of the guinea 

pig revealed two populations of villus and crypt epithelial cells (Figure 5). The dot plot 

represents single cells that can be grouped and identified based on their cell size (FSC-H) 

and cell granularity (SSC-H). In this type of graph, each dot depicts light signal from a 

single cell. The larger, more granular cells are enterocytes and smaller, less granular cells 

are IELs. Enterocytes and IELs from both of these regions have been previously 

characterized as enterocytes and IELs based on other known physiological markers (Lang 

1995; Lang et al. 1996). Therefore cells gated from these regions were analzyed for their 

receptor binding characteristics as either enterocytes or intraepithelial lymphocytes. 

2.3.1 Neuropeptide Binding 

To determine the presence of receptors on intestinal epithelial cells, we used 

unlabelled agonists and antagonists to prevent (displace) the binding of the fluorescently-

labelled probes. Figure 6 is an example of displaceable binding of B O D I P Y F L N A P S by 

dopamine and shows an overlay of three flow cytometry histograms depicting total, 

nonspecific and background fluorescence. 
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Figure 5. Dot plot of intestinal epithelial cells isolated from the guinea pig small 

intestine. The forward scatter of light (FSC-H) is a measure of increasing cell size and the 

side scatter of light (SSC-H) is a measure of increasing cell granularity. The boxes, ENT 

and IEL, are drawn to encompass the cells that have previously been determined to 

represent enterocytes and intraepithelial lymphocytes, respectively. A l l subsequent 

binding experiments were conduced from cells within these regions. 
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Figure 6. Overlay of three flow cytometry histograms depicting A . background, B. 

nonspecific and C. total fluorescence on intestinal epithelial cells following incubation of 

the cells with B O D I P Y F L NAPS (C) and dopamine + BODIPY F L N A P S (B). F L 1 - H (x 

axis) is the fluorescence in log units and Events (y axis) is the number of events or cells. 

Specific binding in this study refers to the difference between total (C) and nonspecific 

(B) binding. 
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2.3.2.1 Histamine Receptors 

Binding properties of histamine-fluorescein to neutrophils were tested first. 

Binding of histamine-fluorescein to human neutrophils was almost completely prevented 

by both histamine and cimetidine, a specific H 2 receptor antagonist (Figure 7). Here, 

binding was prevented on 79.78% + 7.99 (histamine) and 95.64% ±1.54 (cimetidine) of 

the cells. The ability of benztropine to prevent histamine-fluorescein binding was also 

tested. Benztropine, an anticholinergic agent, was unable to prevent histamine-fluorescein 

binding. Diphenhydramine, a specific H i receptor antagonist, was also unable to displace 

histamine-fluorescein binding, indicating that human peripheral blood neutrophils do not 

have histamine Hi receptors but have histamine H 2 receptors. In both of these cases, 

displaceable binding by these ligands was less than 10%. This percentage of specific 

binding by benztropine and diphenhydramine was significantly lower when compared to 

both histamine- and cimetidine-displaceable binding on neutrophils. This further attest to 

the specificity of the displaceable binding by both histamine and cimetidine. 

The displacement of histamine-fluorescein by unlabelled ligands directed against 

either histamine H i or H 2 receptors was not evident on any cell types isolated from the 

guinea pig jejunum. In all cases, displaceable binding was insignificant, occurring on less 

than 10% of villus and crypt enterocytes and IELs (Figure 8). This lack of specific 

binding indicates that few histamine H i or H 2 receptors are present on the epithelial cells 

identified in this study. 
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Figure 7. Percent reduction of histamine-fluorescein binding to human neutrophils by 

unlabelled ligands. Binding of histamine fluorescein to neutrophils was reduced by 79.78 

±7.99% by histamine and 95.64 ±1.54 by cimetidine. Reduction in binding by either 

benztropine (an anticholinergic) or diphenhydramine (Diphen) was minimal and in both 

cases was <10%. * P < 0.05 compared to benztropine and Diphen. Results are expressed 

as mean ± S E M and n = 1-6. 
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Figure 8. Percent reduction in histamine-fluorescein binding to A . villus and B. crypt 

enterocytes and IELs by displacement with histamine H i and H 2 ligands. In all cases, the 

percent reduction by histamine, cimetidine and diphenhydramine (Diphen) was less than 

10%. Results are expressed as mean ± S E M , n = 5-9. 



2.3.2.2 Dopamine Receptors 

Dopamine receptor binding was assessed in isolated villus and crypt enterocytes 

and IELs using the fluorescent D i and D 2 ligands BODIP F L SCH 23390 and B O D I P Y 

F L N A P S . Specific binding analysis revealed that both villus and crypt enterocytes and 

IELs have dopamine D i receptors. Here, unlabelled dopamine was able to displace 

B O D I P Y F L S C H 23390 on approximately 70 and 80% of enterocytes and approximately 

25 and 50% of IELs (Table 1), thereby indicating that both of these cell types isolated 

from the jejunum have dopamine D i receptors. Dopamine was also able to prevent the 

binding of B O D I P Y F L N A P S to villus and crypt enterocytes and IELs (Table 1) on 

approximately 80% (enterocytes) and 50% (IELs), respectively. Taken together, this data 

indicates that dopamine receptors belonging to the D i and D 2 classes are present on villus 

and crypt enterocytes and IELs from the guinea pig jejunum. 

2.3.2.3 Adrenergic Receptors 

The presence of a i-adrenergic receptors was determined by the reduction of 

binding of B O D I P Y F L prazosin by the unlabelled ai-adrenergic antagonist prazosin. At 

a concentration of ImM, unlabelled prazosin was able to prevent the binding of 4 p M of 

B O D I P Y F L prazosin on approximately 20% of enterocytes and between 45 and 60% of 

IELs (Figure 9A), indicating the presence of ai-adrenergic receptors on these epithelial 

cells. Based on this, it is concluded that a higher proportion of villus and crypt IELs has 

ai-adrenergic receptors when compared to enterocytes. 



Table 1. Percentage of intestinal epithelial cells from the guinea pig jejunum with 

dopamine Di and D 2 receptors 

VILLUS 
ENT IEL 

CRYPT 
ENT IEL 

D, 67.7 ± 9 (n=3) 25.1 ± 18.6 (n=3) 80.8 ± 12.5 (n=3) 50.9 ± 15(n=3) 

D 2 84.9 ± 5.3 (n=2) 50.1 ± 14(n=2) 80.1 ±8 .5 (n=2) 55.8 ± 8.6 (n=2) 

Abbreviations: ENT, enterocyte; IEL, intraepithelial lymphocyte; D i , dopamine D i 

receptor; D 2 , dopamine D 2 receptor. Results are expressed as mean ± SEM and represent 

the percentage of cells exhibiting displaceable binding. 
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Figure 9. Adrenergic receptor distribution on enterocytes (black bars) and IELs (grey 

bars) from the guinea pig jejunum. A. ai-adrenergic receptors were on 16.3 ± 10.1% and 

18.75 + 13.34% villus and crypt enterocytes and 60.4 ±21.9% and 44.35 ± 18.84% villus 

and crypt IELs, respectively. B. More enterocytes (37.56 ± 21.04% and 43.21 ± 6.41%, 

villus and crypt) than IELs (8.46 + 8.46% andl4.19±14.13%, villus and crypt) have 0-

adrenergic receptors. Results are expressed as mean ± S E M , n = 3-4. 



In contrast, 3-adrenergic receptors are found on more enterocytes than IELs. 

Propranolol was able to displace binding of BODIPY F L C G P 12177 on approximately 

37.56 ± 21.04% and 43.21 + 6.41% villus and crypt enterocytes, respectively (Figure 

9B). Fewer IELs, when compared to the enterocytes, have 3-adrenergic receptors. Here, 

propranolol was able to displace BODIPY F L CGP 12177 binding on only 8-14% of 

villus and crypt IELs. To ensure specificity of displacement of B O D I P Y F L CGP 

12177 by propranolol, the ability of benztropine to displace the probe was tested. 

Benztropine was unable to displace the fluorescently-labelled |3-adrenergic probe, with 

specific binding occurring on between 0 and 8.03 ± 6% for all cells types (Figure 10). 



100n 
69 

o 
C 8CH 
O) 

c 

ri » CQ = 
.2 o 
ra 

È 
Q. 

60-

40-

20-

ENT IEL 

Villus Crypt Villus 
Fraction 

Crypt 

Figure 10. Displacement of B O D I P Y F L CGP 12177 binding by benztropine. The 

displacement of the 3-adrenergic receptor probe by benztropine was between 0 and 8% 

for villus and crypt cells, indicating the specificity of binding displacement by 

propranolol. Values are expressed as mean ± S E M ; n = 2-3. 



2.4 DISCUSSION 

It has been previously shown that opioid receptors are present on approximately 

21% of crypt enterocytes and that cAMP production in this cell population could be 

reduced with selective p- and 5-receptor agonists (Lang et al. 1996). The results of this 

study provided some of the first evidence that there is direct regulation of intestinal 

function via opioid receptors located on discrete populations of cells within the 

epithelium. In that study, we modified a previously characterized cell isolation technique 

and used flow cytometry to assess receptor-binding characteriztics in villus and crypt 

epithelial cells. The combination of those techniques accurately identified opioid 

receptors on a single population of epithelial cells and in this present study, further 

defined the epithelial distribution of several groups of neuropeptide receptors. For the 

first time, it has been demonstrated that there are dopamine D i and D 2 , a i - and (¾-

adrenergic, but not histamine H i or H 2 , receptors on enterocytes and IELs isolated from 

the guinea pig jejunum. 

Histamine receptors have previously been shown to be present on human 

peripheral blood neutrophils using fluorescein-conjugated histamine at a concentration of 

10 p M to label the cells (Petty & Francis 1986). This fluorescent label could be 

completely abrogated by 100-fold excess of histamine and ImM cimetidine, but not 

diphenhydramine, indicating the specificity of the binding for histamine H 2 receptors. 

Using histamine-fluorescein and flow cytometry, we have obtained similar results with 

human peripheral blood neutrophils. Using this technique, binding of the fluorescent 

probe was almost completely inhibited by excess levels of both histamine and cimetidine. 



These findings otained here further exemplify the appropriateness of our cell binding 

technique in the identification of receptor populations on individual cells. 

Histamine, which is primarily released by mast cell upon their stimulation, is 

abundant in the small intestine of many species (Rangachari 1992). Histamine has been 

shown to increase baseline Isc in flat sheet preparations of guinea pig jejunual and ileal 

mucosa due to an increase in active CI- secretion (Russell 1986; Cooke et al. 1984). 

Therefore, it has long been thought that histamine receptors present on cells within the 

epithelium are directly involved in regulating intestinal secretion. Evidence in support of 

this has come from selective inhibition of histamine-induced increases in Isc. The 

mucosal response to histamine has been shown to be partially insensitive to tetrodotoxin 

suggesting both non-neuronal involvement and direct mucosal action (Cooke et al. 1984). 

However, the response to histamine is also abated by the inhibition to cyclooxygenase, 

suggesting that CI" secretion induced by histamine is mediated through an increased 

production of prostaglandins (Hardcastle & Hardcastle 1988; Rangachari 1992). In line 

with this, the results presented here show that there are few H i and H 2 receptors on 

enterocytes from the guinea pig jejunum. Thus, the actions of histamine on intestinal ion 

secretion are unlikely to be at the enterocyte level but may involve the secondary release 

of secretagogues such as prostaglandins. 

In contrast, the results described here show that there are dopamine D i and D 2 

receptors on villus and crypt enterocytes from the guinea pig jejunum. The classes of 

dopamine receptors have opposing actions on adenylyl cyclase and the generation of 

cAMP (Vaughan et al. 2000); D i activates adenyly cyclase whereas D 2 inhibits the 



enzyme. There is considerable functional evidence to suggest that dopamine, which is 

produced in substantial quantities by the gastrointestinal tract (Eisenhofer et al. 1997), 

exerts potent anti-secretory activities in the intestine. Dopamine has been shown to 

increase absorption in both in vivo (Sjòvall et al. 1984; Donowitz et al. 1983; Wahawisan 

et al. 1985; Barry et al. 1995) and in vitro models (Donowitz et al. 1982) and receptors 

for dopamine have been localized to the intestinal mucosa (Hernandez et al. 1987). 

Further analysis had demonstrated that dopamine DIA receptors are primarily found at the 

base of intestinal crypts (Marmon et al. 1993) but a more recent study found protein 

immunoreactivity throughout the villi and crypt epithelium (Vaughan et al. 2000). 

Further support for the presence of dopamine receptors on both the villus and crypt cells 

comes from a study examining c A M P production. Dopamine, acting through D i 

receptors, increases cAMP levels and, acting through D 2 receptors, decrease cAMP in 

both cell fractions (Sáfsten & Flemstròm 1993). Thus, the results reported here provide 

concrete evidence for the existence of dopamine receptors on villus and crypt 

enterocytes. 

Dopamine can interact with its own receptors as well as with adrenergic receptors 

to augment absorption (Barry et al. 1995; Vieira-Coelho & Soares-Da-Silva 1998). 

Although the adrenergic regulation of epithelial function is well established, it is less 

clear whether the pro-absorptive response to catecholamines such as N E and Epi has its 

roots within the epithelial layer. Through various functional in vivo studies it is suggested 

that both a- and (3-adrenergic receptors mediate transport (Barry et al. 1994a; Barry et al. 

1994b; Vieira-Coelho & Soares-Da-Silva 1998; Diez-Sampedro et al. 1998). Further, a 



preponderance of evidence suggests that c<2-adrenergic receptors are present in the 

intestinal epithelium (Lepor et al. 1990), particularly crypt cells (Paris et al. 1990; Valet 

et al. 1993). The distribution of both c<i- and p-adrenergic receptors on the other hand is 

poorly characterized. There is some evidence to suggest that P-adrenergic receptors are 

present in the colon (Roberts et al. 1997) and small intestine (Anthony et al. 1998) but the 

epithelial distribution was not addressed in either study. This study has shown that 3-

adrenergic receptors are on approximately 40% of villus and crypt enterocytes. The 

function of these receptors may be in regulating nutrient absorption. Several 

investigations have linked 3-adrenergic receptor activation to either an increase in 

glucose transport through the phosphorylation of SGLT-1 (Ishikawa et al. 1997) or 

inhibition of amino acid absorption (Kreydiyyeh 1997). These observations, combined 

with the results presented here, strongly suggest that sympathetic agonists may be acting 

to alter nutrient absorption through direct stimulation of the intestinal mucosa via 

enterocyte 3-adrenergic receptors. 

In contrast to 3-adrenergic receptors, fewer enterocytes have ai-receptors, only 

about 20%. The role of ai-receptors in intestinal electrolyte absorption is unclear and 

evidence for the presence of epithelial ai-adrenergic receptors remains vague. Few 

studies have focused on a role for this receptor in mediating absorption and secretion but 

one did indicate that oa-adrenergic receptors may be in part responsible for the dopamine-

induced pro-absorptive response in canine ileum (Barry et al. 1995). Here, we describe 

the presence of ai-receptors on a small population of enterocytes from the guinea pig 
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jejunum. Whether this adrenergic receptor subtype plays a significant role in intestinal 

epithelial physiology remains obscure and will be the focus of future investigations. 

Neural receptors were also characterized on another population of cells within the 

epithelium, IELs. Approximately 50% of villus and crypt IELs have dopamine as well as 

ai-adrenergic receptors, an observation that has not been described to date for this cell 

type. IELs are an enigmatic population of intestinal mucosal cells that are in a prime 

anatomical position to interact with and respond to other types of epithelial cells. 

Lymphoid tissue of the gut is innervated by peptidergic nerves (Qian et al. 2001) and 

there is mounting evidence that the immune and nervous systems can communicate 

extensively to form the mucosal-neuroimmune axis (Goode et al. 2000). 

Neurotransmitters such as dopamine (Levite et al. 2001); (Saha et al. 2001), morphine 

(Wang et al. 2001) and norepinephrine (Swanson et al. 2001) can significantly modulate 

the responses of peripheral lymphocytes through direct action on specific receptors. 

Receptors for dopamine (Ricci et al. 1995; Ricci et al. 1997b; Ricci et al. 1997a) and ófi-

adrenergics (Tayebati et al. 2000) have been clearly demonstrated in peripheral blood 

lymphocytes. Correlation between receptor activation and lymphocyte stimulation has 

been shown to have diverse outcomes such as lymphocyte differentiation (Swanson et al. 

2001), cellular adhesion (Levite et al. 2001) and apoptosis (Josefsson et al. 1996). IELs 

therefore do have the potential to respond to a variety of neural, endocrine and paracrine 

factors including vasoactive intestinal peptide (VIP), substance P (SP) (Croitoru et al. 

1990), somatostatin (ten Bokum et al. 2000). However, there is far less known about the 

biology of gastrointestinal T lymphocytes (Trejdosiewicz 1992) compared with immune 



cells in the periphery. The results presented here suggest that intestinal IELs, owing to 

the presence of dopamine and adrenergic receptors, may be functioning in a similar 

manner as peripheral lymphocytes by responding to mediators released either from the 

epithelium or closely associated nerves. It is interesting to speculate that the distribution 

of dopamine and adrenergic receptors on these cells within the epithelium may in fact 

provide reciprocal regulatory signals necessary for intestinal homeostasis by helping to 

coordinate immune and secretory functions. 

This study accurately describes the cellular distribution of receptors on villus and 

crypt ENTs and IELs within the intestinal epithelium of the guinea pig jejunum. The 

results presented here expand upon previous reports on the tissue-specific (but not cell-

specific) localization of neuropeptide receptors in the gastrointestinal tract. The presence 

of these receptors suggests that there is direct modulation of epithelial function from 

agents such as dopamine and Epi, a notion that previous to this had been only 

functionally characterized. The combination of the techniques used in this study with in 

vivo or in vitro models of intestinal secretion may further serve to enhance our 

understanding of intestinal physiology. Further, isolated intestinal cells in conjunction 

with flow cytometry can be used to examine pathological changes in receptor 

distribution. It is has long been speculated that adrenergic receptor upregulation in the 

intestinal epithelium forms the basis for adrenergic denervation hypersensitivity in 

animals models of diabetes (Change et al. 1986b) but this has never been tested directly. 

In future studies, we plan to examine changes in adrenergic receptor population on 

enterocytes following sympathetic denervation using the methods of receptor 



identification described hère Accurate comparisons of receptor distribution with the 

appropriate bioassays during both normal and pathological conditions may eventually 

lead to new and novel site-directed targets to treat disorders where there is aberrant 

intestinal secretion. 



3. A C U T E DENERVATION ALTERS T H E EPITHELIAL RESPONSE T O 

ADRENERGIC STIMULATION THROUGH INCREASED cu-

ADRENOCEPTORS ON VDLLUS ENTEROCYTES 
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3.1 INTRODUCTION 

The mucosal epithelium lining the small intestine is a vast surface area that aids in 

the barrier function of the gut and participates in the absorption of nutrients and the 

maintenance of water and electrolyte transport. The regulatory mechanisms of intestinal 

absorption and secretion are elaborate and under physiological conditions, the gut is able 

to maintain homeostatic control through input from epithelial cells, intestinal smooth 

muscle, mesenchymal and immune cells and the autonomic nervous system (Hubel 1989; 

Chang & Rao 1994). Sympathetic innervation to the small intestine is extensive and 

adrenergic fibers are present in the ganglionic layers, lamina propria and epithelium. 

Adrenergic innervation plays a major role in the regulation of fluid and electrolyte 

transport by providing tonic inhibition of secretory fluxes and mediating a pro-absorptive 

response via adrenergic receptors, possibly within the enteric nervous system and/or on 

the epithelium itself (Oishi & Sarr 1995). It is thought that sympathetic stimulation, either 

through the release of endogenous catecholamines or the experimental application of 0£i-

adrenergic agonists and dopamine (Barry et al. 1994a; Vieira-Coelho & Soares-Da-Silva 

1998), alters electrolyte movement through the enhancement of N a + and CI" absorption 

and/or the inhibition of CI" and HCO3' secretion. Adrenergic neurotransmitters such as 

N E are released following neurally evoked CI* secretion, which ultimately serves to 



decrease the secretory response (Carey & Zafirova 1990). Thus, it was proposed by 

Carey and Zafirova (Carey & Zafirova 1990) that adrenergic innervation acts as a 

sympathetic brake to curb the secretory response to endogenous neurotransmitters such as 

ACh. Regardless of the mechanism, the effects of sympathetic stimulation on gut 

function are ultimately brought on through interaction with members of the adrenergic 

family of receptors. 

3.1.1 oi-Adrenergic Receptors 

Adrenergic receptors are all G P C R that bring about central and peripheral 

physiological responses through interaction with the sympathetic agents Epi and N E . 

They can be grouped into three subcategories based on their affinities for agonists and 

antagonists, coupling to signaling pathways and structure (Garcia-Sáinz et al. 2000) and 

adrenergic receptors include three subfamilies: ai- , a 2 - and 3-adrenergic receptors. 

Currently the adrenergic receptor family now includes as many as nine different gene 

products (Cotecchia et al. 1998) but historically, a and (¾ adrenoceptors were initially 

described on the basis of rank order of potency for a series of agonists. Here, the potency 

series for a-adrenergic receptor is Ep i>NE»PE»isopro te rano l (ISO) and for p 

adrenoceptors is I S O > E p i > N E » P E (Docherty 1998). 

a-Adrenergic receptors are one of the most widely studied family of receptors 

because of their major physiological importance (Docherty 1998). O Í I - and a2-adrenergic 

receptors can be subdivided with a i A - , « I B , « I D and possibly CXIL receptors making up the 

ai-adrenergic receptor family and a 2 A - , «2B and a 2c making up a 2 -adrenergic receptor 
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family. Further, oíi-and c<2-adrenergic receptors can be distinguished on the basis of 

their known pharmacological specificity. ai-Adrenergic receptors are selectively 

activated by phenylephrine (PE) and inhibited by the antagonist prazosin. a2-Adrenergic 

receptors are activated by clonidine and inhibited by yohimbine (Michelotti et al. 2000). 

Currently, there are no selective pharmaological tools to allow for further characterization 

of a i or o(2-adrenergic receptor subtypes. 

a-Adrenergic receptors can also be classified according to their predominant 

second messenger systems. a2-Adrenergic receptors negatively couple to adenylyl 

cyclase via Gi proteins to reduce cAMP levels. ai-Adrenergic receptors on the other hand 

activate a wide variety of second messenger systems but predominantly, ai-adrenergic 

receptors couple of P L C via members of the Gq family of G proteins to generate the 

second messengers IP3 and DAG. a 1-Adrenergic receptors have a wide distribution in the 

body including the brain, heart, smooth muscle, liver (Zhong & Minneman 1999), gall 

bladder, gut (Pelckmans et al. 1990; Michelotti et al. 2000), kidney and spleen (Cotecchia 

et al. 1998). While the physiological response to a 1-adrenergic stimulation is equally as 

varied, these receptors are important in maintaining tissue homeostasis. ai-Adrenergic 

receptors can activate mitogenic responses (Zhong & Minneman 1999), mediate 

neurotransmission (Cotecchia et al. 1998), affect smooth muscle contraction (Pelckmans 

et al. 1990), regulate of water and electrolyte metabolism, modulate of hepatic 

metabolism (Garcia-Sáinz et al. 1999) and possibly participate in liver regeneration 

(Michelotti et al. 2000). 



Adrenergic receptors in the small intestine mediate a variety of physiological 

responses including smooth muscle relaxation (Fox & Bass 1986) and modulation of 

electrolyte transport (Lucas-Teixeira et al. 2000). Here, all three adrenergic receptor 

subtypes may be involved. Several investigations have linked p-adrenergic receptor 

activation to either an increase in glucose transport (Ishikawa et al. 1997) or inhibition of 

amino acid absorption (Kreydiyyeh 1997). Both AI-and C<2-adrenergic receptors have 

been implicated as vital regulators of absorption and secretion. The effect of a.2-

adrenergic stimulation and receptor distribution in the intestinal epithelium is well-

characterized (Lepor et al. 1990; Paris et al. 1990; Williams et al. 1990; Hildebrand & 

Brown 1992; Liu & Coupar 1997; Vieira-Coelho & Soares-Da-Silva 1998) and there is 

clear indication that A2-receptor activation is proabsorptive. 

AI-Adrenergic regulation of intestinal function on the other hand is less well 

defined and experimental evidence has been contradictory. Some invesitgators have not 

been able to demonstrate an effect for CO -receptor activation in intestinal absorption and 

secretion (Chang et al. 1982; Liu & Coupar 1997). However, data from another lab 

clearly demonstrated an CO-adrenergic effect. Several in vivo functional studies in dogs 

have indicated that AI-activation, like C<2-receptor activation, is proabsorptive and/or 

antisecretory (Barry et al. 1993; Barry et al. 1994b; Barry et al. 1994a). Based on such 

inconsistent data, evidence of a clearly defined role for CO-adrenergic receptors and 

intestinal water and electrolyte secretion is lacking and needs to be described. 

CO-Adrenergic regulation may be crucial when sympathetic innervation to the gut 

is disrupted. Sympathetic innervation to the gastrointestinal tract in vital in maintaining 
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homeostatic function such that removal of this input alters the balance between 

absorption and secretion. Adrenergic denervation therefore has adverse consequences on 

the ability of the small intestine to regulate its own absorptive physiology. Patients with 

diabetes- associated autonomic neuropathy for example often develop chronic diarrhea as 

a consequence of the loss of sympathetic input to the gut. Experimentally, animals that 

have streptozotocin-induced diabetes or undergone small bowel transplantation, both of 

which ultimately cause loss of adrenergic innervation to the gastrointestinal tract, have 

similar digestive aberrations. 

3.1.2 Animal Models of Adrenergic Denervation: SBT 

Syngeneic intestinal transplantation and jejunoileal autotransplantation, two 

animal models of small bowel transplantation (SBT), are commonly used to examine the 

effects of extrinsic denervation on intestinal function. These models are advantageous as 

they exclude the possibility of immunological factors as potential complications in 

interpreting the results. However, jejunoileal autotransplantation is typically performed in 

larger animals such as dogs and the procedure does not necessitate the removal of the gut. 

Therefore, there is the possibility that this procedure may not reflect complete extrinsic 

denervation. To circumvent this, orthotopic SBT performed in Lewis rats eliminates 

immunological complications while ensuring complete extrinsic (and hence sympathetic) 

denervation. 

Besides the usefulness of this surgery in the study of intestinal physiology, SBT 

is also a treatment option for patients with short gut syndrome or irreparable end-stage 



intestinal failure. However, even in the absence of an adverse immunological response 

such as graft-versus-host disease and rejection, SBT is associated with caustic post

operative complications. These include changes in motility patterns as well as severe 

disturbances in intestinal secretion and/or absorption (Deltz et al. 1987; Shibata et al. 

1998). The transplanted intestine appears to secrete considerable amounts of water and 

electrolytes (Lear et al. 1988) that can result in substantial fluid loss (Larosa et al. 1989). 

Such aberrant physiological fluctuations can ultimately lead to diarrhea and 

malabsorption (Larosa et al. 2000) that may even be severe enough to cause death 

(Watson et al. 1988; Ishii et al. 1994). However, the mechanism behind many of these 

pathological symptoms remains unresolved 

3.1.3 Adrenergic Denervation & Gut Function 

Adrenergic denervation therefore has dour consequences on intestinal function. 

Experimentally, extrinsic denervation of the small bowel alters the contractile properties 

of both circular and longitudinal smooth muscle (Ishii et al. 1994; Lu et al. 1997). Here, 

intestinal dysmotility caused by obligate disruption of either extrinsic and/or enteric 

nerves (Zyromski et al. 2002) increases the spontaneous contractile activity of jejunal 

circular smooth muscle 2 weeks after denervation. However, the dose-response to agents 

such as bethanechol, a muscarinic agonist, and substance P, both of which increase 

muscle contractions in the gut, is unchanged at any time point (Lu et al. 1997). Despite 

the absence of a differential response to cholinergic stimulation, ileal circular and 

longitudinal smooth muscle from the denervated bowel of a syngeneic SBT rat model 



exhibits adrenergic denervation hypersensitivity. Here, the ED50 for NE-induced 

inhibition of contraction is increased at one and eight weeks post-operative (Shibata et al. 

1997; Ohtani et al. 2000). Taken together, these data indicate the changes in the 

contractile properties of the gut are caused solely by adrenergic denervation. 

Concurrent with changes in motility, alterations in the secretory state of the small 

bowel also occurs. While jejuno-ileal absorption markers such as xylose, folate and fat 

absorption are unchanged (Sarr et al. 1991), adrenergic denervation severely alters water 

and electrolyte movement. There is typically a marked reduction in in vivo water and 

electrolyte absorption post-denervation that is accompanied by an increase in CI" 

secretion (Watson et al. 1988). Further, this reduction in the absorptive capacity of the 

gut occurs early, usually by 2 weeks (Herkes et al. 1994; Oishi & Sarr 1995). 

Interestingly, the effect of pro-secretory agents such as VIP are unaltered as a 

consequence of denervation (Herkes et al. 1994), suggesting that the crypt secretory 

response is unaffected. It is therefore thought that the impaired absorption following 

denervation is due to a loss of normally present adrenergic innervation to enterocytes 

(Change et al. 1986b). 

The proabsorptive response to exogenously administered adrenergic agents is also 

significantly altered by extrinsic denervation. Using canine jejunoileal 

autotransplantation, Oishi & Sarr (Oishi & Sarr 1995) have demonstrated that low doses 

of N E do not alter net absorptive fluxes of water and electrolytes in neurally intact dogs 

but following denervation, N E causes a significant proabsorptive effect. Using in vitro 

models, significant changes in intestinal absorption in response to sympathetic agents 
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have been found. Application of N E to ileal epithelial sheets in the diabetic rat causes a 

significant increase in the Isc response that is not observed in intestinal segments from 

normal littermates (Change et al. 1986b). 

The dramatic alterations in absorption and the significant change in Isc brought on 

by adrenergic denervation may be the result of increased adrenergic receptors (Change et 

al. 1986b; Oishi & Sarr 1995). However, current evidence supporting increased 

enterocyte adrenergic receptors as the causative factor mediating adrenergic denervation-

induced hypersensitivity is weak and must be interpreted with caution. Reversal of 

secretion to absorption by clonidine, an c<2-adrenergic agonist, in diabetic rats and no 

change in the EDso to Epi between normal and denervated animals have lent some initial 

support to this hypothesis (Change et al. 1986b). Yet, none of the afore-mentioned studies 

trying to link gut denervation and receptor-up-regulation combined the functional studies 

(i.e.Ussing chambers) with ligand-binding protocols. Therefore the distribution and/or 

upregulation of adrenergic receptors in the denervated gut are currently unknown and the 

coupling of these receptors to ionic movement across the mucosa remains vague. We 

therefore sought to test the hypothesis that adrenergic denervation up-regulates 

adrenergic receptors on enterocytes and modifies epithelial function through alterations in 

chloride movement across the mucosa. 
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3.3 MATERIALS & METHODS 

Fluorescently-labelled probes BODIPY F L prazosin and BODIPY FL CGP 12177 

were obtained from Molecular Probes Inc. (Eugene, OR). Probes were dissolved in 

D M S O . The final concentration of DMSO did not exceed 0.1%. Al l other chemicals were 

purchased from Sigma Chemical Co. (St. Louis, MO) unless otherwise indicated. 

3.2.1 Small Bowel Transplantation 

3.2.1.1 Animals 

Syngeneic male Lewis rats weighing 225-250 g were obtained from Charles River 

Canada (St. Constant, Quebec, Canada) and used for the transplant (denervation) 

procedure to avoid confounding immunological complications or the need for 

immunosuppressive therapy. Al l animals were acclimatized for 7 days in individual 

Plexiglas cages prior to surgeries. Al l groups were pair-fed Purina standard rat chow 

(Purina Co, St. Louis, M O ) and given free access to water. Animals were fasted overnight 

before any surgical procedures. Al l animal studies were conducted under the guidelines 

established by the Canadian Council of Animal Care (Canadian Council on Animal Care 

1984) and with the approval of the Animal Welfare Committee at the University of 

Calgary. 

3.2.1.1 Surgeries 

Sham Operation: Following a fast overnight and under sterile conditions, the rats were 

anesthetized with halothane (1-2% inhalation by mask) and a midline laparotomy was 



performed. The bowel was divided 1 cm distal to the ligament of Treitz and 5 cm 

proximal to the ileocecal valve. With the aid of an operating microscope, anastomosis 

were performed using interrupted sutures of 6-0 silk, then the abdomen was closed with 

4-0 Vicryl. Animals were given Buprenorphine 0.1 mg/kg sub-cutaneously b.i.d. for 48 

hours for pain, allowed water immediately postoperatively and the food was returned on 

the second postoperative day. In these sham-operated controls, all innervation remained 

intact. 

Transplant procedure: Orthotopic small bowel transplantation was done using the same 

anesthetic and sterile procedures. The transplant was performed as a one-stage procedure 

using the technique previously described (Zhong et al1). Briefly, following an overnight 

fast, animals were anesthesized as described above and the donor small intestine (jejuno-

ileum) was isolated. The small intestine was quickly removed and stored in ice cold 

lactated Ringer's solution until placed in the recipient. Revascularization of the graft was 

achieved by anastomosing the aorta of the donor to the infrarenal aorta of the recipient 

and the portal vein of the donor to the infrarenal cava of the recipient using 10-O sutures. 

Finally, the transplanted bowel was anastomosed in continuity end to end with the 

resected ends of the jejunum and ileum using 6-0 silk thread. Closure and postoperative 

care of the transplanted animals was identical to that of the transected (sham) control 

group. 

During this time, the native bowel of the recipient was resected and following 

this, the small intestinal graft was placed into the recipient. The native small bowel 



harvested during this procedure was used as naive controls and immediately placed in 

ice-cold Krebs buffer for Ussing chamber analysis. 

The small intestine was retrieved 1, 2 or 4 weeks post-operative for epithelial cell 

isolation and receptor identification studies as well as Ussing chamber analysis of 

intestinal function. To harvest the small bowel, animals were euthanized by 

intraperitoneal injection of Somnotol and the small intestine from the recipient and sham-

operated controls quickly excised and placed in ice-cold Krebs buffer. 

3.2.2 Epithelial Cell Isolation 

Epithelial cell isolation and identification was performed as previously described 

(Lang et al. 1996). Briefly, segments of proximal intestine (~ 30cm) harvested from 

sham-operated animals or rats that had undergone SBT were immediately rinsed with 20 

ml of warm (37 °C) phosphate buffered saline (PBS, mM: NaCl, 137; Na 2 HP0 4 , 8.16; 

K H 2 P 0 4 ) 1.47; KC1, 3.22; pH, 7.4), cannulated and filled with oxygenated citrate buffer 

(mM: NaCl, 96; N a 3 C 6 H 5 0 7 , 27; KC1, 1.5; K H 2 P 0 4 , 8; N a 2 H P 0 4 , 5.6; PMSF, 40 u M / ml; 

pH, 7.4) to a pressure of 50 cm H 2 0 . The segment was immersed in 37 °C NaCl (0.15M) 

for 15 minutes, the luminal fluid discarded, refilled in the same manner with oxygenated 

buffer containing E D T A (mM: NaCl, 109; KC1, 2.4; K H 2 P 0 4 , 1.5; Na 2 HP0 4 , 4.3; E D T A , 

1.5; glucose, 10; glutamine, 5; dithiothreitol, 0.5 and PMSF, 40 u M / ml). The intestinal 

segment was again immersed in 0.15M NaCl. The luminal contents were collected by 

drainage at specified time intervals (villus: 5, 10, 15 and 20 minute collections; crypt: 57 

minutes). 



Once isolated, the villus and crypt cell fractions were pelleted by centrifugation 

(1200 R P M for 5 minutes) and rinsed twice with ice cold Krebs buffer (mM: NaCl, 115; 

KH2PO4, 2, M g C l 2 , 2.4; NaHC0 3 , 25; K C L , 8; CaCl 2 , 1.3; pH, 7.4). After the second 

wash, villus and crypt cells were reconstituted in 1 ml of Krebs buffer and incubated with 

50 pi of DNAse (at a stock concentration of 10 mg/ml) for 30 minutes at room 

temperature to minimize cell clumping. The cells were rinsed and filtered twice, first 

though 40 u M Falcon® cell strainers (Becton Dickinson Labware, Franklin Lakes, NJ) 

and then through 30 u M nylon mesh (Small Parts Ine, Miami Lakes, FL) . Upon filtering 

the cells were rinsed repeatedly with Krebs buffer to reduce mucus build-up and brought 

to a final volume of 500ul at which time they were distributed into 5 ml polystyrene 

Falcon® tubes (Becton Dickinson Labware, Franklin Lakes, NJ) for the binding 

experiments. 

3.2.3 Receptor Binding 

Cells were distributed as 10 uL aliquots into 5ml polystyrene Falcon® tubes. 

Whole cell suspensions were incubated in a light-protected environment for 45 minutes at 

room temperature with fluorescently labelled probes for a i - and P-adrenergic receptors 

(BODIPY FL prazosin and BODIPY F L CGP12177, respectively). Total binding, or the 

percentage of cells that binds to the fluorescently-labelled ligand, was determined for 

each receptor type by incubating the cells with increasing concentrations of the 

fluorescent probe. The lowest concentration of that gave maximal binding was used for 

all subsequent experiments (Table 2). 
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Table 2. Concentrations of fluorescent probes used for analysis of receptor binding 

characteristics. 

Adrenergic Fluorescent Sham Transplant 

Probe Villus Crypt Villus Crypt 

B O D I P Y F L Prazosin (ai) 4 u M 4 u M 2 u M 4uM 

B O D I P Y F L CGP 12177 (P) 6 u M 4uM 4 u M 4uM 



To examine specific binding sites, we evaluated the ability of specific receptor 

agonists or antagonists to prevent binding of the fluorescently-labelled probes. This was 

achieved by pre-incubating the cells with excess unlabelled ligand followed by 

incubation with the fluorescent probe. The agents used were prazosin (ai-adrenergic 

antagonist) (Molecular Probes Inc., Eugene, OR) and propranolol (P-adrenergic 

antagonist). Final determination of nonspecific binding was performed by pre-incubating 

the cells with an excess of unlabelled ligand for 30 minutes at room temperature (1 m M 

of prazosin for ai-adrenergic receptors and ImM of propranolol for p-adrenergic 

receptors) followed by incubation with the fluorescent probe for 45 minutes. Specific 

binding was determined as the difference between total binding and nonspecific binding 

and taken to represent receptor binding sites. 

Once binding experiments were complete, cells were washed with Krebs buffer, 

brought to a final volume of 500ul. and 10,000 cells/tube were acquired and analyzed 

using a Becton-Dickinson FACScan (Becton Dickinson Immunocytometry Systems, San 

Jose, CA) and Cell Quest software V3.1f (Becton Dickinson Immunocytometry Systems, 

San Jose, CA). Enterocytes were identified by their forward and side scatter dot plot 

profiles (Figure 11). Villus and crypt enterocytes were gated and used for all binding 

experiments. Specific, displaceable binding was assessed for these cells (total binding -

nonspecific binding) and taken to indicate the presence of receptor binding sites on 

enterocytes. Negative controls for this and all subsequent experiments involved 

incubation of cell with buffer alone to appraise autofluorescence. 
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Figure 11. Dot plot profile of epithelial cells isolated from the proximal small intestine of 

the Lewis rat. The forward scatter of light (FSC-H) is a measure of increasing cell size 

and the side scatter of light (SSC-H) is a measure of increasing cell granularity (values 

are in arbitrary units). The box, E N T , represents enterocytes and all binding experiments 

were conducted from cells within this region. 
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3.2.4 Receptor Quantification 

To quantify enterocyte adrenergic receptors, villus and crypt epithelial cells were 

first incubated with varying concentrations of the unlabeled ligand (100 u M - l m M (Xi-

adrenergic receptors and 4 u M to 1 mM of propranolol for P-adrenergic receptors 

followed by incubation with the fluorescent probe. As described above, 10,000 cells/tube 

were acquired by the flow cytometer. Once acquired, the information was converted to 

raw data format by FCS Assistant 1.1a (Ray Hicks). A l l of this data was sorted according 

to previously determined forward and side scatter profiles to acquire data on the 

enterocyte population only. 

Flow cytometry fluorescence values are in arbritary units and cannot be used for 

receptor quantification. To circumvent this issue and enable us to determine receptor 

numbers on the enterocytes, the average fluorescence (FL1) for each enterocyte and at 

each concentration of the unlabelled ligand was obtained from the raw data as described 

above. The individual average intensity (Fl-1) for each cell was converted to molecules of 

equivalent soluble fluorescence (MESF) through the generation of calibration curves 

using two different populations of fluorescently-labelled microbeads (Quantum® M E S F 

Kits, Flow Cytometry Standards Corporation, San Juan, Puerto Rico). Each microbead kit 

contains a set of calibrated fluorescence standards with four populations of microbeads 

having different levels of fluorescence intensity plus one reference blank population that 

measures background fluorescence. Two kits were used, Quantum™ 24 premixed (2,000 

to 50,000 MESF) and Quantum™ 25 premixed (50,000 to 2,000,000 MESF) . 
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One drop of the labelled microbeads was diluted in 500 pL of Krebs buffer 

immediately before acquisition and the beads acquired using identical parameters as for 

the cells. Flow cytometry histograms for the bead populations were generated (Figure 12) 

and the fluorescence intensity was gated. The fluorescence values for each of the five 

bead populations per Quantum™ kit was converted to M E S F using the software 

QuickCal® v 2.1 (Verity Software House, Topsham, ME) . Liner regression analysis was 

performed using the M E S F data from the beads and the standard curve generated was 

used to convert the arbritary fluorescence values for each enterocyte to MESF. Standard 

curves were generated for each set of daily binding experiments that were performed to 

ensure accuracy and variations due to slight differences in instrument settings. Using this 

M E S F data from the enterocytes, competitive binding curves were generated and the data 

was analyzed with Systat V. 9 (SPSS Inc., Chicago, Illinois) using the nonlinear 

equation: 

M E S F = (((Bmax x Ci)/(Km + C i + CONC)) + Kd) 

where Bmax is the number of binding sites per enterocyte, K m is the affinity constant, 

Kd is the amount of nonspecific binding, Ci is the concentration of the fluorescently-

labelled probe and C O N C represents the concentrations of the unlabeled ligand. 
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Figure 12. Representative fluorescence histogram for the mixed microbead population. 

Analysis of the fluoresently-labelled microbeads by flow cytometry yields five distinct 

populations, yielding background (B) fluorescence plus four distinct populations of beads 

(1-4), each with increasing amounts of fluorescence (FL1-H) on their surface. Data 

generated from this histogram gives the average fluorescence for each of the five 

populations of beads is then converted to MESF. 



3.2.5 Ussing Chamber Analysis 

Ussing chambers were used to assess changes in electrogenic ion movement in 

intestinal tissue as a consequence of denervation. To do this, segments of proximal small 

intestine from naive controls, sham-operated animals and small bowel transplant 

recipients harvested for the cell isolation procedure was used for measurements of in 

vitro intestinal secretion. Approximately 10 cm-segments immediately distal to the 

intestinal segment used for the cell isolation procedure were immediately flushed with 

oxygenated (5% C0 2 -95% 0 2 ) ice-cold Krebs buffer. This portion of the jejunum was 

placed over a glass rod, partially scored along the mesenteric border and the external 

muscle layers stripped away with fine forceps. The remaining tissue was opened along 

the mesenteric border and these mucosa-submucosa sheets were rinsed in ice-cold Krebs 

and mounted in standard Ussing chambers. A l l segments chosen were devoid of Peyer's 

patches. Once mounted, the tissue was bathed in 4ml of buffer. The buffers used for 

Ussing chamber analysis were either a modified ringers solution, buffer 1 (in mM: NaCl, 

107; KC1, 4.5, N a H C 0 3 , 25; CaCl 2 , 1.25; N a 2 H P 0 4 , 1.8; N a H 2 P 0 4 , 0.2; glucose, 12; pH 

7.4) or CI" free buffer. For the CI* free buffer, the composition was the same as for buffer 

1 except NaCl was replaced with sodium gluconate and the C a 2 + was elevated to 5.8mM 

(Diener et al. 1996). The composition of buffers was identical on both sides of the 

chambers for each of the separate experiments. The chambers were maintained at 37 °C 

and buffers were aerated and mixed using a gas lift system (5% C0 2 -95% 0 2 ) . 

Once the tissue was mounted in the Ussing chambers and the buffer added, the 

tissue was allowed to stabilize for 20-25 minutes before further manipulation. Tissue 



responses were measured by clamping the potential voltage (PD) to 0 mV by applying 

an Isc with a voltage clamp apparatus (EVC 4000, World Precision Instruments, 

Sarasota, FL) (Vergnolle et al. 1998). To determine Isc response to adrenergic 

stimulation, PE, dissolved in buffer 1 or Cl'-free buffer, was added to both sides of the 

tissue at a final concentration of lOmM. To determine the specificity of any observed PE-

induced change in Isc, in separate experiments, intestinal tissue was pre-incubated with 

prazosin (dissolved in ethanol) for 15 minutes followed by incubation with PE. Forskolin 

( lOmM stock dissolved in ethanol), which induces active anion secretion, was added to 

the serosal surface at the end of these experiments to ensure tissue viability. In separate 

experiments, glucose, at a concentration of 20mM, was added to the mucosa surface. 

Once drugs were added to the tissue, the change in Isc was monitored and taken as an 

indicator of net active electrolyte transport (Montrose et al. 1999). The Isc was recorded 

and analyzed with Acq-Knowledge software (version 3.1.3, BioPac). 

3.2.6 Statistical Analysis 

A l l data is presented as the mean ± SEM. Statistics and graphs were generated 

using GraphPad Prism, version 3.00 (GraphPad Software, Inc., San Diego, CA). 

Statistical analysis was performed using a student's t-test. Statistical comparison of more 

than two groups was performed using one-way A N O V A with Tukey's multiple 

comparison post-test. In all cases, a P value of < 0.05 was considered to be significant. 



3.3 RESULTS 

3.3.1 Epithelial Adrenergic Receptors 

Total binding for the fluorescent probes B O D I P Y F L Prazosin and BODIPY FL 

CGP 12177 was determined for villus and crypt enterocytes isolated from both the sham-

operated controls and transplanted gut at 2 weeks post-operative (for concentrations, refer 

to Table 2). For all investigations, only cells within the E N T region were analyzed with 

respect to receptor distribution and quantification. Flow cytometry dot plot profiles of 

epithelial cells isolated from the proximal small intestine of either sham-operated controls 

or transplant recipients were similar and gating within the E N T region identical. 

3.3.1.1 3-Adrenergic Receptors 

Binding of BOPDIPY FL CGP 12177 occurred on villus and crypt enterocytes 

from both sham-operated controls and transplant recipients. However, attempts to 

displace this binding by increasing concentrations of propranolol (4 p M to ImM) were 

unsuccessful (Figure 13). In villus and crypt enterocytes isolated from either the sham or 

transplant gut at week 2, specific binding was evident on only a small proportion of cells 

at the highest concentration of propranolol used- ImM. At weeks 1, 2 and 4, enterocytes 

isolated from the jejunum of sham-operated animals exhibited between 0 and 0.8% 

specific binding for villus cells and 0.002 and 6.56% for crypt cells. A similar percentage 

of displaceable binding was also observed for enterocytes from the transplanted gut 

where the percentage of cells with specific binding was negligible, between 0% and 

4.803% for both villus and crypt enterocytes (Figure 14). There was no statistical 
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Figure 13. Competition by propranolol of B O D I P Y F L CGP 12177 binding to A. villus 

and B. crypt enterocytes isolated from the proximal small bowel of transplant 

(Transplant) recipients and sham-operated (Sham) Lewis rats at 2 weeks post-operative. 

Results are mean + S E M , n = 4 for each data point. 
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Figure 14. Percentage of A . villus and B . crypt enterocytes isolated from the small 

intestine of Lewis rats exhibiting displacement of B O D I P Y F L CGP 12177 by 

propranolol. Specific binding on enterocytes isolated from both sham and transplanted 

gut at weeks 1,2 and 4 post-operative was negligible, being between 0 and 6.56% for all 

time points. Results are expressed as mean ± SEM, n = 3-5. 
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significance between the means of villus and crypt enterocytes from the sham-

operated and denervated gut at either weeks 1, 2, or 4. 

As propranolol, at any concentration, was unable to displace B O D I P Y FL CGP 

12177 binding to enterocytes, total and nonspecific binding was the same. Therefore, 

nonlinear regression analysis was not able to determine the number of (3-adrenergic 

receptors/cell (data not shown). Therefore, this data suggests that there are few (3-

adrenergic receptors on enterocytes from the Lewis rat and that denervation has no effect 

on the number or distribution of (¾-adrenergic receptors. 

3.3.1.2 OII-Adrenerigc Receptors 

Binding of B O P D I P Y F L Prazosin occurred on a similar proportion of villus and 

crypt enterocytes from both sham-operated controls and transplant recipients. 

Competition experiments revealed that binding of the fluorescently-labelled probe to 

villus enterocytes in the denervated gut at week 2 could be reduced by increasing 

concentrations of unlabelled prazosin. As the concentration of prazosin was increased, 

less BODIPY F L Prazosin was able to bind to the villus enterocytes. At the highest 

concentration of prazosin used, ImM, competition was observed on a subset of these 

villus enterocytes, with maximum competition occurring on 27 ± 6.7% of the cells 

(Figure 15 A). The amount of specific binding on villus cells from the denervated 

(transplant) intestine at weeks 1 and 4 on the other hand was very low, occurring on only 

0.0 and 3.14 ± 1.6% of villus enterocytes. Displaceable binding on villus enterocytes 



A. Villus 
50-, 

101 

40-
U) 

c 
"5 
II 
O « 30-1 

o ° 

% ¿ 20H 
Q. **"* (/) 

5 10H 

I Transplant 
:Sham 

X 
X 

B. 

O) 

c 

Crypt 
2 

Week 

50 

40 

II 
o « 30 

ra *s 
O.*""' 

5 io-

0-

I Transplant 
I Sham 

X i 
1 2 4 

Week 

Figure 15. Percentage of A . villus and B. crypt enterocytes isolated from the small 

intestine of Lewis rats exhibiting specific (displaceable) binding for cxi-adrenergic 

receptors. A . Villus enterocytes from the denervated gut had a higher proportion of cells 

with ai-adrenergic receptors at week 2 compared with weeks 1 and 4 and at any time 

point in the sham (P < 0.05). B. Specific binding on crypt enterocytes was low and not 

different between the groups at any time point (P = ns). Results are expressed as mean + 

S E M , n = 3-5. 
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from the innervated (sham-operated) controls was similarly very low for weeks 1, 2 

and 4; here specific binding was between 0.45 ± 0.27% and 10.4 + 3.2% of the cells. The 

increase in the proportion of villus enterocytes with AI-adrenergic receptors 2 week 

post-denervation was statistically significant when compared to villus enterocytes 

isolated from the transplanted bowel at weeks 1 and 4 and from villus enterocytes 

isolated from the sham-operated control at any time point. 

Prazosin at the highest concentration used was unable to prevent the binding of 

the fluorescently-labelled ai-adrenergic probe to crypt enterocytes (Figure 15B). Here, 

displaceable binding occurred on between 0.45 ± 0.27 and 4.46 + 4.46 of crypt 

enterocytes from the sham-operated controls at weeks 1, 2 and 4. On crypt enterocytes 

from the denervated bowel, between 7.39 ± 6.28 and 16.08 ± 9.46 of cells exhibited 

displaceable binding. However, there was no significant difference between crypt 

enterocytes from the denervated and control jejunum at any time point examined. 

Analysis of AI-adrenergic binding to villus enterocytes from the denervated gut 

and sham controls via nonlinear regression yielded a similar trend as the binding data. 

There was a significant increase in the number of binding sites per villus enterocyte 

(Bmax) isolated from the denervated gut at week 2 compared to the sham-operated 

control at the same time point (Figure 16A). Further, this increase in Bmax was 

significantly greater than villus cells from the control group at any time point. In contrast, 

there was no difference in Bmax for crypt enterocytes between the normal controls and 

denervated gut (Figure 16B). Therefore, based on the binding data, it was determined 

that there are few AI-adrenergic receptors on crypt enterocytes from the small bowel 
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Figure 16. Bmax values for A . villus and B . crypt enterocytes isolated from the proximal 

small intestine of the Lewis rat. A . The number of AI-adrenergic receptors/cell (Bmax) 

significantly increased on villus enterocytes two weeks post-denervation compared to 

sham-operated controls. Results are expressed as mean ± S E M , n = 3-5, * P < 0.05. 
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3.3.2 Ussing Chamber Analysis of Epithelial Function 

The epithelial response to adrenergic stimulation and addition of glucose was 

measured in epithelial sheets from the both innervated and denervated proximal small 

intestinal segments of Lewis rats. A l l of the tissue stabilized by approximately 25 

minutes, at which time drugs were added and changes in Isc recorded. 

3.3.2.1 ai-Adrenergic Stimulation 

Administration of PE to the apical and basolateral surfaces of mucosa-submucosal 

sheets from the denervated jejunum at 2 weeks post-operative caused an initial rapid drop 

in Isc (Figure 17A). This drop in Isc at week 2 following application of PE was 

significantly different from baseline Isc values. Further to this, addition of PE to 

epithelial sheets from the denervated gut at weeks 1 and 4 had little effect on baseline Isc 

(Figure 18); the decrease in Isc induced by P E at either of these times was not 

significantly different from baseline. Further, the change in Isc in response to PE at week 

2 was significantly different than the change at weeks 1 and 4. There was also little 

change in the baseline Isc to AI-adrenergic stimulation by P E in the sham control at week 

2 compared week 2 post-denervation (Figure 19). This lack of an Isc response to OA-

adrenergic stimulation was also observed in the sham-operated controls at weeks 1 and 4 

(data not shown) where there was no significant drop in Isc following administration of 

PE. This failure to induce a response in the control group at weeks 1, 2 and 4 was similar 
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Figure 17. Representative traces of the Isc response to A i-adrenergic stimulation by P E 

of epithelial sheets from A . denervated jejunum two week post-operative and B. naïve 

control. Arrows indicate the time at which PE was added to the apical and basolateral 

surfaces. 
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Figure 18. Isc response of mucosa-submucosal sheets of denervated jejunum mounted in 

Ussing chambers to PE. There was a significant decrease in the Isc response of jejunal 

segments from the denervated gut before (basal) and after the addition of PE only at 2 

weeks post-transplant (Alsc = -13.45 ± 1.49). The Isc recording after addition of PE at 

weeks 1 (Alsc = -4.36 ± 2.05) and 4 (Alsc = -1.47 ± 0.43) was not significantly different 

from baseline. Results are expressed as mean ± S E M , n = 4-5. * P < 0.05 for both 

difference from baseline at week 2 and for the change in Isc between week 2 and weeks 1 

and 4. 
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Figure 19. Comparison of Isc response to ai-adrenergic stimulation between control and 

denervated jejunum at week 2. The significant decrease in Isc before and after 

administration of PE in the denervated gut at 2 weeks post-operative was not observed in 

the innervated (sham) control group at the same time point (Alsc = -4.2 ± 2.75). Results 

are expressed as mean ± S E M , n = 4. * P < 0.05 for both the difference from baseline at 

week 2 and for the change in Isc between the sham and transplant at week 2. 
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to that observed in the denervated gut at weeks 1 and 4. 

3.3.2.2 Addition of Glucose 

Addition of glucose to the apical surface of intestinal tissue mounted in Ussing 

chambers induced a significant increase in the Isc response from both sham-operated and 

denervated animals at weeks 1, 2 and 4 (Figure 20). There was no significant difference 

in change in Isc (Alsc) between intestinal segments obtained from sham-operated controls 

(55.25 ± 18.00) and denervated bowel (59.51 ± 7.56) at week 2 (Figure 21). 

3.3.2.3 Response in Cf-free Buffer 

To determine if the effects of ai-adrenergic stimulation by PE 2 weeks post-

denervation was the result of altered CI" movement across the epithelium, we compared 

the Isc response of intestinal tissue taken from naive and sham-operated controls and 

transplant recipients bathed in buffer 1 or Cl"-free buffer 1. A l l of the following 

experiments were conducted from proximal jejunum taken at week 2 only (sham and 

transplant) as this was the only time point where there was a significant change in basal 

Isc following application of PE (refer to Figures 18 and 19). Addition of P E to tissue 

segments from the denervated gut at week 2 bathed in buffer 1 caused a decrease in Isc, 

the magnitude of which was similar to the experiments conduced previously (Alsc = -

14.39 + 1.08 for 6 separate experiments). However, this PE-induced decrease in Isc in the 

denervated gut was reversed when the tissue was bathed in Cl"-free buffer 1. In this case, 

PE added to the apical and basolateral sides of denervated jejunum mounted in Ussing 
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Figure 20. Isc response to addition of glucose in A . denervated and B.control (sham) 

mucosa-submucosal sheets mounted in Ussing chambers. In all cases, there was a 

significant increase in the Isc response from baseline. Results are expressed as mean ± 

SEM, n = 4-5. * P < 0.05 represents the difference from baseline. 
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Figure 21. Change in Isc (Alsc) following addition of glucose to intestinal segments 

taken from control and transplant recipients at week 2. The Alsc for both groups was 

between 55.25 ± 18.00 and 59.51 ± 7.56 (sham and transplant, respectively). Results 

expressed as mean ± S E M , n = 4-5. 
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chambers caused a significant increase in Isc (Alsc = +13.79 + 5.72) from that 

observed with incubation in buffer 1 (P < 0.001) (Figure 22), indicating that changes in 

CI" movement across the epithelium was responsible for the a i-adrenergic induced 

decrease in Isc two weeks post-denervation. 

To be sure that the alterations in CI" movement were in fact the result of 

denervation, we then examined the response of intestinal segments from naive and sham-

operated controls in either buffer 1 or CP-free buffer 1 to ca-adrenergic stimulation by 

PE. There was also no significant difference in Alsc for buffer 1 between naïve and sham-

operated controls (Figure 22). For both of these control groups, the response in buffer 1 

was similar; P E increased Isc between 7.19 + 3.00 and 18.16 ± 4.58 (Figs 17B and 22). 

There was also no significant difference in this Isc response to PE when the control tissue 

was bathed in CI" free as opposed to buffer 1. Here, the Alsc was between 7+2.15 and 

12.18+1.3 for both groups. Therefore, the increase in the Isc response of PE application 

to tissue from either naïve (Controls) or sham-operated (Sham) controls was not 

dependent on the presence of CI" in the buffer. The Alsc observed in the denervated gut 

bathed in buffer 1 however was significantly different to the Alsc of both controls 

incubated in either buffer (P < 0.05). 

3.3.2.4 ai-Adrenergic Inhibition 

To be sure that the effects of P E were through interaction with oa-adrenergic 

receptors, we tested to see if pre-incubation with prazosin for 15 minutes (Perdue & 

Davison 1986) could significantly attenuate the PE-induced Isc response of intestinal 
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Figure 22. Differential response of denervated jejunum to ai-adrenergic stimulation by 

P E in buffer 1 or Cl'-free buffer 1. PE-induced decrease in Isc of denervated gut is 

significantly reversed in Cl'-free buffer (** P < 0.001). The response of P E application to 

tissue from either naive (Controls) or sham-operated (Sham) controls was the same for 

either buffer and the two groups were not significantly different from one another. The 

decrease in Isc in the denervated gut bathed in buffer 1 was significantly different than 

both controls groups bathed in either buffer (*P < 0.05). Results are expressed as mean ± 

S E M , n = 3-10. 
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segments taken from naïve controls and transplant recipients. Segments of control and 

denervated jejunum incubated with prazosin alone did not exhibit a significant change in 

Isc (Table 3). Further, the Isc response to prazosin alone was not affected by the 

composition of the buffer. The small Alsc induced by pre-incubation with prazosin 

followed by addition of PE (Praz + PE) to intestinal tissue from both experimental groups 

did not significantly alter the Isc response when compared to the results obtained from 

addition of only prazosin. 

These Ussing chamber responses were compared with the data obtained for the 

naïve controls and denervated jejunum following with ai-adrenergic stimulation with PE. 

Figure 23 shows that the response to PE is significantly attenuated by pre-incubation with 

prazosin following acute adrenergic denervation. Similarly, prazosin was able to 

attenuate the Isc response to PE-induced adrenergic stimulation in control jejunum bathed 

in either of the two buffers (Figure 24). Following the experiments, forskolin, added to 

the serosal side, was still able to induce a response. 
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Table 3. Change in Isc response to prazosin and prazosin + PE administered to 

control and denervated segments of jejunum mounted in Ussing chambers. 

Buffer Control Denervated 

Praz Praz + PE Praz Praz + PE 
Buffer 1 -0.16+7.11 5.75±5.00 -2.51 + 1.34 -3.72+3.11 

CI Free buffer -0.07+2.38 1.04+1.05 0.479±4.15 -2.40+5.28 

Results are expressed as mean ± S E M and reflect change in Isc from baseline; n = 3-6 

for each data point. Abbreviations: Praz, prazosin; PE, phenylephrine. 



Figure 23. Change in Isc induced by co-adrenergic stimulation in the denervated small 

intestine is significantly decreased following pre-incubation with prazosin. Pre

incubation with prazosin followed by incubation with PE (PRAZ + PE) was able to 

significantly reduce the Alsc induced by PE. Prazosin alone (PRAZ) had little effect on 

Isc. Results are expressed as mean ± S E M , n = 3-6 for each data point. * P < 0.01 for the 

change in Isc after P E between buffer 1 and CI" free buffer 1. 
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Figure 24. Isc response to PE, prazosin and and prazosin + PE in control intestine. A . 

Representative Isc tracing of jejunum in Cl'-free buffer showing that pre-incubation with 

prazosin (arrow 1) inhibits a subsequent Alsc by PE (arrow 2). However, the tissue is still 

viable as addition of forskolin (arrow 3) induces an increase in Isc. B. Graphical 

representation showing that prazosin is able to attenuate the PE-induced response in 

control tissue in both regular buffer 1 and Cl'-free buffer. Results are expressed as mean 

± S E M , n = 3-9 for each data point. 
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3.4 DISCUSSION 

Adrenergic regulation of intestinal function is critical in maintaining a 

homeostatic balance between absorption and secretion. Loss of such adrenergic input to 

the gut shifts this balance to one that favours secretion but the physiological basis for this 

shift remains to be resolved. Many studies have examined the role of sympathetic 

denervation on intestinal physiology through in vivo or in vitro pharmacological 

techniques but few have addressed the effect that adrenergic denervation has on intestinal 

epithelial function. Through a unique combination of receptor-ligand interactions and in 

vitro pharmacological characterization of intestinal secretion, we have demonstrated for 

the first time that adrenergic denervation alters the intestinal epithelial response to OÍI-

adrenergic stimulation through increased co-adrenergic receptors located on villus 

enterocytes. We were able to further characterize this response and show that activation 

of these enterocyte ai-adrenergic receptors significantly alters CI' movement across the 

mucosa of denervated jejunum, an effect that could be ablated through inhibition with a 

specific ai-adrenergic antagonist. In contrast, (3-adrenergic receptors were not detected 

on enterocytes in the small intestine of the Lewis rat and that the distribution of this 

receptor subtype was unaffected by sympathetic denervation. Overall, these results that 

strongly suggest that acute (i.e. 2 weeks) adrenergic denervation alters the intestinal 

epithelial response through inhibition of CI" secretion, an effect mediated at least in part 

by increased ai-adrenergic receptors on villus tip enterocytes. 

An increase in adrenergic receptor numbers on smooth muscle cells was 

proposed to explain the hypersensitivity of N E on intestinal smooth muscle contractility 
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(Shibata et al. 1997; Ohtani et al. 2000). Similarly, changes in adrenergic receptor 

density and/or distribution within the epithelium may be the major causative factor in the 

alterations of the absorptive and secretory state of the small intestine following 

denervation. Oishi and Sarr were able to demonstrate that there was augmentation in 

absorption following N E administration in the transplanted gut of dogs and suggested that 

this augmentation may involve an up-regulation of a-adrenergic receptors on enterocytes 

or enteric neurons (Oishi & Sarr 1995). Through a series of experimental observations, 

Chang et al (Chang et al. 1985; Change et al. 1986b) have postulated that denervation 

hypersensitivity was due to increased numbers of post-synaptic c<2-adrenergic receptors. 

They demonstrated that .fluid absorption was significantly less in diabetic rats and 

subsequently were able to show that there are significant changes in Isc following 

exogenously added Epi.Despite these observations, the effect extrinsic denervation has on 

adrenergic receptor distribution and numbers within the intestine is obscure. 

The only study to directly examine changes in receptors following denervation 

was led by Koch et al in 1998 (Stadelmann et al. 1998). These researchers used 

radioligand receptor assays of transmural intestinal homogenates from both transplant 

and normal animals three months after surgery to demonstrate that there was a decrease 

in the muscarinic M l receptor and an increase in the muscarinic M3 receptor subtype. 

While interesting, a functional correlation between this change and intestinal physiology 

was not addressed and there is little evidence to suggest that cholinergic regulation of 

intestinal function is altered by adrenergic denervation. Further to this, because 

transmural homogenates were used, the presence of muscarinic receptors in the 
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epithelium could not be determined. Therefore, the physiological significance of the 

reciprocal changes in muscarinic receptors following denervation remains ambiguous. 

Ths increase in ai-adrenergic receptors following SBT may be the result of 

changes in the migration rate of the intestinal epithelium following the surgical 

procedure. Although not directly examined in our study, mechanical manipulation of the 

gut alters the intestinal epithelium, including alterations in the crypt proliferation rate, 

crypt cell yield and viability (Simmy et al. 2001). While it is possible that factors such as 

these could affect the results obtained in this study, it is unlikely to be the case for several 

reasons. First, the alterations observed following surgical manipulation are typically 

resolved within 24 hours. Second, the major observations of this study are that at 2 weeks 

post-denervation, there is an increase in the number of villus enterocytes with oti-

adrenergic receptors concommitant with a change in epithelial function, well beyond the 

24-hour alterations in crypt cell proliferation. Further, alterations in muscarininc receptor 

distribution were found to have occurred months following the transplantation procedure 

(Stadelmann et al. 1998). Taken together, this suggests that the increase in ai-adrenergic 

receptors post-denervation is a result of increased receptor expression and not simply 

related to alterations in epithelial cell turn-over. 

Difficulty in assessing receptors in the intestinal mucosa is largely due to the 

heterogeneous mixture of epithelial cells. Resolution of techniques such as 

immunohistochemistry and autoradiography do not allow for accurate cellular distinction. 

To circumvent this problem, we had modified an intestinal epithelial cell isolation 

technique and, in combination with flow cytometry, were able to show that opioid 
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receptors are present on approximately 21% of crypt enterocytes (Lang et al. 1996). 

The results of this study provided some of the first concrete evidence that there is direct 

regulation of intestinal function via specific receptors located on discrete populations of 

cells within the epithelium. In the present study, these techniques were applied to show 

that there is a significant increase ai-adrenergic receptors on villus enterocytes 2 weeks 

post-denervation. This increase was not observed at weeks 1 and 4 or at any time in the 

sham-operated (innervated) controls. Further, there are few ai-adrenergic receptors on 

crypt enterocytes. The major finding here is that denervation alters adrenergic receptors 

in the small intestinal epithelium, causing acute up-regulation of post-synaptic Q£i-

adrenergic receptors only on villus enterocytes. 

Under normal physiological conditions, in vivo infusion of PE to porcine jejunal 

loops enhances net water and sodium absorption and significantly increases net CI" 

absorption (Ahrens & Zhu 1982). The antisecretory response to PE was further confirmed 

using epithelial sheets of rat jejunum mounted in Ussing chambers. High concentrations 

of PE, added to the serosal surface, induced a decrease in Isc of -17 ± 3 (Williams et al. 

1990). The decrease observed by Williams et al was similar in magnitude to what we 

observed following stimulation of sections of acutely denervated jejunum from the Lewis 

rat with PE. This is also the same time point that there is an increase in ai-adrenergic 

receptors on villus enterocytes, indicating that the PE-induced change in Isc is occurring 

predominately at the villus tip. There was no decrease in Isc nor a significant increase in 

ai-adrenergic receptors at weeks 1 and 4 post-denervation or with intestinal tissue from 

the innervated controls. Taken together, this data further suggests that acute adrenergic 
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denervation alters intestinal epithelial electrogenic ion movement via an up-regulation 

of ai-adrenergic receptors, a novel finding not previously described. 

While the concentration of PE used in this study may initially seem high, other 

researchers have similarly demonstrated that an in vitro effect on intestinal secretion is 

only achieved using relatively high concentrations of PE (Williams et al. 1990). PE is a 

structural analogue of N E that can be transported by neuronal N E transporters and stored 

in vesicles (Raffel et al. 1999); re-uptake by nerve terminals is a major mechanism of 

termination of sympathetic stimulation. Inhibitors of neuronal catecholamine uptake were 

not used in this study; it is therefore possible that removal of the drug by this mechanism 

may account for the apparently high concentration of PE needed. PE is also a substrate 

for monoamine oxidase (Raffel et al. 1999). Monoamine oxidases represent a major 

catabolic pathway that serve to metabolize catecholamines (Holschneider et al. 2002) 

such as N E and Epi. These enzyme are found in virtually all mammalian cell types 

(Holschneider et al. 2002), including villus and crypt enterocytes of the small intestinal 

mucosa (Rodriguez et al. 2001). It has been suggested that N E released from nerve 

endings is destroyed before reaching post-synaptic a-adrenergic receptors on mucosal 

cells (Tapper et al. 1981) and it is possible that the same thing is happening to 

exogenously added PE. Monoamine oxidase inhibitors such as pargyline have been used 

experimentally (Butcher et al. 1987) to prevent the breakdown of exogenously added Epi 

and NE. However, in this study and others (Williams et al. 1990), inhibitors such as these 

were not used. Therefore it is possible that the actual concentration reaching the level of 

the enterocyte would be much less than the concentration added to the tissue in the 
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Ussing chambers due to re-uptake and/or catabolism. Further to this, it has been 

suggested that the actual concentration of sympathetic agents that produce effect on ion 

secretion in vitro would be much greater than that present in the blood (Field & McColl 

1973). 

Sympathetic agents can also cause non-specific effects in intestinal function by 

interacting with other receptor types such as dopamine receptors (Barry et al. 1995; 

Vieira-Coelho & Soares-Da-Silva 1998). To ensure the specificity of the adrenergic-

induced change in Isc, we used the specific ai-adrenergic antagonist prazosin to attenuate 

the Isc response by receptor blockade. Prazosin alone did not significantly alter basal Isc, 

a finding that has been shown by others (Williams et al. 1990). In this study there was a 

significant reduction in the PE-induced maximum Isc response by pre-incubation with 

prazosin. Taken together, these results indicate that specific activation of post-synaptic 

co-adrenergic receptors located on villus enterocytes is likely mediating the decrease in 

Isc following acute sympathetic denervation. 

Intestinal transplantation necessitates complete extrinsic denervation and is 

therefore a suitable model in the study of adrenergic denervation. However, SBT causes 

other major anatomic and physiologic changes that may affect gut function in the 

postoperative state including lymphatic disruption and ischemia-reperfusion injury (Oishi 

& Sarr 1995). We did not examine the direct effect ischemia-reperfusion and/or 

disruption of intestinal lymphatic drainage has on adrenergic receptor numbers or 

intestinal function. However, ischemia-reperfusion alone does not mediate the 

hypersensitivity of jejunal longitudinal muscle (Balsiger et al. 2001). Here, it was 
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concluded that the increased inhibition of contractile activity after small bowel 

transplantation is caused by extrinsic denervation. Further, canine jejunoileal 

autotransplantation (which causes disruption of neural and lymphatic continuity but blood 

flow to the intestine remains unaffected) is a commonly used model of extrinsic 

denervation. Here, animals that have undergone the procedure have normal nutrient 

absorption (Sarr et al. 1991). Further, in situ neural isolation in dogs results in abnormal 

water and electrolyte absorption and a heightened proabsorptive response to sympathetic 

agents (Herkes et al. 1994). Taken together, it is therefore likely that the effects on 

intestinal epithelial function and adrenergic receptor numbers we observed in our study 

were the result of extrinsic adrenergic denervation, although we cannot completely rule 

out other variables necessitated by the transplantation procedure itself. 

The ionic basis behind the change in Isc following ai-adrenergic stimulation in 

the small intestine is unknown. Multiple transport pathways involved in ion movement 

exist in the proximal small intestine and a decrease in Isc could be due to an increase in 

sodium absorption, to a decrease in CI" or HCO3" secretion or both (Vieira-Coelho & 

Soares-Da-Silva 1998). Therefore, to address which ion is responsible for the alterations 

in epithelial function following oa-adrenergic stimulation in the denervated gut, we first 

used apical addition of glucose to monitor Na+-coupled glucose transport in intestinal 

tissue mounted in Ussing chambers. Intestinal tissue expresses SGLT-1 on the apical 

membrane of enterocytes; this transporter simultaneously couples the absorption of 

glucose to the uptake of two Na" ions. The physiological response to apical addition of 

glucose is therefore electrogenic absorption of Na + and active uptake of glucose with a 



1:1 correlation between the change in Isc induced by apical addition of glucose and 

the increase in net Na^ absorption in the intestine (Schultz & Zalusky 1964; Grubb 1995). 

Experimentally, the magnitude of the Isc stimulation is an index of N a + absorption and 

we used the addition of glucose to determine i f aberrations in intestinal ion transport were 

due to alteration in Na" absorption. In this study, mucosal addition of glucose induced a 

significant increase in Isc in both the denervated and sham-operated controls at all time 

points examined. However, the magnitude of difference in the Isc response after addition 

of glucose was the same between the experimental groups at week 2; here, the increase in 

Isc was between +55.25 and +59.51 for sham and transplant intestinal segments, 

respectively, indicating that glucose-coupled Na" absorption is unaltered by adrenergic 

denervation. Support for this finding comes from other studies that have shown that 

carrier mediated glucose absorption in the small intestine is unaffected by extrinsic 

denervation (Watson et al. 1988; Foley et al. 1998). Therefore based on this and our own 

data, it is concluded that the change in Isc observed in the denervated bowel at week 2 

was not due to aberrations in electrogenic N a + absorption. 

The decrease in Isc after a-adrenergic stimulation in the denervated gut may 

therefore be caused by inhibition of CI" secretion. There are several lines of evidence in 

support of the notion that the effects of adrenergic stimulation on the decrease in 

intestinal Isc are related, at least in part, to an inhibition of CI" secretion (Sjòvall 1984b; 

Hildebrand & Brown 1992). Because it has been shown that incubation of intestinal 

tissue in CI" free buffer prevents NE-induced decreases in Isc (Williams et al. 1990), it 

was theorized that the decrease in Isc following addition of PE to the denervated small 
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intestine was due to alterations in Cl" movement across the epithelium. This 

hypothesis was tested by incubating intestinal tissue from two different control groups 

(naïve and sham-operated controls) as well as animals that had undergone extrinsic 

denervation 2 weeks prior in CI" free buffer and stimulated these segments with PE . 

Under these experimental conditions, removal of CI" from the buffer reversed the P E -

induced Isc response only in the group of animals that had undergone extrinsic 

denervation 2 weeks prior. The intestinal response to PE in both of the control groups 

was identical- PE induced a slight but significant increase in Isc that was unaffected by 

removal of the Cl"ion. This latter finding in not unusual as it has been shown that P E can 

produce a small, significant increase in basal Isc in the porcine jejunum (Hildebrand & 

Brown 1992). 

It was not clear from the present study whether the increase in Isc in intestinal 

segments of control jejunum was due to a neurally mediated mechanism. It is possible 

that the ai-adrenergic receptors mediating this response in the jejunum of control animals 

may be present not within the epithelium, but rather on enteric neurons. In this study, we 

did not exclude the possibility that the observed increase in Isc after stimulation with P E 

in the control group was due to the presence of a i-adrenergic receptors on submucosal 

neurons. Neurally-located (^-adrenergic receptors are thought to contribute to active 

intestinal ion transport (Butcher et al. 1987; Hildebrand & Brown 1992) and it is 

reasonable to speculate that a similar, local mechanism exists for ai-adrenergic receptors. 

Using CI" free buffers, it was shown that the PE-induced increase in Isc was not due to 
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alterations in Cl" movement. The ionic basis for this increase however remains 

unresolved and was not further characterized. 

The major findings of this study are that up-regulation and activation of a i -

adrenergic receptors on villus enterocytes in the acutely-denervated bowel alters CI" 

movement across the epithelium. The decrease in Isc following ai-adrenergic stimulation 

in the presence of CI" likely reflects an inhibition of CI" secretion at the villus tip, a 

somewhat unexpected and controversial finding. Chloride secretion in the intestine of 

many species including rats and humans has long been thought to occur through one 

major pathway: the cAMP/cGMP-regulated C F T R CI" channel (Grubb 1995). In the 

intestine, this CI" channel is localized primarily to the apical membrane of enterocyte 

within the crypts, with little to no expression found in the villus epithelium (Ameen et al. 

2000). In fact, small intestinal crypts are considered to by the major site of fluid secretion 

in this tissue (Welsh et al. 1982; Kirk 2000). Owing to the known distribution of the 

CFTR CI" channel within the secretory crypts, it is therefore unlikely that this channel 

would contribute to the regulation of CI' secretion at the villus tip. 

Until recently, it was thought that the small intestinal vill i were primarily 

concerned with the absorption of electrolytes and nutrients and was simply not capable of 

secreting ions such as CI". However, it has been demonstrated that an apical CI" channel 

is expressed by the villus epithelium in the murine ileum (Gyomorey et al. 2000). These 

ClC-2 CI" channels, a member of a larger family of C1C CI" channels, may be capable of 

contributing to native CI" secretion within the intestine (Gyomorey et al. 2000; 

Mohammad-Panah et al. 2001). In fact, it has even been suggested that CI" secretion can 



occur through a non-CFTR CI" channels in the murine small intestine (Gyomorey et 

al. 2000; Gyomorey et al. 2001). It is interesting to speculate that that this novel CI" 

channel is present within the villus epithelium of the Lewis rat and may in fact be the 

mechanism responsible for the ai-adrenergic-induced inhibition of CI" secretion at the 

villus tip following acute adrenergic denervation. The focus of future investigations will 

be to examine the hypothesis that inhibition of CI" secretion by ai-adrenergic stimulation 

of villus enterocytes is via these novel C1C-2 CI' channels. 

In summary, the results presented here are the first to demonstrate that the 

mechanism behind adrenergic denervation hypersensitivity on intestinal secretion is 

increased enterocyte adrenergic receptors. Using an intestinal epithelial cell isolation and 

characterization technique, we have shown that adrenergic denervation up-regulates a i -

adrenergic receptors on villus enterocytes. Second, we were able to functionally 

characterize the ionic basis behind the in vitro secretory response following acute 

denervation and demonstrate that CI" is the principal ion mediating the decrease in Isc. 

The unexpected conclusion was that the loss of sympathetic innervation to the 

gastrointestinal epithelium causes an acute up-regulation of ai-adrenergic receptors only 

on villus enterocytes, ultimately leading to an inhibition of CI" secretion at the level of the 

villus epithelium. These findings further challenge the existing dogma for a functional 

segregation of the intestinal villus-crypt axis. While additional studies are needed to 

adequately characterize the cellular mechanism behind CI" secretion at the villus tip, the 

physiological implications are important. The increase in adrenergic receptors in the 

intestinal epithelium may in fact reflect the development of a compensatory mechanism 



to combat the increased secretory state of the bowel due to the loss of the sympathetic 

innervation and tonic control over intestinal secretion. A heightened understanding of 

intestinal epithelial physiology and its local regulatory mechanisms may eventually lead 

to new and novel pharmacological agents to combat intestinal secretory diseases. 



4. A C U T E DENERVATION ALTERS ai- ADRENERGIC REGULATION OF 

CHLORIDE SECRETION AT THE VILLUS TIP: IMPLICATIONS FOR CLC-2 

CHLORIDE CHANNELS 

4.1 INTRODUCTION 

The secretion of water and electrolytes into the lumen of the intestine is critical 

for normal gastrointestinal physiology. Intestinal secretion is necessary for proper 

digestion and absorption, maintains the fluidity of mucus secretions and flushes the 

mucus produced in the crypts to the surface epithelium. During pathological events it also 

serves as a vehicle for secreted immunoglobulins to reach the lumen and aids in the 

removal of noxious agents, toxins and pathogens from the intestinal tract (Chang & Rao 

1994; Cooke 2000). 

Intestinal secretion is largely driven by active secretion of Cl'(Grubb et al. 2000). 

The secretion of CI" through CFTR into the lumen provides the driving force for N a + to 

follow passively along with water, resulting in an accumulation of fluid (Cooke 2000). 

Activation of C F T R CI" channels in the apical membrane allow CI" to flow out of the cell 

down its electrochemical gradient and into the intestinal lumen; the movement of CI" 

through these CI" channels is the rate limiting step in the secretory process (Lencer et al. 

1997). The importance of this channel is clear in patients with cystic fibrosis. This is a 

common genetic disease characterized by defective fluid, CI", and bicarbonate transport 

and excessive mucus production in epithelial tissue such as the lung and gastrointestinal 

tract. The defects in ion transport are the result of mutations of the CFTR CI" channel 
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(Kaunitz et al. 1995; Ameen et al. 2000). Loss of C F T R function disrupts fluid and 

electrolyte transport and accounts for the pathological manifestation of cystic fibrosis 

such as respiratory airway disease, pancreatic failure and meconium ileus (Valverde et al. 

2000). Conversely, over-stimulation of CFTR, such as that caused by bacterial 

endotoxins, leads to secretory diarrhea, a widespread public health problem in the 

developing world (Akabas 2000). 

The localization of CFTR to the intestinal crypts (Ameen et al. 2000) has led to 

the notion that this CI" channel is the sole contributor to water and electrolyte secretion in 

the intestine (Welsh et al. 1982). Absorption and secretion of water and electrolytes are 

still considered to be two distinct processes in the gut. In fact, many textbooks still 

differentiate between the absorptive villus and secretory crypt cells (Chang et al. 1996) 

although some are acknowledging the potential contribution of other epithelial CI" 

channels to intestinal secretion (Kaunitz et al. 1995; Montrose et al. 1999). Calcium-

activated chloride channels (CaCC) and members of the C1C family of CI" channels have 

been found in the gastrointestinal tract of several species (Barrett & Keely 2000; Gaspar 

et al. 2000; Gyomorey et al. 2000). Although the idea is controversial (Barrett & Keely 

2000), the ability of non-CFTR CI" channels, perhaps C1C-2 CI" channels, to contribute to 

intestinal secretion has recently been proposed (Gyomorey et al. 2001). 

4.1.1 ClC-2 Chloride Channels 

Anion channels are proteinaceous pores in biological membranes that allow the 

passive diffusion of negatively charged ions along their electrochemical gradients. Even 
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though these channels may conduct other anions better than CI", they are often called 

CI' channels because CI" is the most abundant anion in organisms and the predominant 

permeating species (Jentsch et al. 2001). Cl" channels play important roles in controlling 

the ionic composition of the cytoplasm and volume of cells. In addition, they are needed 

for the transport of salt and fluid across epithelia and for the regulation of membrane 

electrical excitability (Jentsch et al. 2001). 

CIC Cl" channels belong to one of three well-established gene families of CI" 

channels. The C L C CI" channel family was initially identified by expression cloning of 

the voltage-gated CI" channel C1C-0 from the electric organ of Torpedo mormorata more 

than a decade ago (Jentsch et al. 1990; Jentsch et al. 2001). Since this initial 

characterization, the CIC family presently represents the largest known gene family 

coding for ion channels and at least nine different isoforms are expressed (Lorenz et al. 

1996; Fahlke 2001). Members of this family of CI" channels comprise both plasma 

membrane channels as well as those that reside predominantly on intracellular 

membranes (Jentsch et al. 2001). Physiological, the role of these CI" channels is both 

varied and critical. For example, C1C-1, one of the most thoroughly studied CIC CI" 

channel (Maduke et al. 2000), is a muscle-specific channel that provides the bulk of the 

resting conductance in skeletal muscle; mutations in this channel lead to myotonia 

(impairment in muscle relaxation) in humans and mice. Mutations in C1C-5, which is 

found predominantly in the kidney, underlie Dent's disease and mutations on C1C-7, 

lysosomal CI" channel, may lead to osteopetrosis (Jentsch et al. 2001). Besides 

contributing to skeletal muscle excitability and renal ion transport, the channels may 



contribute to cell volume regulation and neuronal control (Maduke et al. 2000). The 

physiological function of other C1C CI" channels, such as C1C-6, is unknown. 

4.1.1.1 Distribution 

In contrast to the restricted distribution of many members of the C1C channel 

family, ClC-2 is broadly expressed. Northern analysis of ClC-2 expression revealed the 

presence of ClC-2 in different rat tissues including skeletal muscle, heart, brain, lung, 

kidney, pancreas, stomach, intestine and liver. In addition, expression of this CI" channel 

was present in many established cell lines (Thiemann et al. 1992). The presence of this 

CI" channel in lung epithelia has given rise to the idea that channel may be a potential 

target for therapy in cystic fibrosis (Cuppoletti et al. 2001). 

Since the initial paper by Thiemann et al in 1992 indicating ubiquitous ClC-2 

expression, the specific distribution of this channel within gastrointestinal tissue and 

epithelial cell lines has been examined. ClC-2 protein has been localized to intestinal cell 

lines such at T84 (Bali et al. 2001; Lipecka et al. 2002) and CaCo-2 cells (Mohammad-

Panah et al. 2001). In the rabbit stomach, Sherry et al used in situ hybridization, R T - P C R 

and immunohistochemistry to demonstrate that ClC-2 was localized to parietal cells of 

the gastric glands (Sherry et al. 2001). Using immunohistochemical staining, Lipecka et 

al (Lipecka et al. 2002) demonstrated that ClC-2 was predominantly localized of luminal 

enterocytes in both rat and human colon with little staining in the crypts. 

The expression of this channel has also been examined in the murine, rat and 

human small intestine (Gyomorey et al. 2000; Lipecka et al. 2002). Using similar 



techniques, the common finding among all of the results is that this channel is 

localized to the villus, with little to no staining within the crypt region. Gyomorey et al 

(Gyomorey et al. 2000) researchers combined functional studies (i.e. Ussing chambers) 

with descriptive observations (eg RT-PCR, immunoblotting and immunolabelling) to 

illustrate several key findings. First, they demonstrated the presence of mRNA for ClC-2 

to the intestine and were further able to localized ClC-2 protein to the tight junctional 

complex (i.e. apical membrane) of the surface epithelium of the ileum from normal and 

cystic fibrosis mice. Under experimental conditions, ClC-2 has been shown to be 

activated by hypotonicity (Scheiwbert et al. 1998) and is insensitive to the CI" channel 

inhibitor DIDS (4,4'-diisothiocyano-2,2'-disulphonic acid) (Thiemann et al. 1992) but 

not NPPB (5-nitro-2-(3-phenylpropylamino) benzoic acid) (Furukawa et al. 1998). Using 

these known biophysical properties of ClC-2 and Ussing chamber analysis of intestinal 

epithelial function, Gyomorey and colleagues illustrated that this CI" channel may be 

contributing to CI" secretion in the intestine of both wild-type and cystic fibrosis (i.e. 

CFTR knock-out) mice. However, Lipecka et al (Lipecka et al. 2002) did not identify 

which region of the small intestine was examined in the rat and due to technical 

difficulties were not able to draw conclusions regarding ClC-2 localization to the human 

small intestine . Therefore, comparisons of ClC-2 distribution along the villus-crypt axis 

and between different segments of the small intestine could not be made. 
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4.1.1.2 Regulation 

Therefore, C1C-2 may contribute to intestinal transepithelial CI" transport (Jentsch 

et al. 2001). Mohammad-Pahah and colleagues (Mohammad-Panah et al. 2001) suggested 

that C1C-2 contributes to native CI" secretion in the intestinal epithelia and tested this 

using CaCo-2 cells. They did provide evidence that C1C-2 is endogenously expressed in 

the plasma membrane and does contribute to native CI' currents. Despite the observations 

by both Gyomorey et al (Gyomorey et al. 2000) and Mohammad-Pahah et al 

(Mohammad-Panah et al. 2001), very little is known about the physiological regulation of 

C1C2-2 CI' channels. 

Many researchers have examined C1C-2 CI' currents using cells lines and 

recombinant C1C-2 CI* channels in expression systems. The effects of arachidonic acid 

and acid-activated omeprazol on C1C-2 activity were recently tested in HEK-293 cells 

expressing recombinant C1C-2 CI" channels and in Calu-3, A549 and B E A S - 2 B cell lines 

derived from human lung epithelia. In all of these cell lines, both arachidonic acid and 

omeprazole increased CI" currents through activation of C1C-2 (Tewari et al. 2000; 

Cuppoletti et al. 2001). The overall biological consequences and physiological relevance 

of such regulation in vivo however is unknown. In rat HTC hepatoma cells, CI" currents 

consistent with C1C-2 channels were activated by cell volume increase and stimulated by 

extracellular ATP (Roman et al. 2001), indicating the possibility for C1C-2 channel 

opening by purinergic receptor stimulation. 

Further, intracellular signal transduction mechanisms may play a role in the 

biological regulation of C1C-2 CI" channels. C1C-2 CI" channels have experimentally been 
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shown to be activated by cAMP-dependent P K A in transfected H E K 293 cells 

(Tewari et al. 2000). However in TSA-201 cells (a transformed HEK-293 cell line) 

expressing rat ClC-2, activation of P K A , though able to directly phosphorylate ClC-2, did 

not change channel activity (Park et al. 2001). 

Similar debate exists over the ability of P K C to regulate ClC-2 channel activity. 

In vitro labelling studies of TSA-201 cells failed to demonstrate direct phosphorylation of 

ClC-2 by P K C (Park et al. 2001). However, regulation of ClC-2 CI" channels by P K C has 

been successfully demonstrated in T84 cells. Although the phosphorylation status was not 

examined, several studies lead by Fritsch (Fritsch & Edelman 1996; Bali et al. 2001) 

clearly demonstrated that ClC-2 CI" currents in T84 cells were inhibited by activation of 

PKC with P M A . The disparity between these studies is not clear but may reflect 

differences between the two cell lines. Regardless, the ability of PKC to inhibit ClC-2 

currents in intestinal epithelial cells is intriguing. 

4.1.2 Protein Kinase C 

Protein kinase C is a family of serine-threonine kinases that are important players 

in cellular responses (Ron & Kazanietz 1999). Initially discovered in 1977 (Takai et al. 

1977; Ron & Kazanietz 1999). P K C consists of at least 12 related phospholipid-

dependent protein kinases (Dempsey et al. 2000) that can be grouped into three 

subclasses. The 'conventional' (also called 'classical') PKCs include P K C a , pi, p i l and y. 

Ca2+ and/or D A G and phorbol esters can activate these isoforms. The 'novel' PKCs 

(nPKCs) include 5, e, 6 and n, which can also be activated by D A G and phorbol esters 



but not Ca . The last group are 'atypical' and has two members, P K C Ç and P K C i ; 

these are unresponsive to Ca 2 + and phorbol esters (Ron & Kazanietz 1999). 

P K C is typically activated by binding to D A G or phorbol esters; this binding 

induces a conformational change in P K C that results in the removal of a pseudosubstrate 

from its binding site and the activation of the enzyme (Ron & Kazanietz 1999). Once 

activated, P K C can then phosphorylate other important cellular structures to bring about 

changes in their activity. In most cases, activation of PKC results in its translocation from 

the cytosol to the membrane; however, this is not an absolute requirement (Song et al. 

2001). Phosphorylation of PKC itself does appear to be critically important in its 

regulation. Phosphoinositide-dependent protein kinase-1 (PDK1) phosphorylates P K C 

and is an important regulatory step for P K C maturation and activation; inactive mutants 

of PDK1 results in inactive P K C (Dutil et al. 1998; Ron & Kazanietz 1999). Once 

phosphorylated by PDK1, PKC undergoes further autophosphorylation. Membrane 

recruitment occurs in response to the generation of DAG, which activates P K C for 

downstream signalling (Dempsey et al. 2000). 

The overall consequence of P K C activation is diverse and includes both 

physiological and pathological conditions. Within the gastrointestinal system, P K C 

regulates mucin gene expression in human colonic cell lines (Hong et al. 1999); alters the 

expression of SGLT-1 (Delézay et al. 1995) and CFTR (Breuer et al. 1993); alters barrier 

function (Turner et al. 1999; Song et al. 2001); mediates intestinal epithelial cell injury 

induced by TNF-a (Chang & Tepperman 2001) and regulates Na + /K + -ATPase activity 

(Marsigliante et al. 2001). Further, activation of PKC may be involved in the inhibition of 
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intestinal Cl" secretion under some experimental conditions (van den Berghe et al. 

1992; Song et al. 2001). 

We have previously shown that in the rat, acute adrenergic denervation 

upregulates ai-adrenergic receptors on villus enterocytes from the jejunum and that 

activation of these receptors inhibits CI" secretion (the reader is referred to Chapter 3 of 

this work, pages 80-120). It is interesting to speculate that this ai-adrenergic-induced 

inhibition of CI" secretion may in fact be ai-adrenergic-induced inhibition of ClC-2 CI" 

channels at the villus tip. ai-Adrenergic receptors couple to Gq to activate PLC; the 

second messengers generated by this enzyme can ultimately activate P K C . Owing to the 

possibility that P K C can inhibit ClC-2, it is hypothesized that up-regulation and 

activation of ai-adrenergic receptors on villus enterocytes in the acutely denervated small 

intestine inhibits CI" secretion via PKC-dependent inhibition of ClC-2 CI" channels. 

4.2 MATERIALS & METHODS 

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) unless 

otherwise indicated. 

4.2.1 Animal Model 

Syngeneic male Lewis rats weighing 225-250 g were obtained from Charles River 

Canada (St. Constant, Quebec, Canada) and were used for the transplant (denervation) 

protocol. Surgeries for small bowel transplantation and sham controls were performed as 
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previously described (the reader is referred to Chapter 3, Section 3.2.1, pages 88-90 

for complete details). The small intestine was retrieved 2 weeks post-operative from both 

surgical groups as well as week 4 from the denervated bowel as previously described and 

used for epithelial cell isolation. In addition, native small bowel harvested during the 

transplant procedure was also used as naïve controls. 

4.2.2 Epithelial Cell Isolation 

Epithelial cell isolation was performed on the proximal small intestine from the 

three experimental groups (denervation, sham-operated and naive controls) as previously 

described (the reader is referred to Chapter 3 of this thesis, section 3.2.2, pages 90-91 for 

complete details). Once isolated, the villus and crypt epithelial cell fractions were 

pelleted by centrifugation (1200 R P M for 5 minutes) to remove the E D T A cell isolation 

buffer and the isolated cells used for immunoblotting, RT-PCR, analysis of sucrase 

activity or activation of P K C . 

4.2.3 Immunoblotting 

4.2.3.1 Preparation of Cells 

Once cells were isolated and the E D T A buffer was removed, villus and crypt cell 

fractions were rinsed twice in 1ml of ice-cold suspension buffer (stock composition/ 500 

ml: Tris base, 3.03g; E D T A , 1.86; stored at room temperature). Suspension buffer was 

prepared fresh daily by adding triton X-100 (1%) along with the protease inhibitors 

pepstatin A (50 uM), leupeptin (0.2 mM) and aprotonin (1 ug/ml) to suspension buffer 
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stock (note, concentrations given in brackets refer to the final concentration). After 

the last centrifugation to remove the E D T A buffer, 3 ml of suspension buffer was added 

to each cell fraction and the pellet resuspended. From this, 1 ml of cell preparation was 

aliquoted into a separate Eppendorf tube and placed on ice (to be used for R N A isolation-

see section 4.2.4 RT-PCR). 

The remaining 2ml was centrifuged again, the supernatant discarded and 500 uL 

of fresh suspension buffer added to the cell pellets. The pellet was resuspended and these 

villus and crypt fractions were placed in 1.8ml Eppendorf tubes. Cells were sheared by 

passing them through a 21 gauge needle followed by sonication. After cell disruption by 

sonication, PMSF (100 ug/ml) was added to each cell fraction and the samples incubated 

on ice for 30 minutes. Samples were then centrifuged at 10,000g for 15 minutes at 4°C. 

The supernatant was aliquoted off and the remaining pellet discarded. Of this supernatant, 

100 uL was used for analysis of protein content and the remainder processed for 

immunoblotting. For analysis of protein, samples were diluted 1/10 with suspension 

buffer and protein content determined according to the manufacturer's instructions for the 

Bio-Rad D C protein assay kit (Bio-Rad Laboratories, Hercules, CA) . To the remainder of 

the supernatant, an equal volume of Lamelli's sample buffer was added and the samples 

were boiled for 10 minutes. Once cooled, these villus and crypt samples were then 

aliquoted into 0.5ml Eppendorf tubes to be used for SDS-PAGE and immunoblotting. 

Un-used samples were subsequently stored at -70 °C. 



4.2.3.2 SDS-PAGE 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on villus and crypt epithelial cells to determine the presence of C1C-2 protein 

and both unphosphorylated and phosphorylated (i.e. activated) PKC from controls and 

denervated gut. P-Actin was used as a positive control to ensure equal sample loading and 

non-specific changes in protein content. 

S D S - P A G E was done on 8 and 10% acrylamide (resolving) minigels. For 8% 

gels, the composition was (volume in ml/ 20ml of gel): H2O, 9.3; 30% acrylamide, 5.3; 

1.5M Tris buffer (pH 8.8), 5.0; 10% SDS, 0.2; 10% ammonium persulfate, 0.2; T E M E D , 

0.012. for 10% gels, the composition was H 2 0, 7.9; 30% acrylamide, 6.7; 1.5M Tris 

buffer (pH 8.8), 5.0; 10% SDS, 0.2; 10% ammonium persulfate, 0.2; T E M E D , 0.008. 

Gels were cast using the Hoefer Mighty Small dual gel casters (Amersham Biosciences, 

Piscataway, NJ) and allowed to polymerize before addition of the 5% stacking gel 

(volume/ 6ml: H 2 0, 4.1; 30% acrylamide, 1.0; 0.5M Tris buffer (pH 6.8), 0.75; 10% SDS, 

0.06; 10% ammonium persulfate, 0.06; TEMED, 0.006). Once polymerized, gels were 

placed into the Hoefer Mighty Small mini-vertical electrophoresis unit (Amersham 

Biosciences, Piscataway, NJ) and l x running buffer added (5x stock; composition/1 L dd 

H 2 0: Tris base, 15g; glycine, 72g; SDS, 3g). Samples were added to the lanes at a 

constant 50 ug/protein per lane. One lane was used for a molecular weight marker. 

Depending on the molecular weight needed, either Kaleidoscope Prestained Standards 

(Bio-Rad Laboratories, Hercules, CA) or Rainbow™ Molecular Weight markers 

(Amersham Biosciences, Piscataway, NJ) were used. Once loaded, the protein 



electrophoresed at a constant current (2 gels = 40 m A) for approximately 1.5 hours; 

the unit was cooled constantly by cold running tap water. 

Once the electrophoresis was complete, the protein was transferred onto 

polyvinylidene difluoride (PVDF) membrane using the Hoefer TE22 Mini Tank 

Transphor Unit (Amersham Biosciences, Piscataway, NJ). The protein was allowed to 

transfer overnight using the same constant current of 40 mA. While running, the 

transphor unit was cooled constantly by cold running tap water. Once the transfer was 

complete, the unit was turned off and the PVDF removed from the transphor unit. The 

PVDF was allowed to dry at room temperature and stored at -20 °C until used for 

immunoblotting. 

4.2.3.3 Immunoblot Analysis 

PVDF membranes that had previously been stored at -20 °C were pre-wet in 

100% methanol and rinsed in H 2 O (3 x 10ml H 2 O , 5 minutes each) with constant agitation. 

Membranes were blocked in 5% blocking buffer (5% non-fat milk powder (Bio-Rad 

Laboratories, Hercules, CA) dissolved in PBS containing 0.1% Tween-20 and 0.025% 

sodium azide) for two hours at room temperature. Blocking buffer was prepared fresh 

daily, centrifuged at 10,000 R P M for 10 minutes, filtered using glass filter discs and used 

immediately. Once blocked, blots were then incubated overnight at 4°C with rabbit anti-

C1C-2 (Chemicon International, Inc., Temecula, CA), mouse monoclonal anti-PKC, 

monoclonal anti-P-actin (Sigma Chemical Co., St. Louis, M O ) or phospho-PKC (pan) 



antibodies (Cell Signaling Technology, Beverly, M A ) . Antibodies were diluted to 

their appropriate concentrations (Table 4) in 5% blocking buffer. 

Following incubation with the primary antibodies, blots were washed in 10ml of 

PBS/0.1% Tween-20 (4x15 minutes) at room temperature followed by incubation with 

the appropriate secondary antibodies for 1 hour at room temperature. Peroxidase-linked 

anti-mouse (j3-actin and P K C ) and anti-rabbit (ClC-2 and phospho-PKC) secondary 

antibodies (Amersham Pharmacia, Piscataway, NJ) were diluted in 1% blocking buffer 

(1% non-fat milk powder (Bio-Rad Laboratories, Hercules, CA) dissolved in PBS 

containing 0.1%» Tween-20). Both primary and secondary antibody concentrations had 

been previously optimised according to the conditions used in this study to provide high 

signal and low background. Blots were then washed again in 10ml of PBS/0.1% Tween-

20 (4 x 15 minutes), developed using enhanced chemiluminescence (ECL) detection kit 

according to manufacturer's instructions (Amersham Pharmacia, Piscataway, NJ) and 

immediately visualized on Kodak X - O M A T A R X-ray film. Exposure times (Table 4) 

were optimized for each antibody to reduce the level of background while maintaining 

high signal and used for all subsequent analysis. The X-ray film was scanned using a GS-

710 calibrated imaging densitometer (Bio-Rad Laboratories, Hercules, CA) and band 

densities quantified using Quantity One Version 4.0.1 software (Bio-Rad Laboratories). 

Negative controls included omission of the primary antibody or pre-incubation of the 

primary antibody with the control antigen ( 1:1 ratio, ClC-2 only) for 1 hour at room 

temperature. 
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Table 4. Optimized concentrations and exposure times for protein detection in 

intestinal epithelial cells. 

Protein [Primary] [Secondary] Exposure Time 

ClC-2 1:200 1:1000 1.5 minutes 

B-actin 1:1000 1:2000 20 seconds 

PKC 1:1000 1:1000 1.5 minutes 

Phospho-PKC 1:1000 1:2000 20 seconds 
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4.2.4 RT-PCR 

Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed on 

intestinal epithelial cells from control and denervated jejunum to determine the 

expression of ClC-2 Cfchannels. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as a positive control. 

4.2.4.1 RNA Isolation 

Following the cell isolation procedure and after the villus and crypt fractions were 

aliquoted into separate Eppendorf tubes (for protocol, refer to section 4.2.3.1 on 

Preparation of Cells), cells were centrifuged for 5 minutes at 10,000 R P M to pellet. Al l 

centrifugations were performed at 22°C. The supernatant was completely removed and 

the remaining pellet used for R N A isolation. Total R N A was isolation from the cells 

using an RNeasy Min i Ki t (Qiagen Inc., Mississauga, ON, Canada). To the pellet, 600uL 

of R L T buffer with P-metcaptoethanol (p-ME) (10uL of P-ME/ml R L T buffer) was 

added and the cells resuspended by pipetting until the pellet was well dispersed. Cells 

were frozen at -70°C until the remainder of the protocol was performed. 

Once frozen, the samples were thawed by incubation at 37°C for 10 minutes. 

Following this, the entire lysate was pipetted into a QIA shredder column sitting in a 2ml 

collection tube. This was centrifuged for 2 minutes at 20,000 g to homogenize, the 

column discarded and 600uL of 70% ethanol added to the lysate. This was mixed by 

pipetting and 700uL of this sample added to an RNeasy column sitting in a 2ml 

collection tube. The collection tube was centrifuge for 15 seconds at 8000g and the flow-
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through discarded. 700uL of RW1 buffer was added to the column and centrifuged at 

8000g for 15 seconds to wash. At this point, both the remaining liquid and the tube were 

discarded. The column was placed into a new 2ml collection tube, 500uL of R P E buffer 

added to the column and centrifuged for 15 seconds at 8000g. The liquid was discarded 

and 500uL of RPE buffer added to the column. This was centrifuged at 20,000 g for 2 

minutes at to dry the membrane and the liquid discarded. The column was placed into a 2 

ml collection tube and 30uL of RNA/DNAse-free H 2 0 pipetted directly onto the 

membrane. This was centrifuge for 1 minute at 8000 g to elute the R N A and the 

concentration and purity of R N A measured using a Gene Quant II nucleic acid analyzer 

(Pharmacia Biotech, Uppsala, Sweden). RNA was then stored at -70°C until used. 

4.2.4.2 RT-PCR 

Reverse Transcriptase: R N A (2 ug) was added to a reaction mixture containing 2uL of 

lOx PCR buffer (Qiagen Inc., Mississauga, ON, Canada), 2uL of lOmM 2'-

deoxynuccleoside 5'-triphosphates (dNTPs: consisting of dATP, dCTP, dGTP, dTTP) 

(Invitrogen™ Canada Isc, Burlington, ON), 2uL of N 6 , 1 l u L of RNA/DNAse-free H 2 0 

(Gibco BRL®, Burlington, ON, Canada) and l u L of RNAguard (Amersham Pharmacia, 

Piscataway, NJ). Superscript™ RT reverse transcriptase enzyme (1.5 uL of 200 U / uL) 

(Gibco BRL®, Burlington, ON, Canada) was added to each reaction tube and RT 

performed as previously described (Buresi et al. 2001). Briefly, R N A samples were 

incubated for 10 minutes at 20°C. The reaction mixture was then heated to 42°C for 50 

minutes and then to 95°C in a D N A Engine thermal cycler (MJ Research, Walthem, M A ) . 
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Polymerase Chain Reaction: P C R was performed on c D N A from the RT reaction 

using the primer sequences in Table 5. Primers used were from a lOx stock in lxTE 

buffer (TE buffer (mM): Tris C l , 10; E D T A , 1; in RNA/DNAse-free H 2 0; autoclaved; pH 

8.0). For each reaction, 2uL of c D N A was added to a reaction mixture containing 5uL of 

lOx PCR buffer, 2uL of 2mM dNTPs, 35uL of RNA/DNAse-free H 2 0, 4uL of primer 

mixture (2uL each of 5' and 3') and 0.4uL of HotStarTaq D N A polymerase (Qiagen Inc., 

Mississauga, ON, Canada). P C R for both ClC-2 and G A P D H was stopped after a total of 

31 cycles. The cycles consisted of an initial cycle for 15 minutes at 95°C followed by 

amplification 30 cycles (denaturation at 94°C for 1 minute, annealing at 55°C for 1 

minute and elongation at 72°C for 1 minute). 

Visualization: To visualize mRNA, lOuL of PCR was added to 2.5uL of bromophenol 

blue and loaded ontol% agarose gels containing ethidium bromide. Once loaded, the gels 

were electrophoresed for approximately 45 minutes at a constant voltage of 80V. After 

electrophoretic separation, the gel was visualized and photographed using a Bio-Rad Gel 

Doc 2000 (Bio-Rad Laboratories, Hercules, CA) and densitometry performed using 

Quantity One Version 4.0.1 software (Bio-Rad Laboratories). Bands for ClC-2 and 

G A P D H were compared against a 1Kb D N A ladder (Gibco BRL®, Burlington, ON, 

Canada). 
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Table 5. Primer sequences used for RT-PCR. 

Message Primer Sequence* 

CIC-2 

G A P D H 

5 ' - A G C C C T C C T T G T C T A C C T G A A C C G 

3 ' - C A G G C A G G T A G G G C A G T T T C T T G 

5 ' - C G G A G T C A A C G G A T T T G G T C G T A T 

3 ' - A G C C T T C T C C A T G G T G G T G A A G A C 

* Primer sequences courtesy of Buresi et al. (Buresi et al. 2001). 
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4.2.5 P K C Activation 

The effect of PE on isolated intestinal epithelial cells was examined to determine 

i f ai-adrenergic stimulation could activate PKC. PMA-induced P K C activation was used 

as a positive control for this procedure. 

Immediately after each epithelial cell fraction (villus and crypt) was isolated, the 

cells were vortexed to evenly suspend the cells. The resultant mixture was divided into 

two equal volumes, one of which (Fraction 1) was kept on ice and subsequently used for 

analysis of sucrase activity (for protocol, refer to next section, 4.2.6 Sucrase Assay, in 

this thesis). The other fraction (Fraction 2) was centrifuged at 1200 R P M for 5 minutes at 

4°C and the E D T A (cell isolation) buffer removed. From here, the protocol for P M A -

induced PKC activation in epithelial cells from the small bowel was modified from 

recently-described methodology for P K C activation in colonic epithelial cells 

(Tepperman et al. 2000). Though not examined in that paper, PE-induced activation of 

P K C was further based on these modifications. 

Villus and crypt epithelial cells (both from Fraction 2) were resuspended in 20mL 

of RPMI 1640 cell culture buffer (Gibco BRL®, Burlington, O N , Canada) supplemented 

with 10% fetal calf serum and vortexed to fully resuspend the cells. Either PE (lOmM) or 

P M A (luM) was added to these cell suspensions, the drugs and cells mixed by vortexing 

and then incubated for either 10 or 30 minutes at 37°C, with occasional agitation to 

ensure equal cell suspension. After incubation, the villus and crypt epithelial cells were 

washed in 10ml ice-cold Krebs buffer to stop the reaction (2x 1200 R P M for 5 minutes 

each) and ensure complete removal of the cell culture buffer. After the last centrifugation, 
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the Krebs buffer was aspirated and 0.5ml of fresh-prepared, ice-cold suspension 

buffer was added. From here, the villus and crypt fractions were processed according to 

the protocol previously described for immunoblotting (section 4.2.3 of this thesis). 

Measurement of P K C activity was assessed using phospho-specific P K C antibodies and 

quantified by densitometric assessment. 

Negative controls for P K C activation consisted of unstimulated villus and crypt 

epithelial cells. Here, epithelial cells were isolated and processed immediately for 

immunoblotting and therefore were not exposed to either P M A or PE. Exposure to 

phospho-PKC antibodies was identical to the stimulated cells. 

4.2.6 Sucrase Assay 

Sucrase activity was assessed in villus and crypt epithelial cells isolated from the 

denervated and control small bowel to ensure adequately pure separation between the cell 

fraction. The methodology used is according to the colorimetrie assay described by 

Dahlqvist (Dahlqvist 1964) and previously used by us to assess villus and crypt intestinal 

epithelial cell maturity in the guinea pig (Lang 1995; Lang et al. 1996). 

Briefly, villus and crypt epithelial cells isolated as described above were divided 

into two fraction with Fraction 1 being used to determine sucrase activity. Once isolated, 

protein content was determined and the cells were diluted in PBS to 0.4mg/ml protein. 

Samples were incubated with sucrose substrate (0.056M) (lOOuL of each) and TGO 

reagent (0.3 ml of glucose oxidase in 50ml Tris buffer, 0.5 ml peroxidase, 0.5ml o-

diansidine, 1ml Triton; diluted to 100ml Tris buffer) and incubated at 37°C for 60 
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minutes. Negative controls (blanks) consisted of adding the sample to the sucrose 

substrate and immediately placing them in boiling water for 2 minutes followed by 

addition of the TGO reagent. As an estimate of sucrase activity, the production of glucose 

was measured using a spectrophotometer at a wavelength of 420nm and expressed per 

gram of protein. 

4.2.7 Statistical Analysis 

A l l data is presented as the mean ± SEM. Statistics and graphs were generated 

using GraphPad Prism, version 3.00 (GraphPad Software, Inc., San Diego, CA). 

Statistical analysis between two groups was performed using a student's t-test and 

statistical comparison of more than two groups was performed using one-way A N O V A 

with Tukey's multiple comparison post-test. In all cases, a P value of < 0.05 was 

considered to be significant. 

4.2 RESULTS 

4.2.1 P-actin Immunoblotting 

To ensure that equal loading of epithelial cell protein was achieved and that non

specific changes in protein content were not occurring, immunoblotting using villus and 

crypt epithelial cells from denervated gut, sham-operated and naïve controls was 

performed using an antibody against (3-actin. Immunoblotting with this antibody was 

performed on the same samples as for C1C-2 and performed under identical conditions. 
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On immunoblots of intestinal epithelial cells, this antibody recognised a single 

band at a molecular weight of approximately 42 kD in all cell fractions examined. 

Densitometric analysis revealed that the intensity of the band was identical between villus 

and crypt cell fraction and did not differ significantly between cells isolated from the 

acutely denervated gut, sham-operated or naïve controls (Figure 25). 

4.2.2 C1C-2 Protein and Message in the Intestine 

C1C-2 has previously been shown to be present in the murine ileum (Gyomorey et 

al. 2000) but the distribution of C1C-2 protein and message along the crypt-villus axis in 

the jejunum of the Lewis rat is unknown. Because is is hypothesized that up-regulation 

and activation of a i-adrenergic receptors on villus enterocytes in the acutely denervated 

small intestine inhibits CI" secretion via PKC-dependent inhibition of C1C-2 CI" channels, 

we first needed to show the presence of C1C-2 in villus epithelial cells from the jejunum. 

The distribution of C1C-2 in villus and crypt epithelial cells isolated from the proximal 

small bowel of normal and sham-operated controls as well as cells harvest from the 

denervated bowel at weeks 2 and 4 was compared. 

To assess C1C-2 protein expression, a commercially-available polyclonal rabbit 

anti-ClC-2 antibody that recognises a band of approximately lOOkD was used. Under the 

experimental conditions described here, this antibody recognized a broad, predominant 

band of that approximately molecular weight in both villus and crypt epithelial cells from 

the jejunum of sham-operated and naïve controls (Figure 26A). The relative band 

densities between the villus and crypt cell fractions were not statistically different 
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Control Sham Transplant 

42kD 

Con-V Con-C Sham-V Sham-C Trans-V Trans-C 
Group 

Figure 25. Immunoblot analysis of P-actin protein in villus and crypt intestinal epithelial 

cells. Antibody against P-actin recognises a single band of approximately 42kD was 

observed in both villus and crypt cells isolated from all three experimental groups 

(representative immunoblot -top panel). There was no significant difference between 

villus and crypt cell or cells from any of the experimental groups (P > 0.05) with respect 

to the relative density of the bands (optical density). Optical density values were between 

1.77+0.17 and 2.01+0.06 forali groups. Results are expressed as mean ± S E M , n = 4-9. 

Abbreviations: C, crypt; Con, naïve control; Sham, sham-operated controls; Trans, 

transplant; V, villus. 
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B . 

Control Sham 

Villus (C) Crypt (C) Villus 

Cell Fraction 
Crypt 

Figure 26. Representative immunoblot (A) and results of densitometric analysis (B) of 

C1C-2 in epithelial cells from control jejunum. Band densities were not significantly 

different between villus and crypt cell fractions from naïve (control; villus = 0.55+0.09, 

crypt = 0.83+0.21) and sham-operated (sham; villus = 1.15+0.133; crypt = 0.99+0.21) 

controls. Results are expressed as mean ± S E M , n = 3-9. 
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in either control group (P > 0.05) (Figure 26B). This band was specific for ClC-2 as 

pre-incubation of the antibody with the control antigen eliminated this band (data not 

shown). Taken together, this data indicates that ClC-2 protein is present in epithelial cells 

from both the villus and crypt of the rat jejunum under normal physiological conditions. 

Protein for ClC-2 was also present in villus and crypt epithelial cells isolated from 

the denervated small intestine at weeks 2 and 4 (Figure 27). There was no significant 

difference between the villus and crypt cell fractions from the denervated jejunum (P > 

0.05). We also compared intestinal ClC-2 protein expression between intestinal cells 

isolated from control and denervated small intestine. Figure 27A shows a representative 

immunoblot for ClC-2 protein comparing epithelial cells from naive controls and 

denervated small intestine at week 2. There was a significant increase in the expression of 

ClC-2 protein in both villus (1.39+0.19) and crypt (1.7+0.18) intestinal epithelial cells 

isolated from the denervated small intestine harvested at week 2. B y 4 weeks post-

denervation, ClC-2 protein levels were similar to those found in villus (0.3±0.3) and 

crypt (0.32±0.1) cells from the control and therefore not significantly different (Figure 

27B). Taken together, this data indicates that, as a consequence of acute adrenergic 

denervation, there is a significant increase in intestinal epithelial ClC-2 CI" channel 

protein, the same time when we have previously shown ai-adrenergic inhibition of CI" 

secretion at the villus tip. 

To determine if the effects of denervation on ClC-2 protein in intestinal epithelial 

cells were at the transcriptional level, total R N A was isolated from villus and crypt cell 

fractions to examine ClC-2 mRNA. G A P D H message, run as a housekeeping gene, was 



Control Transplant 

Villus (C) Crypt (C) Villus (T2) Crypt (T2) Villus (T4) Crypt (T4) 
Group 

Figure 27. ClC-2 protein content is increased in villus and crypt epithelial cells 2 weeks 

post-denervation. A . Representative immunoblot of villus and crypt epithelial cells from 

control and transplanted (denervated) jejunum. B. Optical density measurements of villus 

and crypt epithelial cells from control (C) and denervated gut at weeks 2 (T2) and 4 (T4). 

ClC-2 protein content in villus and crypt cells was significantly increased at week 2 post-

denervation compared to week 4 and cells from naïve controls (P < 0.05). Results are 

expressed as mean ± S E M , n = 2-9. 



156 
generally present in both villus and crypt cell fractions isolated from the jejunum of 

all three experimental groups. Figure 28 A shows a representative gel of epithelial cells 

from three naïve controls and a transplant. As revealed by band intensity, there was no 

significant difference in expression levels between the villus and the crypt or between the 

groups (Figure 28B). Message for C1C-2 was also found in epithelial cells from the 

jejunum of all three groups. When present, the message was always located between 517 

and 1018 base pairs (bp) at approximately 695 bp, which is the known size for the P C R 

product for the C1C-2 specific-primers that were used (Hagos et al. 1999; Buresi et al. 

2001). However, the distribution and level of C1C-2 mRNA among villus and crypt cells 

was inconsistent, both between the two intestinal cell fractions as well as between 

experimental groups (Figure 28). Overall, R N A isolated from 30-70% of the control, half 

of the sham and between 30-40% of transplant intestinal cells had m R N A for C1C-2. The 

reason for this is unclear but may reflect technical difficulties in obtaining adequate 

quantities and purity of R N A from isolated intestinal epithelial cells using our cell 

separation method. 

A l l C1C-2 PCR products were measured by densitometry. Measurements of band 

intensity revealed a moderate increase in C1C-2 mRNA compared to control animals, but 

this increase did not reach significance (Figure 29). Similar to the pattern exhibited for 

G A P D H expression, there was also no quantifiable difference between villus and crypt 

cell fractions for C1C-2. While this demonstrates that C1C-2 mRNA is present in 

intestinal epithelial cells from the jejunum of the Lewis rat, no conclusions can be made 

regarding the effects of adrenergic denervation of the level of expression along the crypt-
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Figure 28. C1C-2 and G A P D H m R N A expression in villus and crypt cell fractions 

isolated from the jejunum of the Lewis rat. A . R T - P C R gel for C1C-2 and G A P D H for 

control and transplant animals depicting the inconsistent nature of C1C-2 expression. B. 

G A P D H m R N A expression was not different between villus and crypt fractions or 

between any of the experimental groups (P > 0.05, one-way A N O V A , Tukey's post-test). 

Results are expressed as mean ± S E M , n = 2-8. 
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300 n 

Villus (C) Crypt (C) Villus (T) Crypt (T) 
Group 

Figure 29. Intensity of C1C-2 mRNA levels in intestinal epithelial cells from the Lewis 

rat. The level of expression for villus (96.56+36.59) and crypt (84.96+55.45) epithelial 

cells from the control was not significantly different than epithelial cells from the 

denervated small bowel (villus, 217.6+63.08; crypt 126.7± 122.4). Results are expressed 

as mean ± S E M , n = 2-7. 
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villus axis. 

Despite the lack of clarity in m R N A expression, the results presented here clearly 

demonstrate that ClC-2 is present in intestinal epithelial cells and the protein levels are 

increased as a result of adrenergic denervation. Therefore, the presence of ClC-2 in the 

denervated small intestine, particularly villus epithelial cells, represents a pathway for the 

inhibition of CI" secretion at the villus tip following ai-adrenergic activation. 

4.2.3 Sucrase Activity 

Previous studies had localized ClC-2 primarily to rat and mouse small intestinal 

villi using immunohistochemical methods (Gyomorey et al. 2000; Lipecka et al. 2002). 

The results presented here suggest that in the rat jejunum, ClC-2 is present in both the 

villus and crypt epithelial cells. To be sure that these findings were not the result of 

incomplete cell separation (i.e. contamination of villus cells within the crypt cell 

fraction), sucrase activity was measured in villus and crypt fractions isolated from the 

jejunum of control and denervated animals. Sucrase is a brush border enzyme that is 

responsible for the hydrolysis of ingested disaccharides. There is high sucrase activity 

within the villus region with little enzymatic activity in the crypts (Traber 1999) and is 

therefore a useful measure of purity for the cell isolation method in the rat. Further, this 

approach was used previously to confirm the purity of intestinal epithelial cells from the 

jejunum of the guinea pig (Lang 1995; Lang et al. 1996). 

Analysis of sucrase activity in the jejunum of the rat using our cell isolation 

technique is summarized in Table 6. Intestinal epithelial cells from control jejunum 
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Table 6. Sucrase activity in villus and crypt epithelial cell fractions from the jejunum 

of Lewis rats. 

Experimental Group Sucrase Activity* (mean+SEM)/ N 

Control: Villus 

Crypt 

Transplant: Villus 

Crypt 

22.03+ 11.1 / 4 

3.48±1.0 /5 

9.4±3.54 /3 

1.52 + 0.28 /3 

* values are expressed as per gram of protein 



exhibited high levels of sucrase activity in cells from the villus fraction and nearly 

undetectable levels of enzymatic activity in the crypt cell fraction. Similar results were 

obtained in villus and crypt epithelial cell fractions isolated from the jejunum of 

transplanted animals. There was no difference in the level of enzymatic activity between 

the two groups. These results confirm the relative purity of the villus and crypt cell 

fractions from both of these experimental groups. 

4.2.4 PKC Isoforms in the Intestine 

The presence of P K C isoforms a, E and Ç in intestinal epithelial cells has been 

illustrated in isolated ileal enterocytes from the rabbit (Hyun et al. 1994). Others have 

examined the presence and/or distribution of various P K C isoforms (Tepperman et al. 

2000; Thodeti et al. 2001) and have indicated that intestinal injury may increase P K C 

protein levels (isoforms a, 5, 8 and Q (Tepperman et al. 2000). Therefore, we wanted to 

determine the presence of PKC in isolated intestinal epithelial cells and the effect of 

denervation on protein levels of P K C . To accomplish this, a monoclonal anti-protein 

kinase C antibody that recognizes an 80kD band of primarily P K C a, pi and p i l isoforms 

was used. P K C was present in villus and crypt cells from the jejunum of the Lewis rat 

where a strong band of approximately 75kD was present (Figure 3 OA). A second minor 

band with a higher molecular weight was also occasionally observed, a finding consistent 

with some P K C isoforms (Tepperman et al. 2000). Based on the lower band intensity and 

densitometric analysis, there was no significant difference in the amount of P K C protein 

either between villus and crypt cell fraction or between intestinal epithelial cells from 
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Figure 30. P K C in intestinal epithelial cells. Representative immunoblot (top panel) and 

corresponding optical density measurements (bottom graph) for P K C in villus and crypt 

cell fractions from the control and denervated gut. Measurements for optical density were 

taken from the major band (*) at approximately 75kD. P K C protein was consistent and 

not significantly different between control and denervated gut (P > 0.05). Results are 

expressed as mean ± S E M , n = 5-6. 
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the control and transplanted gut (Figure 3OB). This data indicates that P K C is present 

in villus and crypt cell fractions and that P K C content within these fractions is not altered 

as a consequence of denervation. 

The effect of PE and PMA-induced P K C activation on overall P K C content in the 

epithelial cells was also examined. In epithelial cells isolated from control (Figure 31) 

and denervated (Figure 32) jejunum, treatment with PE for either 10 or 30 minutes did 

not affect the level of P K C . Further to this, treatment with the phorbol ester P M A for the 

same time frame also did not significantly change P K C protein content (Table 7). 

Therefore, activation of P K C by P M A or adrenergic receptor activation does not alter 

PKC content in intestinal epithelial cells. 

4.2.5 Activation of P K C 

Thus, both C1C-2 and PKC are present in villus and crypt intestinal epithelial cells 

of the Lewis rat. Based on this, it is therefore possible that increased on-adrenergic 

receptors on villus cells are inhibiting CI" secretion through PKC-dependent inhibition of 

C1C-2. To demonstrate this link, we needed to show that ai-adrenergic stimulation in 

these isolated intestinal cells activates PKC. 

There are several methodologies that can be used to demonstrate P K C activity 

including translocation of PKC and incorporation of [y-32p] ATP. A safe alternative is to 

use uses phospho-PKC antibodies that bind to P K C only when it is phosphorylated. 

Although phosphorylation of conventional P K C isoforms does not directly activate P K C , 

it produces a competent enzyme that is fully able to respond to lipid second messengers. 
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V C V C V c 
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Figure 31. Effect of ai-adrenergic stimulation on P K C protein in intestinal epithelial 

cells from control jejunum. A . Representative immunoblot of villus (V) and crypt (C) 

epithelial cells before (0) and after 10- (PE 10) and 30-minute (PE 30) incubations with 

PE. B. Summary of corresponding protein content of PKC. P K C protein in either cell 

fraction did not significantly change (P > 0.05) following stimulation with PE. Results 

are expressed as mean ± S E M , n = 3-5. 
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Figure 32. Effect of ai-adrenergic stimulation on PKC protein in intestinal epithelial 

cells from acutely denervated jejunum. A. Representative immunoblot of villus (V) and 

crypt (C) epithelial cells before (0) and after 10- (PE 10) and 30-minute (PE 30) 

incubations with PE. B. Summary of corresponding protein content of P K C . P K C protein 

in did not significantly change (P > 0.05) following stimulation with PE. Results are 

expressed as mean ± SEM, n = 3-6. 
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Table 7. Effect of P M A treatment on P K C protein levels in villus and crypt intestinal 

epithelial cells. 

Time Control Transplant 

(minutes) Villus Crvnt Villus Crypt 

0 2.03±0.29 1.57+0.26 1.56+0.26 1.83+0.22 

10 2.23±0.14 1.95+0.41 2.09±0.36 1.68±0.62 

30 1.70+0.28 2.3+0.13 1.62 + 0.41 2.09+0.37 

Results are expressed as mean + SEM, n = 2-7. 
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Further, phosphorylation of novel isoforms such as PKCe is regulated rather than 

constitutive and such phosphorylation may lead directly to its activation (Cenni et al. 

2002). We therefore measured P K C activation indirectly in villus and crypt cells after 

addition of either P M A or PE through the presence and/or intensity of bands generated by 

immunoblotting with phospho-PKC (Pan) antibody, which recognizes P K C a, pT, pn, Ô, s 

and r) isoforms. First, the ability of P M A to activate P K C in isolated intestinal epithelial 

cells from both experimental groups was tested. To accomplish this, freshly isolated 

intestinal epithelial cells were used (time 0), which should have minimal amounts of 

activated P K C , and compared this against cells treated with P M A for either 10 or 30 

minutes. Incubation of villus and crypt intestinal cells with P M A for either 10 or 30 

minutes, at a concentration of l u M , was able to activate P K C as indicated on 

immunoblots by a single prominent band at a mw of approximately 80kD (Figure 33). 

P M A was able to active intestinal cells from both experimental groups. Further, this band 

was not present or only weakly so in intestinal epithelial cells that were processed 

immediately following the cell isolation procedure (negative control). The intensity of 

this band ranged from 0.148+0.09 to 0.53 ±0.24 (n = 5-7). There was no significant 

difference in the level of baseline P K C activity between the control and denervated small 

intestine (P > 0.05). In all cases, separate immunoblots were probed with anti-P-actin to 

ensure equal sample loading. Immuno-reactive P-actin bands were consistent among all 

of the trials and treatment groups (data not shown). 



A . No P M A P M A 30 minutes 
V C V C 

Figure 33. Representative immunoblots of PMA-induced activation of P K C in intestinal 

epithelial cells from A. control and B. denervated jejunum. Immunoblots are typical of 

between 2 and 7 separate experiments. Abbreviations: V , villus; C, crypt. A . Inset: 

separate immunoblot depicting P K C activation after incubation of control intestinal cells 

with P M A for 10 minutes 

The ability of PE to activate P K C in cells from control and denervated small bowel was 

examined next. PE, at the same concentration used to assess intestinal epithelial function 

in Ussing chambers, was able to activate P K C in villus and crypt 



epithelial cells. There was a significant increase in band intensity for phospho-PKC 

after treatment of villus and crypt epithelial cells from naïve controls with PE (Figure 

34). A similar significant increase in P K C activity was also observed in both cell 

fractions isolated from the denervated jejunum (Figure 35). The increase in P K C 

activation after incubation with PE for either 10 or 30 minutes however was not 

significantly different between either the villus and crypt fractions of either group. 

Further, there was no significant difference in the PKC response to PE between the two 

experimental groups. Taken together, this data indicates that PE-induced ai-adrenergic 

receptor stimulation activates PKC in both villus and crypt cell fractions, as indicated by 

the increased immunoreactive bands for anti-phospho-PKC. 

4.2.6 C1C-2 after PKC activation 

The effects of P E and P M A on levels of C1C-2 were also examined using 

immunolbotting. Following stimulation of the cells, immunoblots were prepared and 

probed with anti-ClC-2 antibody to assess if there were changes in C1C-2 protein content. 

Negative controls consisted of cells where no drug had been added. Positive controls 

included application of anti-P-actin separate to immunoblots of the same samples to 

ensure equal sampling loading among the lanes. 

P M A , at the same concentration used in the above experiments, did not affect the 

level of C1C-2 protein in isolated intestinal epithelial cells from naïve controls (Figure 

36) or the acutely denervated bowel (Figure 37). Overall, there was no significant 

difference in the level of C1C-2 protein When considered with data from the above 
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Time: PEO PEIO PEIO PE30 

Fraction: V C V C v • C V C 

PEO PEO PE10 PE10 PE30 PE30 

Figure 34. PE-induced activation of P K C in intestinal epithelial cells isolated from naïve 

controls. A . Immunoblot of villus (V) and crypt (C) epithelial cell following the cell 

isolation (PE 0), 10 minute-(PE 10) or 30 minute-(PE 30) incubations with PE. B. Optical 

density measurements of PE-induced P K C activation after 10 and 30 minute incubations. 

Band density significantly increased following exposure to PE for both villus and crypt 

cells (** P < 0.01; *** P < 0.001). Results are expressed as mean ± S E M , n = 3-7. 
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Figure 35. PE-induced activation of P K C in intestinal epithelial cells isolated from the 

denervated jejunum. A . Representative immunoblot of P K C activation as determined by 

phospho-PKC antibody, in the denervated gut after incubation with P E for 30 minutes. 

Consistent P-actin bands are observed on an immunoblot using the same samples. B. P E 

treatment for 10 or 30 minutes significantly increases P K C activity (** P < 0.01; ***P < 

0.001). Results are expressed as mean + S E M , n = 3-5. 
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Figure 36. Effect of P M A treatment on ClC-2 protein content in intestinal cells from the 

small intestine of control animals. A . Representative immunoblot of villus (V) and crypt 

(C) epithelial cells before (PMA 0) and after 10 and 30 minute treatments (PMA 30 and 

P M A 10) with P M A . B. There is no significant difference in ClC-2 relative band density 

before and after incubation with P M A (P > 0.05). Results are expressed as mean ± S E M , 
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Figure 37. Effect of P M A treatment on ClC-2 protein content in intestinal cells from the 

denervated small intestine. A . Representative immunoblot of villus (V) and crypt (C) 

epithelial cells before (PMA 0) and after (PMA 10 and P M A 30) treatment with P M A . B. 

There is no significant difference in ClC-2 band density before and after incubation with 

P M A (P > 0.05). Results are expressed as mean ± SEM, n = 2-6. 
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section, these data indicate that P M A can activate P K C in isolated intestinal epithelial 

cells but does not affect C1C-2 protein levels. 

Incubation of villus and crypt intestinal epithelial cells isolated from normal small 

bowel with PE was also without effect on C1C-2 protein content. Although there was a 

small increase in C1C-2 after incubation of the cells with PE, this change was not 

significant (Figure 38). In contrast, incubation of villus and crypt epithelial cells isolated 

from the denervated gut at week 2 with PE induced a significant decrease in C1C-2 

protein (Figure 39). In villus cells, C1C-2 protein went from 1.583±0.192 to 0.75±0.191 

after a 30 minute incubation with PE. C1C-2 decreased accordingly in crypt cells from 

1.69+0.146 to 0.37±0.23. This data indicates that ai-adrenergic stimulation decreases 

C1C-2 protein content in epithelial cells from the denervated bowel. 
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Figure 38. ClC-2 protein in the intestine of naïve controls after incubation with PE.A. 

Representative immunoblot of anti-GC-2 antibody before (PE 0) and after incubation 

with PE for 10 (PE 10) or 30 minutes (PE 30). B. There was no significant change in 

ClC-2 protein after incubation with PE (P > 0.05). Results are expressed as mean ± SEM, 

n = 3-15. 
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Figure 39. C1C-2 protein in villus and crypt cells from the denervated jejunum after P E 

stimulation. A . Immunoblot of C1C-2 before (PE 0) and after incubation with PE (PE 10 

and PE 20) depicting the decrease in band intensity. B . This decrease in C1C-2 was 

significantly different in both the villus and crypt cell fractions (* P < 0.05; ** P < 0.01, 

*** p < 0.001). Results are expressed as mean ± SEM, n = 3-11. 
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4.3 DISCUSSION 

In the current work, the effects of acute adrenergic denervation and ai-adrenergic 

receptor stimulation on P K C activation and C1C-2 levels in villus and crypt epithelial 

cells are described. We sought to test the hypothesis that ai-adrenergic activation in the 

denervated gut inhibits CI" secretion via PKC-dependent inhibition of C1C-2 CI" channels. 

To this end, it has been shown that C1C-2 is present in villus and crypt epithelial cells and 

that the level of this ion channel is increased as a consequence of denervation. Further, 

P K C is activated by the ai-adrenergic agonist PE in isolated villus and crypt intestinal 

epithelial cells from the denervated jejunum and that C1C-2 is down regulated because of 

this activation. In a previous study, we demonstrated that acute adrenergic denervation 

up-regulates ai-adrenergic receptors on villus epithelial cells and that following a i -

adrenergic stimulation, there is a concomitant decrease in CI" secretion. Taken together 

these data indicate that ai-adrenergic-induced inhibition of CI" secretion following acute 

adrenergic denervation may be the result of PKC-mediated down-regulation and/or 

inhibition of C1C-2 CI" channels, possibly at the villus tip. 

Using an intestinal epithelial cell isolation protocol (Lang et al. 1996) in 

conjunction with immunoblotting with a specific C1C-2 antibody, we have demonstrated 

that C1C-2 is present in both the villus and crypt epithelial cells from the rat jejunum with 

no difference between the two fractions. The presence of C1C-2 in the crypt as well as the 

villus was somewhat unexpected as previous reports have localized C1C-2 primarily to 

the villus epithelium in the murine ileum (Gyomorey et al. 2000) and rat small intestine 

(Lipecka et al. 2002). There are several possibilities that may account for the discrepancy. 
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First, region-specific differences between intestinal segments (e.g jejunum vs. ileum) 

in C1C-2 distribution along the crypt-villus axis may account for this. Unfortunately, it 

was not specified in the study by Lipecka and colleagues (Lipecka et al. 2002) which 

segment of rat small intestine was used and thus could not be used for precise comparison 

between their study and this one. It is therefore possible that the localization of C1C-2 to 

the villus of the murine ileum and the results presented here may be indicative of 

differences between intestinal segments. 

Differences in methodology between this study and theirs may also be a factor. 

Localization of C1C-2 to villi in the murine ileum and rat small intestine was performed 

using immunohistochemistry while we used immunoblotting and E C L to visualize 

immunoreactive bands. E C L is an extremely sensitive detection method that can pick up 

less than one picogram of protein in a sample. It is possible the weak staining that was 

observed in the murine crypt (Gyomorey et al. 2000) may have been stronger had a more 

sensitive technique been used. 

Another possibility that could have accounted for the differences in C1C-2 

distribution is that the cell separation technique may have been incomplete. This is, villus 

cells may have contaminated the crypt fraction and have been the reason that C1C-2 was 

found in both cell fractions. We ruled out this possibility by examining sucrase activity in 

the cell isolates. It is well known that there are high levels of sucrase activity within the 

villus region with little enzymatic activity in the crypts (Traber 1999). In isolated 

intestinal epithelial cells from the rat jejunum, high levels of sucrase activity was found 

in the villus fraction but very low levels in the crypt cell fraction. This indicates that the 
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villus and crypt cell fractions represent pure populations of intestinal epithelial cells. 

Therefore, the localization of C1C-2 in both the crypt and villus epithelium of the rat 

jejunum is a valid observation Further, the completeness of the separation technique 

further authenticates the previous observation that ai-adrenergic receptors are present 

primarily on villus enterocytes in the denervated gut (the reader is referred to Chapter 3, 

pages 100-104 for those results) 

A significant increase in C1C-2 protein in intestinal epithelial cells following the 

denervation procedure that was not observed in cells isolated from control intestine The 

change in CIC-2 protein after intestinal denervation does not reflect general up-regulation 

of cellular protein as reflected by unaltered levels of both (3-actin and PKC protein levels. 

This is the first study to show a correlation between an increase in this ion channel and 

intestinal neuropathy, in particular adrenergic denervation. Increased expression and 

protein levels of other ion channels as a result of intestinal injury have been 

demonstrated. The mRNA expression of L-type calcium channels was found to be 

significantly elevated in human colon cancer biopsies. It was suggested that because the 

increase was large, that L-type calcium channel mRNA expression may be a useful 

marker of transformation in biopsy samples (Wang et al. 2000). Yiangou et al (Yiangou 

et al 2001) recently demonstrated that there is a significant increase in protein levels (as 

measured by relative optical density of immunoblots) for the ATP-gated ion channel 

P2X(3) during inflammatory bowel disease. The authors speculated that the increased 

levels of this channel may play an important role in dysmotility and pain during 

inflammatory bowel disease and thus may be a potential new therapeutic agent. However, 
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the regulatory mechanisms and functional changes associated with the increased ion 

channel expression during intestinal neuropathy were not examined in either of those 

studies. 

We had previously shown (Chapter 3 of this thesis) that acute intestinal 

denervation causes increased ai-adrenergic receptors on villus enterocytes and that 

stimulation of these receptors inhibits CI" secretion. Therefore, inhibition of CI" secretion 

may be the result of PKC-dependent inhibition of C1C-2 CI" channels. To add credence to 

this, the ability of PE to activate PKC in isolated villus and crypt intestinal epithelial cells 

was examined. Here, PE activated P K C in both cell fraction isolated from naïve controls 

and acutely denervated proximal small intestine. This finding was surprising as we 

hypothesized that PE would only activate P K C in the villus cell fraction from the 

denervated gut because of the increased presence of a¡-adrenergic receptors. The ability 

of PE to activate P K C in all cell fractions may be because of low levels of receptors 

present on the cells that are capable of bringing about a biological response. This may 

reflect inherent limitations of the technique used to examine receptor distribution. 

Fluorescent adrenergic probes were used to label isolated intestinal epithelial cells and 

identify them by means of flow cytometry (the reader is referred to Chapters 2 and 3 of 

this thesis for complete methodology). While this accurately identified enterocytes from 

the mixed population of intestinal epithelial cells, flow cytometric analysis has relatively 

lower sensitivity than techniques such as radioimmunoasay (Lang 1995). Therefore, we 

may simply not be detecting very low levels of enterocyte ca-adrenergic receptors. Even 

a small numbers of receptors can bring about biological activity and may not reflect the 
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extent to which they are capable of regulating intestinal epithelial function (Lang et 

al. 1996). However, the validity of this technique in identifying and characterizing 

receptor populations has previously been demonstrated (Lang et al. 1996). It is therefore 

possible that ai-adrenergic receptors are present at very low levels within the gut under 

normal circumstances, at levels not detectable by the methods used here. Acute 

adrenergic denervation causes an up-regulation on villus enterocytes that is significant 

enough to be detected by FACS analysis and is concomitant with the differential response 

to ai-adrenergic stimulation at the same time point (refer to Chapter 3, Section 3.3.2 on 

Ussing chamber analysis of epithelial function). 

The differential response observed after adrenergic denervation may reflect the 

up-regulation of one of the ai-adrenergic receptor subtypes. In this study, a fluorescent 

analogue of prazosin was used to identify adrenergic receptors on intestinal epithelial 

cells. Prazosin, although able to differentiate between a i - , (X2 - and (3-adrenergic receptors, 

is not able to discriminate between the three primary subtypes of ai-adrenergic receptors 

(Hancock 1996; Zhong & Minneman 1999). Currently, studies examining responses by 

distinct ai-adrenergic receptor subtypes are hampered by moderate selectivity of 

currently available subtype-selective drugs. These drugs may interaction both with other 

adrenergic and non-adrenergic receptors (Cotecchia et al. 1998). A l l ai-adrenergic 

receptor subtypes are able to activate P L C (Piascik & Perez 2001) and generate the 

second messengers necessary for P K C activation. However, it has been suggested that 

there are potential differences in the functional outcome of ai-adrenergic receptor 

activation (Piascik & Perez 2001). 
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Support for a differential response following ai-adrenergic stimulation comes 

from the initial observation that N H E isoforms are regulated by aiA-and aiB-adrenergic 

receptor subtypes (Liu et al. 1997). In a subsequent study by the same group (Liu & 

Gesek 2001), these researchers examined the ability of ai-adrenergic receptors to activate 

the N H E isoforms NHE1 and NHE3 in epithelial cells from the renal proximal tubule. 

Here, they determined that the mechanism of action was indeed different and were able to 

show that ai-adrenergic receptor activation of N H E 1 is regulated by P K C but NHE3 is 

controlled by mitogen-activated protein kinase (MAPK). It is interesting to speculate that 

the differential N H E response observed in that study is the result of the selective 

activation of specific ai-adrenergic receptor subtypes, although no such correlations were 

made. It is therefore possible that the activation of PKC after incubation of PE with cell 

fractions from both experimental groups was the result of activation of multiple a i -

adrenergic receptor subtypes. The oti-adrenergic induced responses in the proximal small 

intestine may be the result of multiple signaling pathways that are influencing several 

types of ion channels in intestinal epithelial cells. However, only one of these receptor 

subtypes may be increased following denervation, the identity of which could not be 

determined from this study. 

It is also possible that the activation of P K C observed in both groups was non

selective and that the selective induction of a particular P K C isoform, through the up-

regulation of a distinct ai-adrenergic receptor subtype following denervation, may be 

mediating the observed changes in CI" secretion. To examine P K C activity, a phospho-

P K C antibody that recognizes several classical and novel P K C isoforms was used. In 
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particular, this antibody detects P K C a, pi, pi l , 5, 8 and n, only when phosphorylated. 

As noted previously (the reader is referred to section 4.2.5, Activation of P K C ) , the 

phosphorylation of P K C is required for its maturation and competency to respond to 

further stimulation and therefore serves as an indirect measure of activation. Based on the 

results obtained from this study using this approach, it is possible that non-selective ai-

adrenergic receptor activation induces several of these P K C isoforms in the intestinal 

epithelium. Support for this comes from a study by Marsigliante and colleagues 

(Marsigliante et al. 2001) where they demonstrated that administration of angiotensin II 

to eel enterocytes results in the translocation of P K C a, 5 and r\. The P K C isoform 

responsible for inhibition of CI" secretiion observed in this study may be P K C E . Inhibition 

of Ca2+-stimulated CI" secretion in T84 cells has recently been shown to be dependent on 

PKCe (Chow et al. 2000). It is therefore possible that up-regulation of a particular a i -

adrenergic receptor subtype in the denervated gut is inhibiting CI" secretion through it 

ability to activate P K C E . Further, there is strong evidence that the phosphorylation of 

PKCs is regulated rather than constitutive and once this isozyme is phosphorylated, is 

activated. Therefore, PE-induced phosphorylation P K C , as detected by immunoblotting, 

may have specifically been PKCe. Unfortunately, a selective phospho- PKCe antibody is 

not currently available and we could therefore not examine this possibility using the 

methods described in this chapter. 

The P K C activator P M A strongly inhibits C1C-2 currents in T84 cells, possibly 

through phosphorylation of C1C-2 protein (Bali et al. 2001), which may contain as many 

as 10 consensus phosphorylation sites (Cid et al. 1995). However, Park et al (Park et al. 
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2001) investigated that ability of P M A to directly phosphorylate C1C-2 both in vivo 

and in vitro. In both situations, they demonstrated that P K C was unable to directly 

phosphorylate C1C-2. The phosphorylation status of C1C-2 after P M A - or PE-induced 

activation of P K C was not tested in this study. Based on current information on intestinal 

epithelial cell lines, it seems that direct phosphorylation of C1C-2 may represent a 

mechanism for its inhibition of CI" secretion in the denervated gut. Whether 

phosphorylation directly modifies channel behaviour is unknown 

The decrease in CI" secretion in the denervated gut after PE administration may be 

from decreased levels of C1C-2 protein resulting from protein phosphorylation by PKC. 

In this study, we demonstrated that application of PE to villus and crypt epithelial cells 

isolated from the proximal small intestine of the denervated gut significantly down 

regulates C1C-2 protein as measured by relative optical density of immunoblots. This 

decrease in C1C-2 protein was not observed after P M A treatment in cells from the 

denervated gut. Further, this decrease in C1C-2 was specific to ai-adrenergic activation in 

the denervated gut as neither PE nor P M A treatment to intestinal cells from naïve 

controls affected C1C-2 levels. Therefore, ai-adrenergic-induced inhibition of CI" 

secretion in the denervated gut may be the result of selective PKC-dependent down-

regulation of CI" channel protein, a finding not previously reported for this ion channel. 

Support for these novel results comes from several sources, including the recent 

observation that C1C-2 m R N A expression is under hormonal control in the rat kidney 

(Morales et al. 2001). Further, activation of P K C decreases Na + re-absorption across the 

renal epithelium in the kidney by affecting the number of functional epithelial N a + 
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channels (ENaC). There is a significant decrease ENaC levels following activation of 

P K C with P M A (Stockand et al. 2000). Further to this, P K C activation can inhibit c A M P -

activated CI" secretion across epithelia (Shen et al. 1993), and a substantial part of this 

inhibitory control may be through the regulation of expression of CI" transport proteins 

such as CFTR. This down-regulation would therefore lead to a loss of functional C F T R 

protein (Shen et al. 1993) and decreased CI" secretion. P M A treatment of HT-29 cells for 

several hours suppressed the rate of transcription of the CFTR gene and reduced C F T R 

protein levels. The decrease in CFTR protein may have been the result of P K C 

phosphorylation of CFTR, thereby stimulating the proteolytic degradation of the C F T R 

protein. It was suggested that this may be a regulatory pathway for terminating CFTR-

mediated CI" secretion (Breuer et al. 1993). Whether ClC-2 is phosphorylated by P K C is 

still a matter of considerable debate, as discussed above, although it is interesting to 

speculate that this may be the mechanism behind our results showing decreased levels of 

ClC-2 in the denervated gut 

Similar results have also been found in T84 cells where P M A treatment reduced 

mRNA of CFTR levels by 80% and protein levels by 50% (Shen et al. 1993). The 

decrease in CFTR obtained by Shen and colleagues was specific for this ion channel as 

P M A did not affect the cellular content of the Na + -K + -APTase. Similarly, treatment of 

isolated intestinal cells from this study with P M A did not result in decreased protein 

levels of P-actin, a housekeeping protein, or P K C isoforms, adding validation for the 

specificity of the PE-induced decrease in ClC-2. However, we were not able to 

demonstrate PMA-induced reduction in ClC-2 protein in cells from either experimental 



186 
group after a 30 minute incubation with l u M of P M A . While it is possible that longer 

incubation with P M A may have resulted in a similar decrease in C1C-2 protein content in 

both groups, our results suggest that general P K C activation by P M A is insufficient to 

down-regulate this ion channel. It is therefore likely that specific ai-adrenergic activation 

by PE in the denervated gut is necessary for the observed decrease in C1C-2 protein and 

inhibition of CI" secretion. 

Alternatively, it was suggested that the PKC-dependent decrease in CFTR was the 

result of modification or destruction of the antibody-binding site on the CFTR protein. It 

was suggested that this affected antibody recognition, thereby reducing antibody binding 

and accounting for the observed decrease in protein levels immunoblots following P M A 

application (Breuer et al. 1993), an idea that was subsequently rejected. The anti-ClC-2 

antibody used in our study is directed against amino acids 888-906 of a purified peptides 

of rat C1C-2 protein. Although there is a potential P K A phosphorylation site at Thr898 

(Park et al. 2001), there is little evidence to suggest that this is also a phosphorylation site 

for PKC. Whether P K C activation is altering the native C1C-2 channel in the intestinal 

epithelial cell within this region, thereby reducing the effectiveness of antibody binding, 

was not determined from this study. However, the possibility that reduced antibody 

binding is accounting for decreased protein levels is unlikely as there is little evidence to 

suggest that this region is involved in the regulation of channel activity by P K C . 

In summary, the evidence presented here suggests that ai-adrenergic receptor 

activation in the denervated small intestine down-regulates C1C-2 protein levels, possibly 

through PKC-dependent mechanisms. There is little information regarding the 
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physiological regulation of C1C-2 CI" channels and the link between channel 

regulation and receptor activation is limited. In this regard, this is the first study to 

demonstrate a link between C1C-2 CI" channels and ai-adrenergic receptor activation. 

Direct ai-adrenergic regulation of ion channel expression is ill-reported in the literature 

although channel down-regulation has been demonstrated in cultured ventricular cells 

(Guo et al. 1998). Here, pre-treatment of cells with PE caused a 56% reduction of 

immunoreactive protein level for the voltage-gated K + channel K v l . 5 K + . Inhibition of 

CI' secretion through ion channel down-regulation after ai-adrenergic stimulation in the 

denervated small intestine is a novel finding, one that may partially explain the 

physiological response of adrenergic denervation hypersensitivity on intestinal ion 

absorption and secretion. We did not determine in this study if a particular ai-adrenergic 

receptor subtype was up-regulated on villus enterocytes following denervation, which 

may account for the distinct physiological response, or if this response was mediated 

through distinct P K C isoform activation following ou-adrenergic receptor stimulation. It 

is possible that both scenarios are true. The limitations observed in this study partially 

reflect the availability of selective tools with which to identify ai-adrenergic receptor 

subtypes and the activation status of distinct P K C isoforms. Increases in specific a i -

adrenergic receptor subtypes on villus enterocytes, obligated by acute adrenergic 

denervation in the small intestine, and their subsequent activation may be at least partially 

inhibiting CI" secretion through decreased levels and/or by direct inhibition of C1C-2. 

This research provides important information regarding the physiological regulation of 

ion secretion in the intestine during intestinal neuropathy. Pharmacological therapy 



directed against ClC-2 CI" channels via selective ai -adrenergic receptor activation 

may eventually be useful in limiting the severity of abnormal electrolyte secretion. 
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5.1 RESEARCH SUMMARY & CONCLUSIONS 

The main objective of this project was to provide a functional correlation between 

changes in enterocyte receptors and intestinal epithelial function following adrenergic 

neuropathy. Adrenergic innervation to the gut is vitally important in maintaining fluid 

and electrolyte homeostasis; loss of this regulation causes aberrations in intestinal ion 

transport but the mechanism behind these changes is unresolved. It is generally accepted 

that adrenergic agonists effectively increase absorption and/or decrease secretion and 

sympathetic denervation-induced hypersensitivity further augments this biological 

response to circulating catecholamines. Speculation that increased enterocyte adrenergic 

receptors are the mechanism behind the heightened response has surfaced but few studies 

addressed this directly. At the time of this work, it was unknown if the biological action 

of hormones and neurotransmitters was brought about by direct action by receptors on 

discrete populations of epithelial cells or if receptor population were altered as a 

consequence of gastrointestinal pathology. 

The cumulative results and conclusions presented in this thesis are: 

1. The receptor binding protocol used here was validated by the demonstration of 

histamine H i receptors on peripheral blood neutrophils. 

2. Receptors for ai-and P adrenergic and dopamine Di and D 2 receptors were present on 

enterocytes and IELs from the guinea pig jejunum. Neither histamine H i nor H 2 
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receptors were not present on either cell type. Identification of intestinal epithelial 

receptors in the guinea pig jejunum provided the basis for subsequent studies 

examining receptor changes after intestinal denervation. 

3. Acute adrenergic denervation increased the number of villus enterocytes with a i -

adrenergic receptors. There was a corresponding increase in receptor density. 

4. There are few p-adrenergic receptors on intestinal epithelial cells from the jejunum of 

the Lewis rat. Adrenergic denervation does not affect the distribution or density of 

this receptor type. 

5. Denervation does not affect electrogenic sodium absorption. 

6. The increase in enterocyte ai-adrenergic receptors following acute denervation 

corresponds to a reduction in CT secretion following ai-adrenergic activation by PE. 

This decrease was not observed under normal physiological conditions or in the 

absence of CI". The differential response to ai-adrenergic stimulation may reflect 

adrenergic denervation hypersensitivity, mediated in part by inhibition of CI" 

secretion at the villus tip. 

7. ClC-2 is present in villus and crypt epithelial cells under both normal conditions and 

following denervation. Acute denervation up-regulates ClC-2 protein content. ClC-2 

may participate in CI" secretion at the villus tip and be regulated by ai-adrenergic 

receptors. 

8. ai-Adrenergic receptors activate intracellular signal transduction though PKC. P M A 

and PE activated P K C in isolated villus and crypt intestinal epithelial cells. 

Denervation did not affect the level of P K C protein or activation by either agent. 
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9. ai-Adrenergic activation in the denervated gut decreased epithelial C1C-2 levels. 

Down-regulation of C1C-2 following ai-adrenergic receptor stimulation was not 

observed in normal intestinal cells. 

10. Increased enterocyte ai-adrenergic receptors from the denervated small intestine may 

be inhibiting CI" secretion through selective PKC-dependent down-regulation of C1C-

2 protein. These novel findings have not been described to date as a potential 

mechanism for CI" secretion. A summary of the proposed signal transduction scheme 

is present in Figure 40. 

5.2 T H E INTESTINAL EPITHELIUM: NOT B L A C K & WHITE 

This work was ultimately designed to examine the effect of adrenergic 

denervation on intestinal epithelial biology and function with respect to aj-adrenergic 

receptor regulation and for the first time, provides concrete evidence for the possibility of 

CI" secretion within the villus epithelium. The up-regulation of ai-adrenergic receptors on 

villus enterocytes following denervation and the ability of these receptors to inhibit CI" 

secretion were surprising findings; these results could not be readily explained by the 

conventional dogma relating to the functional segregation of the villus-crypt axis. Here, it 

has long been regarded that the villus is strictly absorptive (i.e. nutrients) and the crypt is 

purely secretory (i.e. CI" secretion). As is often the case in biological research, the 

findings that were obtained in this work exponentially lead to additional theories and 

questions. How then could the up-regulation and subsequent activation of ai-adrenergic 
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Figure 40. Proposed mechanism of ai-adrenergic-induced inhibition of CI" secretion in 

the denervated small intestine. 1. Loss of adrenergic innervation to the small intestinal 

epithelium leads to 2. increased enterocyte ai-adrenergic receptors. 3. The acutely 

denervated small intestine becomes hypersensitive to the effects of PE, which activates 

the Gq G protein to stimulate the production of second messengers IP3 (not shown) and 

D A G . 4. D A G activated PKC which affects 5. C1C-2 channel activity. 6. The inhibition 

of C1C-2 via of ai-adrenergic receptor activation ultimately leads to decreased CI" 

secretion. 



receptor on villus enterocytes be inhibiting CI" secretion? The possibility of CFTR 

contributing to this was unlikely because of its restricted distribution within the crypt. 

Further, opening of the CFTR CI" channel in response to cAMP, or agents that increase 

intracellular levels of cAMP, causes the efflux of CI* and H C 0 3 " out of the cell (Gottlieb 

& Dosanjh 1996). Decreases in c A M P levels on the other hand would serve to reduce CI" 

secretion through inhibition and/or down-regulation of this ion channel. There is no 

evidence to suggest that cti-adrenergic receptors couple, in any way, to the regulation of 

c A M P levels within the cell. 

Had this research been conducted as little as 10 years ago, a reasonable 

explanation for these observations would remain unresolved. The molecular cloning 

(Thiemann et al. 1992) and subsequent demonstration that a new and unique CI" channel 

is present within the villus epithelium of the small intestine (Gyomorey et al. 2000; 

Lipecka et al. 2002) provided a plausible explanation. ClC-2 CI" channels, uniquely 

situated at the apical membrane of "absorptive" enterocytes, participates in native CI" 

secretion in the intestine (Mohammad-Panah et al. 2001). Further, these ion channels are 

inhibited by P K C (Bali et al. 2001), an enzyme that is a key intracellular mediator in the 

signal transduction pathway following ai-adrenergic receptor activation. Al l of this gave 

credence to the hypothesis that up-regulation and activation of ai-adrenergic receptors in 

the denervated gut inhibits CI" secretion through PKC-dependent inhibition of ClC-2. 

In isolated villus and crypt epithelial cells from the denervated small intestine, P E 

decreased ClC-2 protein content, suggesting ai-receptor-meditated inhibition of ClC-2 

activity through channel down-regulation. However, ai-adrenergic receptor and P K C 
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activation may also be modifying C1C-2 channel activity indirectly. This is, P K C in 

not down-regulating or directly phosphorylating this channel to modify its activity. 

Immunogold-labelling and electron microscopy revealed that C1C-2 is associated with the 

tight junctional complex (Gyomorey et al. 2000). Further research has indicated that the 

actin cytoskeleton exerts a direct inhibitory effect on C1C-2 activity (Ahmed et al. 2000). 

Therefore modification (i.e. phosphorylation) of the actin cytoskeleton or associated tight 

junctional proteins could regulate C1C-2 activity. It is interesting to note that P K C has 

direct effects on paracellular permeability in the intestine. It has been shown that P K C 

activation increases transepithelial resistance by reduced P A M R tension, thereby 

decreasing permeability, through phosphorylation of various proteins myosin light chain 

kinase (Turner et al. 1999). It is therefore possible that ai-adrenergic receptor activation 

may be modifying C1C-2 channel activity through PKC-induced regulation of tight 

junction/cytoskeletal proteins. Increased phosphorylation of the actin cytoskeleton, for 

example, may be inhibiting native CI" secretion through its known inhibitory actions on 

C1C-2. Future research in this area may provide clarification on this and may even show 

that there are multiple pathways of C1C-2 control in the intestine. 

Increased sensitivity to exogenous adrenergic agonists following sympathetic 

denervation is well-known (Change et al. 1986b; Shibata et al. 1997; Ohtani et al. 2000); 

the intestinal epithelium, responded by increasing absorption and/or decreasing secretion. 

Clonidine, an c<2-adrenergic agonist, can reverse the secretory state of the denervated 

bowel (Change et al. 1986b) and alleviate diarrhea following SBT (Rovera et al. 1997). 

The presumed mechanism of action is post-synaptic increases of c<2-adrenergic receptors 
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on the epithelium. Members of this adrenergic receptor family couple to Gi to reduce 

intracellular c A M P levels and it has been shown that these receptors are found primarily 

within the crypt epithelium (Paris et al. 1990). Therefore, increased a2-adrenergic 

receptors following denervation may be causing cAMP-dependent inhibition of CFTR to 

significantly reduce CI" secretion in the intestine. To date this has not been examined. 

Had an c<2-adrenergic receptor probe been available at the time of this study, this 

hypothesis would have been tested using the methods described in this thesis. However, 

an alternative mechanism of denervation-induced increases in a 1-adrenergic receptors in 

the villus, a concomitant decrease in CI" secretion and possible inhibition of CI" secretion 

through ClC-2 has been demonstrated here. 

The results presented in this thesis also point out the precarious manner in which 

generalized assumptions about intestinal biology and physiology across species lines 

should be made. A certain biological response or scientific observation generated in one 

species does not transcend to all species. For example, a 1-adrenergic stimulation (with 

PE) in the canine ileum under normal physiological conditions causes an increase in 

water and ion absorption (Barry et al. 1994a). In the rat jejunum and ileum, the oci-

adrenergic agonist PE did not alter jejunum or ileal absorption rates (Liu & Coupar 

1997). In these and other studies it has been difficult to ascertain if the discrepancy in 

outcome was simply the result of technical differences. However, the ability to generate a 

physiological response, i f it is in fact a valid one, should not depend on whether a Thirty-

Vella fistula (Barry et al. 1994a) was used or if the methodology employed was a re

circulation technique; both are in vivo methodologies. In this thesis it has been shown, 
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using an identical technique to measure receptors on epithelial cells, that there are p1-

adrenergic receptors on enterocytes from the guinea pig jejunum but not from the rat. To 

our knowledge, the only difference here is the species. 

Species differences however do not explain the inability of P E to induce a 

response in one study (Liu & Coupar 1997) but the results presented here indicate that 

ai-adrenergic stimulation produces a small but significant change in Isc. Liu and Coupar 

administered PE intravenously and monitored changes in net fluid transport rates in the 

small intestine. However, ai-adrenergic receptors are found throughout the body; i.v. 

infusion of PE would likely have wide-spread physiological effects long before reaching 

the intestinal circulation. Conclusions of direct intestinal effects of ai-adrenergic 

stimulation based on these studies are difficult to interpret. The study described in this 

thesis employed Ussing chamber analysis of epithelial function after application of P E 

thereby avoiding confounding problems associated with generalized, systemic o f i -

adrenergic responses. Results such as these are therefore in accordance with other in vitro 

studies (Williams et al. 1990). 

The complexity and heterogeneity of the intestinal epithelium often makes it 

difficult to ascribe with any amount of certainty that the observed experimental outcomes 

are acting in strict isolation and are thus independent of other events. It is therefore 

reasonable to assume that when one mechanism fails, another is there ready to take its 

place. The research described herein likely fits this criterion. Thus, the effects of 

adrenergic denervation are presumably not limited to a single physiological or even 

cellular event. Up-regulation of ai-adrenergic receptors in the villus and (presumably) 
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a2-adrenergic receptors in the crypt may occur in concert to combat the drastic loss of 

sympathetic input and tonic inhibitory control over intestinal secretion. Multiple 

compensatory pathways involving many receptor types would ultimately provide greater 

control at the level where it is needed the most- the intestinal epithelium. 

5.3 F U T U R E D I R E C T I O N S 

This research provides basic information on the adrenergic regulation of epithelial 

function in the denervated gut and yielded new and novel results on the interaction 

between ai-adrenergic receptors and C1C-2 ion channels in the small intestine. Despite 

the contribution of this research to our understanding of intestinal physiology, it has also 

left many questions unanswered. This work was not designed to differentiate between 

ai-adrenergic receptor subtypes and to do so would have been beyond the scope of this 

thesis. It would be interesting and valuable to further determine if a particular ai-receptor 

subtype was up-regulated by intestinal denervation. It could be hypothesized that O¡IA-, 

aie-, or oíiD-adrenergic receptors may be differentially regulated as a result of 

sympathetic denervation. Using RT-PCR and Northern analysis, it would be interesting to 

determine the relative abundance of the three subtypes in intestinal epithelial cells before 

and after denervation. This would do little, though, to characterize their functional 

response. The use of antisense oligodeoxynucleotides to selectively inhibit expression, as 

was done to examine the role of O¡IA- and aie-subtypes in regulating N H E function (Liu 

et al. 1997), may be a reasonable strategy. 
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Further characterizing the signal transduction mechanism, perhaps one that is 

preferentially linked to a particular ai-adrenergic receptor subtype, may clarify the results 

obtained in this thesis. Activation of P K C by PE in all cell fractions was somewhat 

conflicting but the techniques used could not differentiate which P K C isoform may have 

been selectively activated. Until the development of a specific phospho-PKCe antibody, 

for example, the techniques used here could not be employed. PE-induced activation of 

P K C could be examined by the ability of this co-agonist to bring about cytosolic-

membrane P K C translocation. Separation of these cellular fractions and probing 

immunoblots with anti- PKCe antibody may show a distinctive shift, indicating P K C 

activation. It is also possible that an entirely different signal transduction mechanism is 

involved, such as the M A P K pathway (Liu & Gesek 2001). The combination of selective 

co-receptor subtype activation and induction of a particular signal transduction 

mechanism may be responsible but further research is necessary to adequately map out 

the exact pathway. 

5.4 R A T I O N A L E 

There is still scattered information regarding the local regulation of epithelial 

function under normal physiological conditions. Despite this, keen interest in intestinal 

receptor biology has come to light in recent years as changes in receptor numbers and/or 

distribution have been implicated in the severity of malabsorptive and secretory states in 

the small bowel. Increased substance P receptor expression in the intestinal epithelium 
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following exposure to Clostridium diffide toxin A, for example, may be important in 

toxin A-induced intestinal inflammation (Pothoulakis et al. 1998) and secretion. 

However, the link between increased epithelial receptors and changes in intestinal 

epithelial function following intestinal injury or insult is not always clear and has not 

been adequately addressed in the scientific literature. The results presented in this thesis 

are some of the first that not only demonstrate a correlation between a specific receptor 

on enterocytes with alterations in intestinal function but also to suggest and examine a 

specific signal transduction scheme associated with this. 

Interest in this type of combined research has been fueled, in part, by the desire to 

identify novel and selective targets to treat aberrant intestinal secretion. The most 

common disease where there is an alteration in intestinal ion transport is diarrhea. 

Diarrhea is not only an inconvenience but is responsible for approximately 5 million 

deaths world-wide (Kaunitz et al. 1995). In fact, it is a major cause or morbidity and 

mortality world-wide (Guandalini 2002). The underlying pathophysiological causes of 

diarrhea are varied and include osmotic effects, mucosal defects, motility effects, 

bacterial toxins (Chadwick 1993), intestinal infections (Farthing 2000a) and 

neuroendocrine neoplasms (Jensen 1999). The cornerstone of treatment for diarrhea is 

often oral rehydration, but this does not treat the cause of the diarrhea. Despite the fact 

that the search for agents that directly inhibit intestinal secretory mechanisms has been 

going on for more than 20 years (Farthing 2000b), the list of available drugs is short 

(Guandalini 2002). Those that are available, such as opiates and antibiotics, have inherent 

limitations. Therefore, the development of drugs that specifically target the intestinal 
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secretory pathway without affecting either gastrointestinal motility (Farthing 2000a) 

or other physiological parameters is keenly sought. Efficacious drugs that can act solely 

at the level of the intestinal epithelium, thus avoiding nonspecific peripheral effects, 

would be of enormous value, both economically and in terms of human survival and 

quality of life. 

However, basic research into novel secretory mechanisms is lacking. The results 

described in this thesis provide substantial knowledge of a novel regulatory mechanism 

for gastrointestinal CI" secretion at the level of the epithelium. While further research is 

necessary to completely characterize the nature of the intracellular interactions meditating 

the reduction of CI" secretion (see Section 5.3, Future Directions in this chapter), this 

work provides new and substantive knowledge of intestinal epithelial secretion. It is 

interesting to speculate that inhibition of CIC-2 CI" channels though activation of a 

specific ai-adrenergic receptor subtype on villus enterocytes may one day provide 

therapeutic benefit in the treatment of gastrointestinal secretory disorders. 
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