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ABSTRACT 

In 1975 Lennane and colleagues studied the effects of oral sodium loading on 

renal function by gavage in rabbits and oral ingestion in humans. (Lennane et al, 

197 Sa; Lennane et al, 197 5b) The renal response to orally administered sodium was 

notably more significant than the natriuresis following intravenous infusion of the 

same sodium load, suggesting to the authors that the response was initiated by a 

gastric sodium sensor. There is no evidence to support the sodium sensor described 

by Lennane and colleagues is located in the stomach, however a sensor may be 

located somewhere along the gastrointestinal tract. The gastrointestinal tract is an 

ideal location for a sodium sensor to alert the body to impending changes in plasma 

sodium concentration. A gastrointestinal sodium sensor capable of monitoring 

ingested sodium loads and controlling urinary sodium excretion would be a 

favourable contributor to body fluid balance and body sodium homeostasis. 

Male Long-Evans rats with permanent bladder and gastrointestinal cannulas 

were used to determine an approximate location for the gastrointestinal site causing 

the greatest increase in urinary sodium excretion following infusion of various 

solutions. Animals remained unrestrained for the 200 minute period of the 

experiment while urine samples were collected every 20 minutes. Following a 60 

minute baseline period, one milliliter of 0.15M (isotonic) sodium chloride, 0.5M 

(hypertonic) sodium chloride or a 0.5M (hypertonic) mannitol solution was infused 

into the stomach, duodenum, jejunum, ileum, or colon over a twenty minute infusion 

period through a silicon cannula. Urine samples were analyzed for sodium content to 

determine if a sensor in the intestines initiated a natriuretic reflex. 
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Results from these experiments indicate the small intestine promotes the 

largest stimulation of natriuresis following infusion of0.5M NaCl into the duodenum, 

the ileum and the jejunum. Hypertonic sodium chloride infusion activated the 

intestino-renal response whereas isotonic saline or equimolar mannitol did not, 

suggesting sensitivity of the gut to sodium concentration but not osmolar 

concentration. 

The natriuresis occurred promptly following infusion suggesting a neural 

component to the intestino-renal response. A humoral component may also be 

involved in the intestino-renal reflex since sodium excretion remained significantly 

greater than baseline for an hour following the infusion period. 
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1 INTRODUCTION 

Body fluid homeostasis is an important factor in promoting the survival of the 

body's many cells and maintaining normal physiological function within these cells. 

Loss of body fluid homeostasis results in fluid disturbances, including changes in 

blood pressure and damage to cell membranes. Several body systems, including the 

gut, cardiovascular system and kidneys are important in fluid and electrolyte 

absorption, distribution and elimination. Regulatory mechanisms, such as sodium 

appetite and thirst are important in controlling fluid and electrolyte intake. Humoral 

regulatory systems such as the renin-angiotensin-aldosterone system and the 

vasopressin-osmoregulatory system are also involved in fluid retention and/or 

excretion (Chan, 1965; Levens, 1985; Fitzsimons, 1998). All of these physiological 

functions act in synergy to maintain a homeostatic internal environment for 

sustaining life. 

Body fluid sensors are strategically located throughout the body to monitor 

changes in body fluid osmolality and volume (Bourque et al, 1994; Bourque & Oliet, 

1997). Sensory cells within the macula densa of the kidney are able to recognize 

changes in electrolyte concentration and renal blood pressure and influence the 

release of renin (Knox, 1975; Skorecki & Brenner, 1981; Wagner & Kurtz, 1998). 

Renin acts via the renin-angiotensin-aldosterone system to change water and 

electrolyte excretion as well as blood pressure (Myers et al, 1975; Liu & Cogan, 

1988; Hall et al, 1990; Ma & Fogo, 2001; Cholewa & Mattson, 2001). Blood 
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pressure and volume sensors are located in the carotid and pulmonary arteries and 

right atrium of the heart (Andersson, 1977). Alterations in blood volume or pressure 

perceived by these sensors can be corrected by the release of atrial natriuretic peptide 

from cardiac myocytes as well as changes in autonomic control of blood vessel size 

and cardiac activity by the central nervous system (Ballerman & Zeidel, 1992). 

Carotid pressure receptors also provide input to the central nervous system 

osmoregulatory centers (Bourque & Oliet, 1997). In tum, osmoregulatory centers in 

the central nervous system are able to integrate information from the peripheral 

sensors as well as intrinsically sense changes in fluid osmolality and subsequently 

promote the release of vasopressin from the neurohypophysis or sympathetically 

induce renin release (Bourque et al, 1994). In addition to these well characterized 

central and peripheral sensors, a gut sensor may also be involved in body fluid 

regulation. Evidence in the literature suggests a sensor located in the gut is 

responsible for monitoring excess dietary sodium intake (Lennane et al, 1975a; 

Lennane et al, 1975b; Carey et al, 1976). The gut sensor is proposed to aid in the 

maintenance of body fluid homeostasis by stimulating the kidneys to alter sodium 

reabsorption or excretion (Daly et al, 1967; Lennane et al, 1975a, Lennane et al, 

1975b; Carey et al, 1976; Morita et al, 1991; Peterson et al, 1991; Mu et al, 1995; 

Singer et al, 1998). A gut sodium sensor capable of stimulating a natriuresis would 

be beneficial in maintaining sodium homeostasis in the face of excess salt intake. 

This mechanism may be helpful in limiting the development of circulatory 

pathologies such as hypertension in some individuals. 
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This following sections will review the general distribution, composition, and 

interaction of body fluids. A brief review of renal and gut function with regard to 

sodium homeostasis is also provided along with an examination of the mechanisms of 

body fluid and electrolyte regulation. Finally, the location, specificity, and possible 

mediators of a gut sodium sensor are reviewed. 

1.1 - Body Fluid Compartments 
Body water composition in humans varies with age, sex, and percentage body 

fat (Inelmen et al, 2000; Butte et al, 2000). A newborn child is approximately 75% 

water, an adult is about 50-60% water, and an elderly person is about 45-500/o water 

(Courtice, 1984, Butte et al, 2000; Inelmen et al 2000). In the rats used in this study, 

approximately 65% of the total body weight is water (Altman and Dittmer, 1974; 

Frisch et al, 1977). 

Total body water remains virtually constant under normal physiological 

conditions. The exchange of water between the internal environment and the external 

environment is balanced such that water intake equals water loss (Courtice, 1984). 

For instance, water content of the body increases following food and/or beverage 

consumption and due to water production from the oxidation of fats (Courtice, 1984). 

On the other hand, water is mainly lost from the body in the urine, feces, sweat, and 

via the respiratory tract (Courtice, 1984). In certain instances, including severe 

hemorrhage, diarrhea and vomiting, water loss may actually exceed water intake 

(Courtice, 1984). 

Total body fluid is divided into two major compartments: The intracellular 

and extracellular fluid compartments (Gauer et al, 1970). The intracellular fluid 
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compartment is the sum of all of the fluid within the cells of the entire body and is the 

largest of the two compartments comprising two thirds of the total body fluid (Barratt 

& Walser, 1969). The intracellular fluid contains large quantities of potassium, 

phosphate, and organic anions, a moderate amount of magnesium and sulfate, and a 

very small quantity of sodium, chloride, and calcium (Welt, 1959; Guyton et al, 

1980a). 

The rematntng one third of the body fluid composes the extracellular 

compartment (Barratt & Walser, 1969). Extracellular fluid bathes the cells of the 

body and is considered to be the internal environment of the body (Courtice, 1984). 

The extracellular fluids include the interstitial fluid, transcellular fluids (such as the 

fluid within the gastrointestinal tract), cerebral spinal fluid, intraocular fluid, fluid 

within the urinary tract, synovial fluid, the intraperitoneal fluid, and the plasma 

(Courtice, 1984). Furthermore, extracellular fluid contains large amounts of oxygen, 

carbon dioxide, amino acids, plasma proteins, sodium, chloride, and bicarbonate as 

well as small quantities of sulfate, potassium, calcium, magnesium, and phosphate 

(Welt, 1959;Guyton et al, 1980a). Sodium is the major cation of the extracellular 

fluid complemented by the major anions; chloride and bicarbonate (Rink, 1984). 

Dissolved ions and solutes within the intracellular and extracellular fluid 

maintain an osmotic pressure equilibrium with the cell membrane acting as a wall 

between the two compartments (Warhol et al, 1965). This wall or semipermeable 

barrier restricts ion movement between the two compartments (Rapoport, 1965; 

Warhol et al, 1965; Ling, 1966). Water moves freely across the membrane whereas 

ion movement across the cell membrane requires channels or energy-dependent 
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transport (Warhol et al, 1965). Thus, changes in the ionic composition of the 

intracellular or extracellular compartment will influence the free movement of water 

such that ionic and osmotic forces are balanced across the membrane or cell wall 

(Rink, 1984). Therefore, cell volume is dependent on the relative amount of water 

within the intracellular compartment, which is influenced by ionic and osmotic 

composition of both intra- and extracellular fluid (Waldegger et al, 1998). For 

example, when extracellular sodium chloride concentration increases after ingestion 

of a salty meal, intracellular volume will decrease as water moves from the 

intracellular to the extracellular compartment in order to balance ionic forces 

(Waldegger et al, 1998). The body, of course, has mechanisms in place to prevent 

extreme fluid shifts between the two compartments. 

1.2 -Role of the Systemic Circulation in Body Fluid Homeostasis 
The composition and importance of the fluid compartments has been 

discussed, but little has been mentioned about how these compartments remain in 

dynamic equilibrium following changes in the external environment. This is where 

the systemic circulation, which is in contact with the exchange organs of the body and 

most of the cells, performs an important function. 

Ingested water and nutrients absorbed by the gastrointestinal tract enter the 

portal venous blood and are diluted within the circulatory system. Circulating blood 

acts as a means to distribute the essential water, electrolytes, gases and nutrients to 

most of the cells in the body and removes cellular waste (Courtice, 1984). Fluid 

exchange between the plasma and interstitial fluid takes place at the level of the 

capillary endothelium, which is a unicellular layer of leaky cells containing pores that 
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allow paracellular diffusion of water molecules and dissolved particles back and forth 

across the wall (Landis & Pappenheimer, 1963). Blood flow is significantly reduced 

at the level of the capillaries, allowing the time necessary for exchange of nutrients 

and wastes. 

Fluid exchange between the plasma and interstitial fluid is dependent on 

changes in hydrostatic, osmotic, and oncotic pressure within the capillary (Starling, 

1896; Landis, 1927; Intaglietta & Endrich, 1979). At the start of the capillary bed, a 

greater hydrostatic pressure within the capillary and low osmotic pressure in the 

interstitial fluid drives fluid out of the capillary into the interstitial space. Plasma 

colloid osmotic pressure gradually increases toward the venous end of the capillary 

concurrent with a reduction in hydrostatic pressure due to fluid movement into the 

interstitial space (Landis, 1930). Thus, gradients tend to favour absorption of 

interstitial fluid into the blood along the colloid osmotic gradient and the reduced 

hydrostatic pressure gradients toward the distal end of the capillary. Any remaining 

fluid that is not reabsorbed at the venous end of the capillary bed is carried via the 

lymphatics back to the systemic circulation (Guyton & Coleman, 1968; Guyton et al, 

1971; Guyton et al, 1976; Courtice, 1984; Niiro et al, 1986). Fluids, electrolytes and 

nutrients are thereby delivered to all cells of the body after absorption in the gut and 

from the lungs, and wastes are carried from cells to organs of elimination (Landis, 

1934). With the continuous cycling of the circulatory system, fluids and electrolytes 

are distributed throughout the body and thus any changes in overall fluid or 

electrolyte status are also distributed throughout the body. Once fluids and 

electrolytes have entered the body, some of them must be eliminated to maintain 
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body fluid homeostatis. Although salt and water are lost at several interfaces, the 

organ that is specifically designed for this is the kidney. 

1.3 - The Kidney 
The two kidneys are located on the posterior wall of the abdomen on either 

side of the spinal column. Each kidney is enclosed by a capsule made of connective 

tissue. Just beneath the capsule is an outer region called the cortex which surrounds 

the middle region called the medulla. The cortex and medulla house the functional 

units of the kidneys named the nephrons, as well as blood vessels and sympathetic 

nerves. The nephrons of the medulla drain into several renal pyramids which 

combine to form the renal calyxes. Urine formed within nephrons flows through the 

calyxes into the renal pelvis which drains into a ureter. Each ureter (one from each 

kidney) delivers urine to the bladder where it is stored until micturition (Brenner, 

2000). 

Each kidney contains more than one million nephrons in humans (Welt, 1960; 

Nyengaard & Bendtsen, 1992) and 30,000 to 34,000 in rats (Oliver, 1968; Kainer, 

1975; Kainer, 1979). Nephrons are specialized tubules formed by a single layer of 

cells which play specific roles in the formation of urine. Two types of nephrons 

coexist within the kidneys: the juxtamedullary nephrons and the corticomedullary 

nephrons (Oliver, 1968; Schmidt-Nielson & O'Dell, 1961). Anatomically, the 

nephrons are similar. Both are composed of a glomerulus, a proximal convoluted 

tubule, a thin descending loop of Henle, a thick ascending loop of Henle, a distal 

tubule, and a collecting duct. Unlike the superficial corticomedullary nephrons, 

whose loops of Henle penetrate superficially into the outer region of the medulla, the 
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juxtamedullary nephrons have longer loops of Henle which reach deep into the 

medulla as well as a more complex vascular system allowing these nephrons to 

produce more concentrated urine (Schmidt-Nielson & O'Dell, I96I). 

One quarter of the cardiac output is provided to the kidneys by the renal 

artery. Blood enters each renal glomerulus via an afferent glomerular arteriole 

(Koeppen & Stanton 200 I) A portion of the blood plasma is filtered at the 

glomerulus. Waste products as well as water and electrolytes, compose a filtrate 

having electrolyte concentrations similar to that of systemic plasma (Koeppen & 

Stanton, 200I). This process is referred to as ultrafiltration. The amount of fluid 

filtered is dependent on the glomerular filtration rate (Koepen & Stanton, 200 I). The 

remaining unfiltered plasma and plasma components, including large plasma proteins 

and cellular components, are returned to the systemic circulation via the efferent 

glomerular arteriole. 

Glomerular filtration occurs due to the phenomenon of Starling forces 

influencing the flow of plasma across the glomerular filtration barrier into Bowman's 

space (Knox et al, I975). The glomerular filtration barrier consists of the capillary 

endothelial cell layer, the basement membrane, and the podocytes surrounding the 

basement membrane (Farquhar et al, I96I; Farquhar, 1975). The barrier functions to 

prevent filtration of red blood cells and plasma proteins into the filtrate (Farquhar, 

I975). The Starling forces acting at the level of the capillaries are similar to the 

hydrostatic and oncotic pressure differences mentioned earlier in relation to fluid 

exchange across capillaries (Brenner & Troy, 197I). The amount of fluid filtered is 

dependent on several factors, including the permeability of the membrane barrier, the 
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surface area available for filtration, the oncotic pressure opposing filtration, and the 

renal plasma flow rate to the glomerular capillaries (Rink, 1984; Marsh & Martin, 

1975). In the rat, the plasma filtration rate is particularly dependent on renal blood 

flow (Knox, 1975; Brenner & Daugherty, 1972). Further, renal blood flow is 

dependent on blood pressure and renal arterial vascular resistance (Earley & Friedler, 

1965). The rate at which fluid is filtered at the glomerulus is dependent on these 

parameters as well as the pressure difference between the afferent and efferent 

arterioles. Both the glomerular filtration rate and the renal blood flow are 

autoregulated by the kidneys to maintain fluid and solute excretion as a means to 

promote body fluid homeostasis. 

Although large quantities of fluid and electrolytes are filtered through the 

glomeruli, electrolytes and nutrients required to maintain a homeostatic extracellular 

fluid environment are reabsorbed back into the blood accompanied by appropriate 

amounts of water. The remaining filtered fluid and soluble osmolytes pass through 

the renal tubules for further modification prior to excretion from the body in the 

urine. Approximately 180L of plasma fluid is filtered by the human renal glomeruli 

each day, and only about 1-2% of the delivered sodium and water is not reabsorbed 

and is excreted in the urine (Koeppen & Stanton, 2001). In rats, the glomerular 

filtration rate lies in the range of2.5 to 3.0 mVmin, which refers to approximately 4L 

of rat plasma filtered per day (Conrad et al, 1999; Danielson et al, 2000). 

1.3.1 - Proximal Tubule 
The proximal tubule reabsorbs approximately 67% of all filtered water, ions, 

and other solutes (Warhol et al, 1965; Skorecki & Brenner, 1981). In the first half of 
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the proximal tubule active transcellular sodium reabsorption is coupled to glucose, 

amino acids, and phosphate on the lumenal side of tubule cells (Burg et al, 1976; 

Skorecki & Brenner, 1981 ). Sodium is also absorbed across the lumenal surface in 

exchange for hydrogen by the Na + llr antiporter (Skorecki & Brenner, 1981; Alpern, 

1990). Sodium absorbed into the tubular cells is then shunted across the basolateral 

cell surface and into the blood by the Na+/K+ ATPase located on the basolateral cell 

membrane (Skou & Hilberg, 1965; Kinne et al, 1971; Skorecki & Brenner, 1981). 

In the second half of the proximal tubule, sodium is reabsorbed by 

paracellular and transcellular movement (Knox et al, 1983; Hall et al, 1990b). A 

Na+llr ATPase is also present in the second halfofthe proximal tubule to aid sodium 

reabsorption across the apical membrane (Kinsella & Aronson, 1981 ). Similar to the 

first half of the proximal tubule, the sodium that enters the tubular cells in the second 

half of the proximal tubule is then transported into the blood by the Na+/K+ ATPase 

on the basolateral membrane. Chloride remains a dominant anion in the tubular 

lumen following the absorption of the many other osmolytes in the first half of the 

proximal tubule. The tubular concentration of chloride is high enough to promote 

diffusion of chloride paracellularly along its concentration gradient (Rector, 1983). 

Starling forces produced by differences in hydrostatic and oncotic pressure 

between the renal tubule and the peritubular capillaries contribute to the driving force 

for reabsorption of water and ions from the proximal tubule (Welling & Grantham, 

1972; Earley et al, 1972; Knox et al, 1983). Active transport of sodium across the 

tubular wall promotes an osmotic gradient for water absorption from the lumen of the 

renal tubule. Paracellular fluid absorption from the proximal tubule promotes an 

10 



increase in hydrostatic pressure, producing a driving force for the movement of the 

fluid toward the capillary (Knox et al, 1983). Capillary absorption of this fluid is 

influenced by the balance between the hydrostatic and oncotic pressure differences 

across the tubular basement membrane and the peritubular capillary (Brenner et al, 

1969; Falchuk et al, 1971; Weinman et al, 1971). Absorption of fluid is inhibited 

when the hydrostatic pressure in the capillary is increased such as occurs with dilation 

of the efferent arteriole, or the oncotic pressure of the capillary is decreased (Martino 

& Earley, 1967; Martino & Earley, 1968; Lewy & Windhager, 1968; Spitzer & 

Windhager, 1970). The fluid will increase the interstitial pressure, resulting in a 

backleak of fluid into the tubular lumen (Martino & Earley, 1968; Lewy & 

Windhager, 1968; Brenner et al, 1969; Spitzer & Windhager, 1970; Falchuk et al, 

1971). On the other hand, fluid absorption increases with an increased plasma 

oncotic pressure or with a reduced hydrostatic pressuer such as when the efferent 

arteriole is constricted (Knox et al, 1975; Spitzer & Windhager, 1970). 

1.3.2 - Loop of Henle 
The loop of Henle is the next segment of the renal tubule that allows for 

modification of the ultrafiltrate. The descending limb of the loop of Henle is more 

permeable to water than the ascending limb and allows for water reabsorption from 

the tubule lumen along an osmotic gradient (Kokko, 1979). The thick ascending limb 

of Henle's loop is virtually impermeable to water, however approximately a third of 

filtered ions, including sodium, are reabsorbed here (Warhol et al, 1965; Skorecki & 

Brenner, 1981; Kirchner et al, 1995). Reabsorption of ions in the proximal ascending 

limb of the loop of Henle produces a low osmolar ultrafiltrate in the tubular lumen. 

11 



The Na + tir anti porter and the Na + IK+ /2Cr cotransporter are present on the apical 

membrane of the cells lining the thick ascending limb to assist in sodium reabsorption 

(Koeppen & Stanton, 2001 ). The low intracellular sodium concentration produced by 

the ion transporters creates a favourable sodium diffusion gradient from the 

hypertonic lumenal fluid (Imai & Kokko, 1974). Sodium is shunted into the 

circulation by the Na + IK+ exchanger on the basolateral surface of the cells (Zhang et 

al, 1996). 

1.3.3 - Distal Tubule and Collecting Duct 
The distal tubule reabsorbs sodium via a Na + /Cr cotransporter on the lumenal 

surface (Wright, 1971). Like all the other areas along the renal tubule, the sodium is 

shunted into the blood by a Na + IK+ A TPase on the basolateral membrane (Koeppen & 

Stanton, 2001 ). Any remaining sodium is reabsorbed by the principal cells at the 

later part of the distal tubule and collecting duct by passive diffusion along a 

concentration gradient, and is also returned into the circulation by the Na+/K+ ATPase 

(Koeppen & Stanton, 2001). 

1.4 - The Intestinal Tract 
The intestinal tract acts in synergy with the kidneys to maintain body fluid 

homeostasis. The gut yields a significant surface area for digestion and absorption of 

salt, water, and essential nutrients and provides a buffering system for isotonic fluid 

shifts in the gut region to accommodate fluctuations in plasma sodium and water 

concentrations (Montrose, 1999). In addition to the role of the gut in body fluid 

balance, the gut also synthesizes hormones and acts as an immunological barrier to 
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the external environment (Chang & Rao, 1994). 

The intestine is a long tube surrounded by several layers of muscle. The 

innermost layer located adjacent to the gut lumen is the mucosa, which is lined by a 

monolayer of cells. A variety of cells are present in the intestinal tract, the majority 

being enterocytes (Chang & Rao, 1994). The surface area of the small intestine is 

amplified by mucosal folds as well as enteric villi and microvilli consequently 

providing enhanced absorption of water and nutrients from the gut lumen (Montrose 

et al, 1999). The folds become less frequent from the jejunum to the ileum with 

comparable reductions in absorptive capacity (Montrose et al, 1999). Enterocytes in 

the small intestine are connected at the lumenal surface by leaky tight-junctions that 

allow the movement of certain substances and form a barrier to large molecules and 

foreign substances such as bacteria. The permeability of the stomach is reduced by 

tight cellular junctions and the thick mucous layer covering the surface of the cells 

lining the gastric surface (Montrose et al, 1999). In the small and large intestine the 

permeability of the tight junctions decreases aborally, thus the colon has tighter 

junctions than the small intestine and therefore is less permeable (Montrose, 1999). 

The mucosa is adjacent to the muscularis mucosae, submucosa, circular 

muscle layer, longitudinal muscle layer, and the serosa. The lamina propria is located 

just between the epithelium of the mucosa and the muscularis mucosa of the 

submucosa. The lamina propria contains lymphocytes, macrophages, mast cells, 

small unmyelinated nerve fibers of the enteric nervous system, blood vessels and 

lymph vessels, and represents the immunological barrier (Johnson, 2001). The blood 

capillaries and lymphatics remove absorbed nutrients and electrolytes from the 
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interstitial space to allow vectorial transport to proceed and provide the water and 

electrolytes required for lumenal secretions necessary to aid in absorption. The 

muscle layers surrounding the mucosa provide digestive functions to aid in 

absorption such as mixing, propulsion, retropulsion, and peristalsis (Johnson, 2001). 

The total volume of water absorbed from the human intestinal lumen is 

approximately 9L/day; 2L of water is provided by the diet and the remaining 7L is 

secreted into the lumen to aid in nutrient absorption (Guyton, 1986). The majority of 

this water is absorbed by the small intestine during nutrient and electrolyte 

absorption, with a remaining 1.5 to 2L entering the colon. Only about 100ml ofthis 

water is excreted in the feces under normal physiological conditions (Guyton, 1986). 

Movement of absorbed solutes and ions is by vectorial transport through 

transcellular or paracellular pathways. Solutes moving transcellularly are generally 

small, lipid soluble molecules. Transcellular movement of solutes requires gradients 

produced by apical and basolateral membrane proteins involving both active and 

passive transport mechanisms. The intestinal tight junctions provide some resistance 

to the passive movement of solutes across the mucosa. Solutes absorbed by the 

paracellular pathway must travel passively through the tight junction barrier and are 

generally hydrophylic. 

Electrolytes are absorbed by a combination of the transcelular and paracellular 

transport pathways. For the purpose of this paper, the focus of this section will be on 

sodium absorption. Intestinal sodium absorption varies by species and by gut 

segment (Montrose et al, 1999). In rats and humans, sodium absorption in the 

gastrointestinal tract is accompanied by the movement of water, ions and solutes, 
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including chloride, bicarbonate, glucose, and amino acids (Lowe & Singelyn, 1965; 

Levinson & Schedl, 1966; Lowe, 1968). Movement of sodium across the gut wall is 

accompanied by the passive absorption of water and chloride, promoting the 

absorption of an essentially isotonic fluid. Water moves freely across the mucosal 

surface as does chloride, moving passively between the leaky tight junctions in the 

proximal small intestine. Chloride may also be absorbed by an apical HCQ3-;cr 

exchanger found in the small intestine and colon (Montrose et al, 1999). 

The movement and exchange of ions is facilitated by many membrane 

proteins and channels located on the enterocyte surface (Levinson & Schedl, 1966). 

The gradient for sodium absorption is maintained by a 3Na+/2K+ ATPase antiport 

pump located on the basolateral membrane of the intestinal epithelial cells (Montrose 

et al, 1999). The 3Na+/2K+ ATPase pump is essential for all active transport in the 

intestine (Montrose et al, 1999). Movement of three sodium out of the basolateral 

membrane of the enterocyte in exchange for only two potassium ions into the cell at 

the expense of one A TP molecule creates an electrical driving force for sodium influx 

by promoting a negative intracellular potential (Montrose et al, 1999). The excess 

potassium in the intracellular space moves along a concentration gradient back into 

the interstitial space through potassium channels located on the basolateral membrane 

(Montrose et al, 1999). Thus the driving force provided by the 3Na+/2K+ ATPase 

pump stimulates lumenal sodium entry through the various channels, active 

cotransporters and exchangers along the lumenal membrane of the enterocytes. 

The process of sodium-solute coabsorption mainly takes place in the 

duodenum and jejunum, but a small amount also occurs in the ileum (Montrose, 
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1999). Sodium/solute cotransporters are located on the apical membrane of the 

proximal small intestine, and allow coabsorption of sodium with glucose, amtno 

acids, and vitamins (Montrose et al, 1999). 

The lumenal Na +fir exchanger located in the duodenum and jejunum aids in 

sodium absorption by exchanging a hydrogen ion into the gut lumen in exchange for 

a sodium ion absorbed into the enteryocyte cell (Montrose et al, 1999). A 

Na + IK+ /2Cr cotransporter may also be found in the small intestine and colon. This 

cotransporter promotes the electroneutral absorption of ions and is co-located on the 

basolateral membrane with the Na+/K+ ATPase (Montrose et al, 1999). 

The HC03- I Cr ion exchanger mentioned above is located on the apical 

membrane in the small intestine and colon and also contributes to electroneutral 

sodium chloride absorption by exchanging a cr anion into the cell for a HC03- anion 

into the lumen (Montrose et al, 1999). Further, potassium absorption is passive in the 

small intestine via paracellular movement (Bookstein et al, 1994) However 

potassium absorption in the rectosigmoid area of the colon is active via an apical 

WIK+ ATPase (Bookstein et al, 1994). The W/K+ ATPase moves one hydrogen ion 

out and one potassium into the cell by hydolysis of one ATP molecule. WIK+ 

A TPase pump activity produces a reduced lumenal pH thereby increasing the acidity 

of the colonic lumen and allowing for the absorption of short chain fatty acids in their 

nonionized form (Montrose et al, 1999). 

The colon absorbs the majority of the remaining lumenal sodium, chloride, 

and water, leaving a minimal amount of salt and water to exit the body (Montrose, 

1999). Salt and water absorption in the colon mainly occurs through apical channels 
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and ion exchangers. An ion gradient is created by the Na + IK+ A TPase on the 

basolateral membrane of the colonic epithelial cell (Montrose, 1999). Sodium and 

chloride ions are absorbed in the colon though lumenal sodium channels and chloride 

channels. In addition to sodium absorption via the apical sodium channels, an apical 

and basolateral Na + llr exchanger also allows for transcellular sodium absorption in 

the small intestine and colon (Montrose, 1999). This process allows the regulation of 

intracellular pH. 

In conclusion, the gut contributes to sodium homeostasis and body fluid 

regulation by providing an absorptive surface for fluid and electrolytes. 

1.5 - Sodium Homeostasis 
Sodium homeostasis is best defined as a constant sodium concentration in the 

internal environment. The concentration of sodium in the extracellular fluid has great 

potential for fluctuation with any major changes caused by intake or excretion of salt 

and/ or water (Wolf, 1962). For instance, significant changes in the extracellular fluid 

sodium concentration will affect the normal plasma osmolarity in healthy humans 

(287 mosmoVkg) or rats (294 mosmoVkg) and will compromise many normal 

physiologic functions (Dunn et al, 1973; Robertson & Athar, 1976; Cholewa & 

Mattson, 2001). Fortunately, extracellular fluid sodium concentration is tightly 

regulated and these disturbances do not normally occur (Andersson, 1977). 

Sodium concentration in the extracellular fluid is regulated mainly through 

thirst, sodium appetite, and renal excretion/conservation mechanisms (Andersson, 

1977; Kirchner et al, 1978; Fitzsimons, 1998). Sodium is monitored through volume 

and pressure sensors, osmoreceptors and sodium sensors within the cardiovascular 
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system and central nervous system (Bourque et al, 1994; Bourque & Oliet, 1997). 

These sensors work in synergy to provide the CNS with a picture of what is 

happening throughout the body in terms of sodium and fluid balance (Guyton, 

1980b). Blood volume and pressure are important because they are an indirect 

indication of the extracellular fluid volume (ECFV). Sodium, the major cation of the 

ECF, influences ECFV due to its osmotic potential (Wolf, 1962; Osborn, 1991; 

Cholewa & Mattson, 2001). When this information on blood volume and blood 

pressure is integrated with information from osmoreceptors and sodium sensors, 

which indicate the state of sodium with respect to ECF volume, the CNS can activate 

mechanisms to correct any disturbances. For example, if someone becomes 

dehydrated, the relative sodium concentration would increase in the ECF due to a loss 

of water from this compartment. Blood volume and pressure receptors would signal a 

decrease and osmoreceptors and sodium sensors would signal increases in osmolality 

and sodium respectively. In response to this, centers in the brain would initiate 

mechanisms to restore sodium concentration to normal and prevent further disruption, 

specifically, by stimulating thirst and inhibiting sodium intake and also by increasing 

sodium excretion and water retention by the kidneys (Andersson, 1977; Thunhorst & 

Johnson, 2001; Fitzsimons, 1998). These effector mechanisms act in concert to 

prevent the deviation of sodium concentration from its physiological range and to 

restore body water to normal. Activation of these mechanisms would prevent 

damage to cells as well as avoiding circulatory collapse (Rink, 1984; Lang & 

Waldegger, 1997). 

Sodium homeostasis ts also important in maintaining intracellular 
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homeostasis. This was alluded to above when it was mentioned that water will shift 

from the intracellular compartment to the extracellular in response to changes in ECF 

sodium concentration. Hence, intracellular fluid volume changes occur when the 

concentration of sodium in the extracellular compartment deviates from the 

homeostatic range. Since the cell membrane is readily permeable to water and 

virtually impermeable to solutes, water rapidly shifts between the compartments to 

maintain the osmotic equilibrium between the extracellular and the intracellular fluid 

(Rink, 1984). The sodium concentration in the ECF must be closely regulated to 

prevent fluid shifts between the intracellular and extracellular fluid that may damage 

cells due to changes in cell volume (Rink, 1984; Lang & Waldegger, 1997). 

1.5.1- Regulation, Control and Monitoring 
No direct mechanism for monitoring total body sodium has been discovered, 

or likely exists, however central and peripheral sensors which indirectly monitor the 

state of total body sodium do exist. These include central and peripheral volume, 

sodium and osmolarity sensors. The sensors represent the affector limb in 

stimulation of the central nervous system to aid in the control of sodium homeostasis. 

1.5.1.1 -Peripheral Receptors 
Peripheral osmoreceptors located in the vasculature, kidneys, and 

gastrointestinal tract function to relay information pertaining to the osmolarity of the 

ECF back to the CNS. The peripheral sensors monitor changes in blood volume, 

osmolality or sodium concentration in the plasma, interstitial space, or gut lumen and 

activate the release of humoral agents that act at the level of the kidney to promote 
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maintenance of sodium homeostasis as outlined below. 

1.5.1.1.1 -Atrial Sensors 
The cardiac atria are thin walled structures that are distensible similar to the 

veins of the body. The compliant nature of the atria provides the ability of the atria to 

sense changes in intrathoracic venous volume (Paintal, 1953; Gauer et al, 1970; 

Andersson, 1977). An increase in atrial wall tension stimulates a diuresis and a 

natriuresis that is both neurally and humorally mediated (Skorecki & Brenner, 1981 ). 

Distention stimulates mechanoreceptors in the atria that travel along cranial 

nerves nine and ten to the hypothalamus and medulla (de Torrente et al, 1975; 

Skorecki & Brenner, 1981 ). Activation of these centers leads to the inhibition of 

vasopressin release, reduced renal sympathetic nerve activity, and decreased tone in 

the renal pre- and post- capillary resistance vessels in an effort to increase urine 

output and reduce extracellular fluid volume back to the physiological range 

(Mellander & Oberg, 1967; deTorrente et al, 1975; Weaver, 1977). Atrial distention 

also promotes the release of atrial natriuretic peptide from the atrial myocytes which 

then acts on the kidneys to produce a natriuresis and subsequent diuresis to reduce the 

extracellular fluid to a homeostatic volume (see section 1.5.1.4.3) (Burnett et al, 

1984; Harris et al, 1988; Solomon et al, 1988; Harris, 1989; McMurray et al, 1989). 

1.5.1.1.2- Ventricular and Pulmonary Sensors 
Blood volume sensors are present in the right ventricle of the heart (Skorecki 

& Brenner, 1981 ). When blood volume increases, the transmural pressure across the 

ventricle wall initiates neural signals along cranial nerves nine and ten to the nucleus 
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tractus solitarius, resulting in a significantly increased natriuresis (Wennergren et al, 

1976). Juxtapulmonary capillary receptors, known more simply as 'J' receptors, are 

located in the interstitium of the lungs (Paintal, 1973). The cardiopulmonary 

receptors are able to detect an increase in the blood volume flowing through the 

vasculature of the lungs and stimulate an appropriate physiological response to reduce 

blood volume (Skorecki & Brenner, 1981 ). 

1.5.1.1.3- Carotid Baroreceptors 
The baroreceptors are stretch activated blood pressure sensors located in the 

arterial circulation, the bifurcation of the carotid artery, and the aortic arch (Reis & 

Cuenod, 1965; Levy et al, 1966; Kappagoda et al, 1976). Increased fluid retention in 

the extracellular space promotes an acute elevated blood volume and hence an 

elevated blood pressure, stimulating the baroreceptors. A rise in blood pressure 

stimulates these stretch activated mechanoreceptors, which send signals to the 

medulla, pons, nucleus tractus solitarius, and paraventricular nucleus (DiBona & 

Kopp, 1997). Activation of the carotid baroreceptors results in inhibition of the 

vasomotor centers of the lower brainstem, reducing spinal sympathetic output to the 

heart and vasculature (Levy et al, 1966; Goetz et al, 1970). Reduced cardiac pumping 

and reduced vasomotor tone lower arterial pressure back to within the normal 

physiological range. Reduced sympathetic output influences renal function by 

simultaneously inhibiting renin secretion and reducing renal artery tone, resulting in 

an increased glomerular filtration rate and reduced sodium retention (Aars & Akre, 

1970; Keeler, 1974; Calaresu et al, 1976; DiBona, 1977). Thus, stimulation ofthe 

carotid baroreceptors promotes a natriuresis with a concurrent diuresis, resulting in a 
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reduced blood volume and therefore also contributing to a reduced blood pressure in 

an effort to lower blood pressure to within the physiologic range (Skorecki & 

Brenner, 1981; Guyton & Satterfield, 1952). Unfortunately, the baroreceptors exhibit 

desensitization as a result of chronic stimulation due to increased salt intake or 

expansion from congestive heart failure resulting in a reduced receptivity to 

expansion in the extracellular space, and loss of the contributing role of these sensors 

to body fluid regulation as observed in dogs (Wang et al, 1996) and in rats (Bealer, 

1999). 

1.5.1.1.4- Renal Sensors 
The kidneys participate in afferent and efferent signaling with the central 

nervous system to promote body fluid homeostasis. Various sensors are present in 

the renal vasculature that participate in body fluid homeostasis, including blood 

volume sensors, renorenal reflexes, the juxtaglomerular apparatus of the macula 

densa, and the ability of the kidneys to autoregulate renal blood flow. 

Autoregulation of renal blood flow and glomerular filtration rate promotes 

changes in vascular resistance in the afferent and efferent glomerular arterioles by a 

myogenic mechanism and tubuloglomerular feedback (Knox et al, 1975; Navar et al, 

1980, Navar et al, 1982). The myogenic mechanism is a pressure-sensitive method of 

sensing changes in renal blood flow. The ability to contract when stretched is an 

intrinsic property of vascular smooth muscle (Knox et al, 1975; Iida & Mitamura, 

1989). Any increase in arteriole blood perfusion pressure due to an increased renal 

blood flow will stretch the afferent glomerular arterioles, resulting in vascular smooth 

muscle contraction (Knox et al, 1975; Iida & Mitamura, 1989). The vasoconstriction 
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of the arterioles will increase the resistance to flow through the arterioles, and thus 

reduce glomerular filtration rate secondary to renal blood flow. 

Tubuloglomerular feedback is a flow dependent mechanism. The macula 

densa located in the juxtaglomerular apparatus is able to sense changes in glomerular 

filtration rate when the flow of fluid through the tubular apparatus of the nephron 

deviates from the normal range {Ito & Abe, 1996). The flow or composition of the 

tubule fluid in the distal nephron is sensed by the macula densa promoting a negative 

feedback to the glomerulus (Bell & Navar; 1982; Moore & Mason, 1986; Navar & 

Mitchell, 1990; Leyssac et al, 1990; Ito & Abe, 1996). The effects on glomerular 

filtration rate are inversely proportional to the amount of fluid flowing through the 

macula densa (Navar et al, 1980; Navar et al, 1982; Navar & Mitchell, 1990; Ito & 

Abe, 1996). When the flow rate or chloride concentration in the distal nephron is 

reduced, the macula densa stimulates an increased filtration rate (and vice versa) and 

an increased secretion of renin (Knox et al, 1975; Wright, 1979; Skorecki & Brenner, 

1981; Osborn, 1991). 

Intravascular volume expansion or depletion is sensed by the renal 

baroreceptors (Skorecki & Brenner, 1981 ). Renal baroreceptors are located in the 

juxtaglomerular apparatus of the afferent arterioles and are able to sense low renal 

blood pressure and low renal blood flow. When renal blood pressure or renal blood 

flow fall, central integration of baroreceptor input results in activation of afferent 

renal sympathetic output which stimulates renin secretion from the juxtaglomerular 

apparatus (Skorecki & Brenner, 1981 ). 
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Renorenal reflexes are independent of the carotid and aortic baroreceptors and 

function as a peripheral reflex dependent on blood chemical stimuli (Kopp, 1992). 

Changes in kidney function sensed by renal mechanoreceptors and chemoreceptors in 

the ipsilateral kidney activate afferent neural stimuli that influence efferent renal 

sympathetic nerve activity to promote a reflexive response by the contralateral kidney 

to balance excretion and reabsorption of ions and water to maintain balance between 

the two kidneys (Kopp, 1992). Hence total urine flow rate and sodium excretion is 

unchanged as a result of renorenal reflexes, maintaining a balance of electrolyte and 

water reabsorption between the two kidneys (Dibona & Kopp, 1997). 

Renal chemoreceptors are also present and are sensitive to changes in pH, 

plasma oxygen, and plasma ion concentrations (Solano-Flores et al, 1997; Scislo et 

al, 1998). Afferent renal nerves project to the ventral lateral medulla, nucleus tractus 

solitarius, pons, caudal raphe nuclei, and the paraventricular nucleus, providing 

information on changes in the aforementioned plasma parameters thereby 

contributing to the neural and humoral control of body fluid balance via integration in 

the brainstem and hypothalamic nuclei. (Kopp, 1992; Solano-Flores et al, 1997; 

Weiss & Chowdhury, 1998). 

1.5.1.1.5- Pressure Natriuresis 
Pressure natriuresis is a mechanical renal function contributing to blood 

volume homeostasis. When blood volume or arterial pressure rises, the rise in 

pressure produces a marked increase in renal output of water and salt, which is called 

pressure diuresis and pressure natriuresis respectively (Guyton et al, 1980b; Guyton 

et al, 1986; Hall et al, 1986a; Hall et al, 1986b; Guyton, 1990; Hall et al, 1990a). 
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Expansion of the extracellular fluid volume increases blood flow to the renal 

medulla resulting in a relative hypotonicity in the medulla. The diluted concentration 

of sodium in the ultrafiltrate flowing through the ascending loop of Henle reduces the 

transepithelial driving force for sodium transport, and thus results in a reduced 

osmotic drive for water reabsorption at the level of the descending loop of Henle. 

Research has shown that inactivation of the renal Na + IK+ A TPase on the basolateral 

membrane occurs during pressure natriuresis, thus the Na + IK+ ATPase may also play 

a role in reducing sodium absorption (Zhang et al, 1996). An increased arterial 

pressure also produces a pressure natriuresis by inhibiting the apical N a+ .Iff" 

exchangers and basolateral sodium pumps (Zhang et al, 1996). The natriuresis and 

concurrent diuresis resulting from a reduced sodium and water reabsorption will 

lower the extracellular fluid volume and therefore reduce blood volume. This helps to 

restore arterial pressure towards normal. 

1.5.1.1.6- Hepatic Sensors 
Sensors in the portal or hepatic circulation are believed to measure the sodium 

concentration in the plasma and stimulate hepatic afferent nerve activity (Daly et al, 

1967; Passo et al, 1973; Morita et al, 1991a; Morita et al, 1991b; Dibona & Kopp, 

1997). Stimulation of these sensors by an increase in portal plasma sodium 

concentration would be expected to inhibit intestinal sodium absorption and/or 

promote renal natriuresis. Indeed, these relationships have been studied and termed 

the hepato-intestinal and hepato-renal reflex respectively and will be discussed next. 

H epatointestinal Reflex 

Signals believed to be originating from sensors in the hepatoportal region are 
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thought to affect water and electrolyte absorption by the small intestine, specifically 

sodium absorption (Morita et al, 1990). Reports in the past support the possibility 

that the liver has volume and sodium sensing mechanisms for chemoreception and 

mechanoreception (Andrews & Palmer, 1967; Kostreva et al, 1980). Stimulation of 

these hepatic sensors activates afferent hepatic nerves to the nucleus tractus solitarius 

which then sends efferent stimuli to the enteric nervous system of the small intestine 

(Morita et al, 1994). The presence of excess sodium in the hepatoportal region is 

believed to reflexively result in the inhibition of sodium absorption in the small 

intestine and stimulate the hepatorenal reflex, presenting an appropriate physiological 

response to maintaining sodium balance (Morita et al, 1990; Dibona & Kopp, 1997). 

Hepatorena/ Reflex 

The possibility of a hepatorenal reflex was studied by monitoring the sodium 

concentration in the portal plasma and the effects of the sodium concentration on 

afferent renal nerve activity. Some studies found an increase in afferent renal nerve 

activity and sodium excretion with increases in portal plasma sodium concentration 

that was greater than the same dose given systemically into the femoral vein or 

inferior vena cava (Daly et al, 1967; Passo et al, 1973; Morita et al, 1991a; Morita et 

al, 1991b; Dibona & Kopp, 1997). Furthermore, this natriuresis was prevented by 

vagotomy, supporting a role for the hepatic nerve in activating sodium excretion in 

this case (Adachi et al 1976; Rogers et al, 1979; Morita et al, 1991b, Choi-Kwon & 

Baertschi, 1991; Carlson et al, 1998). 

1.5.1.2- Central Sensors 
The brain perceives changes in osmolality directly or receives information 
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pertaining to the osmolality of the extracellular fluid from peripheral sensors 

(Bourque et al, 1994; Bourque & Oliet, 1997). The mechanism of detecting changes 

in sodium concentration in the plasma or cerebral spinal fluid and the pathways for 

integrating this information are not yet fully understood. 

1.5.1.2.1- Osmoreceptors 
Signals originating from central and peripheral osmosensors are projected to 

osmoregulatory centers and integrated into an appropriate effector signal to maintain 

extracellular fluid osmolality. Central osmoregulatory centers appear to be located in 

the subfomical organ, organum vasculosum of the lamina terminalis, and median 

preoptic nucleus of the lamina terminalis (Andersson et al, 1969; Leng et al, 1988; 

King & Baertschi, 1991; Richard & Bourque, 1992; Vivas et al, 1995; Richard & 

Bourque, 1995; Hochstenbach & Ciriello, 1996; Han & Rowland, 1996; Bisley et al, 

1996). The neurons of the lamina terminalis appear to be intrinsically osmosensitive 

but also receive peripheral osmoregulatory input from the nucleus tractus solitarius, 

parabrachial nucleus, and ventral lateral medulla (Ling et al, 1990; Bourque et al, 

1994; Oldfield et al, 1994). The neurons within the lamina terminalis exhibit 

collateral branches between the organum vasculosum, subfomical organ, and median 

preoptic nucleus and project to the supraoptic nucleus directly or indirectly through 

these interconnected nuclei (Leng et al, 1988; Weiss & Hatton, 1990; Oldfield et al, 

1991a; Oldfield et al, 1991b; Oldfield et al, 1992; Renaud et al, 1993; Nissen et al, 

1993; Richard & Bourque, 1995; Bisley et al, 1996). Activity in these nuclei promote 

subsequent stimulation of neurosecretory neurons in the supraoptic and 

paraventricular nuclei resulting in the release of vasopressin and oxytocin from the 
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neurohypophysis. The magnocellular neurons of the supraoptic and para ventricular 

nuclei are also believed to be intrinsically osmosensitive (Mason, 1980~ Oliet & 

Bourque, 1992; Voisin et al, 1999). Thus changes in osmolarity within the central 

nervous system or periphery may stimulate vasopressin and oxytocin secretion from 

the supraoptic and paraventricular nuclei (McKinley et al, 1992~ Nissen et al, 1993; 

Richard & Bourque, 1995; Vivas et al, 1995). 

1.5.1.2.2- Sodium Sensors 
Central receptors sensitive to sodium chloride are located in circumventricular 

areas including the osmoreceptive magnocellular cells in the supraoptic nucleus and 

paraventricular nucleus and the organum vasculosum of the lamina terminalis 

(Lichardus et al, 1987; Bourque et al, 1994). When studied independently, these 

receptors seem to be specifically responsible for changes in sodium excretion by the 

kidney, thirst and salt appetite (Blaine et al, 1975; McKinley, 1992; Schoorlemmer et 

al, 2000). 

Therefore, information from most of the sensors mentioned above is 

integrated in the brainstem as well as central structures leading to appropriate 

homeostatic effector responses via projections to preganglionic neurons in the spinal 

cord (Weiss & Chowdhury, 1998). The central areas involved include the subfornical 

organ, median preoptic nucleus, organum vasculosum of the lamina terminalis, and 

the area postrema (Solano-Flares et al, 1997; Ciriello, 1998; Curtis et al, 1999; Huang 

et al, 2000). 

Having described the sensors and receptors which are thought to provide 

sensory input to central centers controlling fluid and electrolyte homeostasis it is 
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appropriate to discuss the effector systems including neural pathways thought to be 

involved and effector hormones. 

1.5.1.3 - Neural Control of Renal Sodium Excretion 
Kidney function can be influenced by neural or humoral input from the central 

nervous system and the periphery. The method of renal signaling to promote sodium 

excretion following stimulation of a sodium sensor in the gut and/or central nervous 

system is unknown. A neural or humoral relay is possible in both cases but will only 

be discussed in reference to the gut as this is the main topic of this thesis. 

The afferent and efferent arterioles, and juxtaglomerular apparatus of the 

kidney are innervated by efferent sympathetic nerve fibers (Muller & Barajas, 1972; 

Barajas & Muller, 1973; Gullner, 1983; Osborn et al, 1983; Barajas et al, 1984; Hesse 

& Johns, 1985; Dibona, 1985; Barajas & Powers, 1990). Stimulation of the 

sympathetic fibers promotes epinephrine and norepinephrine release stimulating at-

adrenoceptors (on the arterioles themselves) causing vasoconstriction (Kopp et al, 

1980; Schmitz et al, 1981; Osborn et al, 1981a; Osborn, 1991; Dibona, 1985). The 

increase in vascular resistance results in a reduced renal blood flow and reduced 

glomerular filtration rate (Dibona, 1985). This translates into a decrease in overall 

filtered solute and consequently a decrease in both fluid and salt excretion (Dibona, 

1985). Sympathetic stimulation also reduces renal blood flow and glomerular 

filtration rate indirectly through the production and secretion of renin by stimulating 

~ 1-adrenoceptors in the juxtaglomerular apparatus (Osborn et al, 1981b; Dibona, 

1985; Wagner et al, 1999). Thus, efferent renal nerve activity plays an important role 

in the control of renal blood flow, glomerular filtration rate, humoral secretion, and 
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renal tubular epithelial cell solute and water transport (Sadowski et al, 1979; Gullner, 

1983; Barajas et al, 1984; Dibona & Kopp, 1997; Solano-Flores et al, 1997). 

Renal afferents also play a functional role in renorenal reflexes and renal

cardiovascular reflexes (Calaresu et al, 1978~ Dibona & Rios, 1980; Weiss & 

Chowdhury, 1998). Renal afferent mechanoreceptors respond to changes in arterial, 

venous, or ureteral pressure, whereas the renal chemoreceptors are sensitive to 

changes in pH, plasma oxygen, and plasma ion concentrations (Astrom & Crafoord, 

1967~ Uchida et al, 1971; Niijima, 1972; Solano-Flores et al, 1997; Ciriello, 1998; 

Scislo et al, 1998). Afferent input from these renal sensors contributes to the neural 

and humoral control of body fluid balance via integration in the brainstem and 

hypothalamic nuclei (Barajas et al, 1992). Following central integration, afferent 

renal input may ultimately stimulate the release of vasopressin (Bealer et al, 1996; 

Ciriello, 1998). Furthermore, inhibition of afferent renal sympathetic activity 

produces a natriuresis and a diuresis due to inhibition of electrolyte absorption and 

renin secretion. Similarly, denervation of the renal nerves produces an increased 

urinary sodium excretion. 

The gastrointestinal tract is highly innervated. The extrinsic autonomic 

nervous system provides parasympathetic and sympathetic innervation to the gut. In 

addition to the extrinsic nervous system, the gut is also innervated by the intrinsic, or 

enteric, nervous system. 

In the rat gut, the subdiaphragmatic vagus has five branches: these are the 

right and left gastric vagi, the celiac vagus, the accessory celiac vagus, and the 

hepatic vagus nerve branches (Norgren & Smith, 1988). Vagal afferents are 
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stimulated by mechanical and chemical stimuli in the gut and are involved in 

modulating digestion and absorption in the gastrointestinal tract and modification of 

food intake (Raybould, 1998; Kraly et al, 1986; Schwartz et al, 1993). 

The presence of nutrients in the duodenum, including hypertonic salt 

solutions, elicits concentration-dependent increases in vagal nerve activity (Shwartz 

& Moran, 1998). Hepatic afferent nerve activity increases following intraportal 

infusion of hypertonic sodium chloride or sodium bicarbonate and leads to the 

activation of brain stem and forebrain structures (Morita et al, 1997). Hepatic vagal 

afferents may relay information pertaining to the concentration of sodium in the 

lumen of the gut to the nucleus tractus solitarius (Rogers et al, 1979). In turn, the 

nucleus tractus solitarius projects to the parabrachial nucleus which has projections to 

the ventral thalamus, hypothalamus, area postrema, and amygdala (Rogers et al, 

1979; Ohman et al, 1990; Carlson et al, 1997; Carlson et al, 1998). These centers 

may then influence the supraoptic nucleus and the paraventricular nucleus to promote 

vasopressin and oxytocin secretion. 

Thus a foregut sodium sensor may exist that is capable of producing a neural 

stimulus which travels to the lower brain centers for integration with other peripheral 

body fluid sensor information. 

1.5.1.4- Humoral Control of Sodium Excretion 
Many humoral factors play important roles in controlling renal sodium 

excretion. These include the well characterized neurohypophysial hormones 

vasopressin and oxytocin, atrial natriuretic peptide and urodilatin, as well as the 

components of the renin-angiotensin-aldosterone system. As mentioned above, the 
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ability of these hormones to promote a natriuresis will be discussed in the following 

sections. 

1.5.1.4.1- Vasopressin 
Magnocellular neurons in the supraoptic and paraventricular nuclei of the 

hypothalamus produce vasopressin (VP) and oxytocin (OXT) (Hadley, 1996). The 

hormones are synthesized in hypothalamic cell bodies as prohormones and are similar 

in structure to each other. Oxytocin producing cells predominate in the 

paraventricular nucleus, whereas the majority of VP producing cells are in the 

supraoptic nucleus (Hadley, 1996). Three times as many of the VP and OXT 

producing neurons are in the supraoptic nucleus than in the paraventricular nucleus, 

therefore more hormone is released from the supraoptic nucleus than the 

paraventricular nucleus upon stimulation of these hypothalamic areas (Hadley, 1996). 

The neurons run through the median eminence and via the infundibular stalk to the 

neurohypophysis. Vasopressin and OXT granules are carried in vesicles by 

axoplasmic transport to be stored in the axon terminals of the pars nervosa of the 

neurohypophysis (Brownstein et al, 1980). 

Central and peripheral stimuli activate release of the neurohypophysial 

hormones from the posterior pituitary (Verney, 1947; Dunn et al, 1973; Cunningham 

& Sawchenko, 1991; Crowley et al, 1992). Upon stimulation of the magnocellular 

neurons, an action potential travels down the neuron and promotes a calcium-

dependent neurosecretion of the neurohypophysial hormones into the adjacent blood 

vessels (Mikiten & Douglas, 1965; Bourque & Renaud, 1991). Vasopressin has 

vasoactive activity in vascular smooth muscle and also increases the permeability of 
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the renal distal collecting ducts to water (Hadley, 1996). Vasopressin is released in 

response to several stimuli, including an increase in osmotic pressure in the 

extracellular fluid, low blood volume, low blood pressure, or due to upright posture, 

and is inhibited by high blood pressure, cold temperature, and low plasma osmolality 

(Verney, 1947; Brimble & Dyball, 1977; Wakerley et al, 1978; Hadley, 1996). Thus, 

when blood volume or blood pressure deviates below the physiological set point, VP 

is released from stores in the neurohypophysis into the periphery to promote water 

retention and to vasoconstrict the vascular beds (Chan, 1965). The antidiuresis and 

vasoconstriction responses raise blood pressure back to within the normal 

physiological range. 

Urine excretion increases in hypophysectomized animals, however natriuresis 

is depressed (Balment et al, 1986b ). Replacement of VP into these animals results in 

a reduced urine flow due to the antidiuretic effect of VP without a significant effect 

on sodium excretion (Balment et al, 1986a; Balment et al, 1986b). Thus the effect of 

VP in neurohypophysectomized rats was simply a reduced urine volume. In sheep, 

VP infusion promoted a natriuresis at physiological concentrations and in the absence 

of volume expansion (Park et al, 1985). 

Hypertonic saline administered intragastrically into rats produced a significant 

increase in plasma VP concentration proportional to the concentration of the saline 

without a change in hemodynamics (Chwalbinska-Moneta, 1979; Choi-Kwon et al, 

1990; Carlson & Wyss, 1999). It was found that the plasma levels of VP correlated 

positively with the osmolality of the infused solutions. These results suggest a rise in 

VP secretion is dependent on the concentration of sodium taken orally. 
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1.5.1.4.2 - Oxytocin 
Like VP, oxytocin ts an endocrine hormone released from the 

neurohypophysis. The release of OXT is prompted by suckling, but is also released 

simultaneously with VP, including under hyperosmotic conditions (Brimble et al, 

1991; Huang et al, 1995; Hadley, 1996; Huang et al, 1996). Oxytocin has a role in 

stimulating milk release from the mammary gland, uterine contractions in parturition, 

possibly in initiating labour at term, dilation of the cervix, sexual receptivity, 

contraction or relaxation of smooth muscle, mating behaviour, maternal behaviour, 

and feeding behaviour (Hadley, 1996). OXT obviously plays many significant roles 

in females, but is also present in males, suggesting OXT may have other 

physiological roles. One such role for OXT may be in sodium homeostasis (Verbalis 

et al, 1991 ). 

Oxytocin has been shown to potentiate the natriuretic effects of VP (Chan, 

1965; Balment et al, 1986a; Balment et al, 1986b; Brimble et al, 1991). Thus, it is 

plausible to state that OXT works in synergy with VP to promote excretion of a 

hypertonic urine. At high concentrations, OXT mimicks the effects ofVP (Conrad et 

al, 1986). Oxytocin produces a time dependent increase in urine volume output and 

an increase in sodium and chloride excretion following intravenous or intrarenal 

administration (Balment et al, 1980; Balment et al, 1986a; Balment et al, 1986b; 

Conrad et al, 1986; Verbalis et al, 1991; Huang et al, 1995; Windle et al, 1997). 

Oxytocin receptors are believed to be located in the cortical region of the kidneys, 

particularly in the macula densa of the distal tubule (Schmidt et al, 1990; Sjoquist et 

al, 1999). Thus OXT may play a contributing role in sodium homeostasis and renal 

hemodynamics at the level of the distal renal tubules, whereas no evidence has been 
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found to suggest OXT has any activity at the level of the proximal renal tubules. 

Following neurohypophysectomy, natriuresis is attenuated, but not prevented 

entirely, thus OXT may be one of many factors contributing to sodium homeostasis 

(Balment et al, 1979; Verbalis et al, 1991). Infusion of OXT intravenously or via a 

minipump resulted in a significant increase in natriuresis with no effect on urine flow 

(Brimble et al, 1991; Verbalis et al, 1991). Oxytocin receptor antagonists have also 

been found to completely abolish OXT -induced natriuresis, with a partial inhibition 

by combined renal A VP1-receptor and A VP2-receptor antagonists (Verbalis et al, 

1991; Huang et al, 1995; Windle et al, 1997). However, A VP1-receptor antagonists 

alone had no effect on OXT activity (Verbal is et al, 1991 ). This is likely a result of 

OXT -dependent sodium excretion and the high affinity OXT has for OXT receptors 

and low affinity OXT has for VP receptors (Schmidt et al, 1990). In addition to 

preventing natriuresis, the diuretic response resulting from infusion of hypertonic 

saline is delayed in the presence of an OXT antagonist, supporting a synergistic role 

between OXT and VP actions (Huang et al, 1995). 

1.5.1.4.3- Atrial Natriuretic Peptide 
Atrial natriuretic peptide (ANP) plays a role in acute and chronic regulation of 

sodium excretion and body fluid homeostasis (Singer et al, 1987; Matsushita et al, 

1991 ). Atrial natriuretic peptide is produced and secreted by ventricular and atrial 

myocytes in response to atrial myocyte stretch, glucocorticoids, and thyroid hormone 

(Synhorst & Gutkowska, 1988; Ballerman & Zeidel, 1992). Atrial natriuretic peptide 

is released into the general circulation and binds receptors in the central nervous 

system, gut smooth muscle, lung, adrenals, kidneys, and vasculature, resulting in an 
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increase in intracellular calcium and cAMP (Ballerman & Zeidel, 1992; Inoue et al, 

2001). In the kidney, ANP receptors are located mainly in the renal vessels, 

glomeruli, and renal medulla, in the vasculature ANP binding sites are found on 

endothelial and vascular smooth muscle, and in the adrenal glands the receptors are 

mainly in the zona glomerulosa (Ballerman & Zeidel, 1992). 

The level of plasma ANP reflects sodium concentration in the extracellular 

space and therefore is an indication ofECF volume (Sagnella et al, 1985; Singer et al, 

1998). Infusion of ANP promotes a diuresis and natriuresis within 30 minutes 

possibly due to an increased glomerular filtration rate or to a reduction in plasma 

aldosterone concentration (Olsson & Eriksson, 1987; Singer et al, 1987). This 

response is seen in subjects either on a high or low salt intake (Olsson & Eriksson, 

1987). 

1.5.1.4.4- Urodilatin 
Urodilatin is a member of the same family as ANP. The hormone has a 

similar amino acid sequence to ANP with the exception of four amino acids on the 

amino end of the peptide (Forssmann et al, 2001). Due to structural similarities to 

ANP, urodilatin can also bind ANP receptors in the kidney (Forssmann, 2001). It is 

produced by renal tissue, and excreted in the urine (Drummer et al, 1993). Urodilatin 

is almost completely removed by the renal tubules and may (Carstens, 1998; Bestle et 

al, 1999) or may not (Carstens et al, 1997; Drummer et al, 1996; Lenz et al, 1999) be 

detected in the plasma. Thus, the protein has physiological function which appears to 

be mainly restricted to the kidney (Drummer et al, 1996). Urodilatin promotes 

afferent glomerular arteriolar vasodilatation and vasoconstriction of the efferent 
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arteriole, thereby increasing glomerular filtration secondary to increased glomerular 

blood flow (Heer et al, 1993; Endlich et al, 1995). 

Evidence indicates that urodilatin production and excretion correlates with 

changes in sodium ingestion in humans and is proportional to the urinary sodium 

excretion and fractional sodium excretion (Meyer et al, 1996; Drummer et al, 1996; 

Carstens et al, 1997; Andersen et al, 1998; Carstens et al, 1998) and dogs (Emmeluth 

et al, 1992). Urodilatin levels peak three hours after ingestion of a high salt meal. As 

the salt is absorbed and increases circulatory sodium concentration, and hence plasma 

osmolality, urodilatin concentration rises (Drummer et al, 1996; Sehested et al, 1997; 

Lenz et al, 1999). Urodilatin levels also rise simultaneously with the natriuretic 

response to intracarotid hypertonic saline infusion and increased renal perfusion 

pressure (Emmeluth et al, 1992; Heringlake et al, 1999). Since urodilatin levels 

correlate well with plasma and urinary sodium excretion, the hormone may function 

as a mediator of the splanchnic sodium monitor by functioning as an endocrine factor 

with effects similar to ANP, thereby ultimately contributing to sodium homeostasis. 

1.5.1.4.5- The Renin-Angiotensin-Aldosterone System 
Renin, angiotensin, aldosterone and angiotensin converting enzyme (ACE) are 

components of the renin-angiotensin-aldosterone system involved in sodium retention 

(Hallet al, 1990b; Cholewa & Mattson, 2001). Renin is an enzyme produced in the 

juxtaglomerular apparatus of the kidney (Dzau & Ingelfinger, 1989). Renin cleaves 

the ciculating substrate angiotensinogen to form a decapeptide called angiotensin I. 

Vascular endothelium, especially in the lungs, release an enzyme called angiotensin 

converting enzyme which converts ANG I to the octapeptide ANG ll (Barrett et al, 
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1989; Erdos & Skidgel, 1990). ANG II can directly promote renal and intestinal salt 

and water retention by binding a receptor the AT1 receptor which promotes 

glomerular vasoconstriction and aldosterone secretion (Young, 1977; Harris &; 

Harris & Navar, 1985; Levens, 1985; Olsen et al, 1985; Hall et al, 1986a). ANG II 

has also been shown to stimulate VP neurosecretion from the neurohypophysis, 

further producing an antidiuresis (Okuya, 1987). ANG II may also induce 

vasoconstriction of the renal arterioles, altering renal hemodynamics and promoting 

fluid retention, activation of the renal sympathetic nerves, and fluid absorption in the 

gut (Myers et al, 1975; Echtenkamp et al, 1983; Hallet al, 1990b). 

Plasma ANG II levels are reduced within five minutes of intragastric or 

intravenous sodium loading, and elevated in animals on a low sodium diet (Duggan et 

al, 1995; Duggan et al, 1996; Cholewa & Mattson, 2001). lntragastric sodium 

loading produced a more prolonged reduction in ANG II activity than intravenous 

loading, suggesting that a gastric or intestinal sensor has a greater effect on plasma 

ANG II than sensors in the vasculature (Duggen et al, 1996). The mechanism for the 

reduction in plasma ANG II is unknown but allows for a greater natriuresis by 

reducing sodium reabsorption by stimulating aldosterone secretion. 

Aldosterone acts on the kidneys, gut, salivary glands, and sweat glands to 

promote sodium retention (Lohmeier et al, 1980). Infusion of sodium chloride into 

the femoral vein has been shown to suppress plasma aldosterone activity (Cholewa & 

Mattson, 2001 ). Inhibition of aldosterone activity would result in inhibition of 

sodium reabsorption by the kidneys thereby producing a natriuresis. However, oral 

and intravenous sodium loading have been shown to have no effect on plasma levels 
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of aldosterone (Carey, 1978; Duggan et al, 1996). 

Thus, sodium homeostasis is maintained by monitoring the concentration of 

sodium in the extracellular fluid indirectly via volume, sodium, and osmo-sensors in 

the central nervous system and periphery. Central integration of input from these 

sensors promotes a physiologically appropriate response mediated by neural and 

humoral pathways. 

1.6 - Sodium Sensors in the Gastrointestinal Tract 
In addition to the many known peripheral sodium sensors mentioned earlier, a 

sensor in the gastrointestinal tract is also suspected of playing a role in sodium 

balance. The exact location, structure, and function of the sensor are unknown. 

However, evidence is available in the literature to suggest the sensor is capable of 

stimulating a natriuresis upon ingestion of excess dietary sodium. 

1.6.1- The Splanchnic Sodium Sensor 
Visceral afferent nerves located in the mucosal lining of the gastrointestinal 

tract are able to 'taste' the ·contents of the intestinal lumen and submit information 

pertaining to the composition and chemical properties of the chyme to the central 

nervous system (Raybould, 1999; Raybould, 2001 ). Osmoreceptors or sodium 

sensors exist in the gastrointestinal tract alongside the various chemoreceptors and 

volume/mechanoreceptors, and play a role in body fluid homeostasis (Carey, 1978; 

Tyryshkina et al, 1981; Zhang et al, 1995; Shwartz & Moran, 1996; Zhang et al, 

1998). 

In 1975, Lenanne and colleagues observed a significant natriuretic response 
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following oral sodium loading in man and rabbits (Lennane et al, 1975a; Lennane et 

al, 1975b). The natriuresis was found to be more significant with oral salt loading 

than following intravenous infusion of hypertonic saline, and more pronounced under 

sodium deficiency when sodium would be expected to be conserved (Lennane et al, 

1975a; Lennane et al, 1975b; Carey et al, 1976; Carey, 1978; Singer et al, 1998). 

Based on these observations the authors hypothesized that osmoreceptors or sodium-

sensors are located along the gastrointestinal tract or portal vein area and may be 

involved in salt and water balance (Lennane et al, 1975a; Lennane et al, 1975b; 

Andersen et al, 2000). However, a handful of studies were unable to provide 

evidence for the existence of a gut sodium sensor in rabbits and humans. The 

opposing studies showed no significant difference in natriuresis was seen between 

oral and intravenous loading (Obika et al, 1981; Andersen et al, 2000). 

The gut-renal natriuretic reflex may be mediated in several ways; the release 

of a natriuretic hormone, a neural reflex initiated in the gastrointestinal mucosa or 

portal vein, a reduction in antinatriuretic hormone production, or any combination of 

these pathways. 

The following discussion provides evidence in support of various locations for 

the gut sodium sensors as well as a plausible signalling mechanism. 

1.6.1.1 -Hepatic portal vein 
The portal vein has been implicated in having a role in initiating natriuresis 

with an increase in portal sodium concentration. The sodium concentration of the 

portal blood increases following hypertonic gut or portal vein infusions, exceeding 

the sodium concentration in the systemic circulation where the sodium concentration 
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quickly becomes diluted (Sugimoto et al, 1998; Andersen, et al, 2000). Indeed, 

osmolytes absorbed from the gastrointestinal lumen into the portal vein or infused 

directly produce a greater natriuresis than comparable infusion into the vena cavae or 

systemic circulation in dogs (Daly et al, 1967; Sugimoto et al, 1998; Strandhoy & 

Williamson, 1970), in humans (Andersen et al, 2000), in cats (Passo et al, 1973), and 

rabbits (Nishida et al, 1998). However, some studies disagree and did not find a 

difference between portal vein or venal cava infusions of hypertonic saline (Schneider 

et al, 1970; Hanson et al, 1980; Obika et al, 1981 ). Furthermore, portal infusions of 

hypertonic solutions that change portal vein osmolality by 5 mOsm (2%) are able to 

stimulate the hepatic portal osmosensors in a similar fashion (Tyryshkina et al, 1981; 

Morita et al, 1997). Portal vein infusion or superfusion of hypertonic saline has also 

been observed to promote an increase in action potential firing frequency in the 

hypothalamoneurohypophysial system and supraoptic nucleus neurons within three 

seconds, leading to the release of A VP (Vallet & Baertschi, 1980; Baertschi & Vallet, 

1981; Vallet & Baertschi, 1982; Arsenijevic & Baertschi, 1985). This evidence 

appears to support the existence of neural osmoreceptors in the hepatic portal vein. 

The hepatic osmoreceptor mechanism is believed to transmit information of 

intestinal chyme or portal blood osmolarity to the central nervous system via the 

vagus nerves, although some evidence suggests the information is relayed through the 

thoracic spinal cord and projected to the central nervous system (Chwalbinska

Moneta, 1979; Rogers et al, 1979; Vallet & Baertschi, 1982; Adachi, 1984; King & 

Baertschi, 1991; Choi-Kwon & Baertschi, 1991; Morita et al, 1997). It seems most 

likely from current evidence that osmoreceptive afferents run along the vagus nerve 
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to central structures such as the nucleus tractus solitarius and the ventral lateral 

medulla and influence central integration of sodium homeostasis. A role of the vagus 

nerve in splanchnic sodium sensitivity is further supported by vagotomy studies 

which show that destruction of vagal afferents from the splanchnic region abolishes 

the natriuretic response (Passo et al, 1973; Rogers et al, 1979; Carlson & Wyss, 

1999). 

1.6.1.2- Stomach 
Orally administered hypertonic saline solutions have been postulated by some 

authors to stimulate sodium sensors within the gastric mucosa (Lennane et al, 1975a; 

Lennane et al, 1975b; Choi-Kwon et al, 1990). However, it is also possible that the 

hyperosmolar solution given orally in these studies could have activated sensors 

anywhere along the alimentary tract, such as in the oral cavity, small intestine, or 

portal vein in addition to the stomach. Thus, at this time, not enough evidence is 

available to support the location of a sodium sensor in the stomach. 

1.6.1.3 - Proximal Small Intestine 
The intestine plays an essential role in body fluid homeostasis by providing a 

large surface area for absorption and secretion of water and electrolytes (Cooke, 

1989). The enteric nervous system of the gut interacts with the central nervous 

system for the coordination of digestion and absorption, and may therefore also play a 

role in body fluid homeostasis (Cooke, 1989). Activation of the sympathetic nervous 

system reduces gut motility, increasing gut transit time as well as increasing the 

duration of contact time of the lumenal contents with the mucosa (Cooke, 1989). 
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Therefore, reduced gut motility will allow for absorption of a larger amount of fluids. 

The renin-angiotensin-aldosterone system also facilitates absorption in the gut via 

increased aldosterone release to act on sodium channels (Cooke, 1989; Levens, 

1985). 

Various sensors are present in the duodenum to detect changes in hydrogen 

ion concentration, volume, amino acids, lipid, and osmolality. In turn, vagal activity 

is stimulated and humoral mediators are released as gastric contents are emptied into 

the duodenum (Raybould, 1998). Due to the role of the duodenum in lumenal 

chemosensitivity, it is a probable location for a sodium sensor or osmosensor. 

Furthermore, the majority of vagal afferents are localized to the proximal small 

intestine. 

1.6.1.4- Sodium specificity 
Controversy exists in the literature as to whether or not the splanchnic 

receptors involved in the gut-renal response are osmosensitive or specifically sodium 

sensitive. The natriuretic response, increased vagal and renal nerve firing, and 

increased plasma hormone concentration to numerous solutions has been compared, 

including hypertonic sodium chloride, lithium chloride, sodium isothionate, choline 

chloride, glucose, mannitol, sucrose, and urea (Arsenijevic & Baertschi, 1985; Ye & 

Duggan, 1997; Mu et al, 1999). The response to administration of the sugars or salts 

mentioned above promoted a more significant natriuresis when administered into 

gastrointestinal or portal regions than intravenous administration (Horner Andrews & 

Orbach, 1974). These infusions also increased plasma VP concentration further 

suggesting splanchnic sensors are osmosensitive not just sodium sensitive (Choi-

43 



Kwon et al, 1990; Choi-Kwon & Baertschi, 1991; Mu et al, 1997; Mu et al, 1999). 

Similarly, Baertschi and Vallet saw an increased SON firing rate and VP release in 

rats with intraportal infusion of potassium chloride, choline chloride, and glucose 

(Baertschi & Vallet, 1981). This suggests the sensor may be osmosensitive but is 

more specific to a change in sodium concentration in the gut. 

In a subsequent study, lithium chloride was infused into the portal blood, 

resulting in a renal natriuresis similar to that observed following portal sodium 

chloride infusion (Mu et al, 1999). The natriuresis suggests the increased renal 

sodium excretion does not appear to be sodium specific, but rather specific to ionic 

charge (Baertschi & Vallet, 1981; Mu et al, 1999). The ionic charge of the lithium 

ion may therefore stimulate the natriuresis by the same mechanism as a sodium

induced natriuresis. 

On the other hand, some studies suggest the sensors involved in the gut-renal 

axis are specifically sodium-sensitive (Vallet & Baertschi, 1980; Tyryshkina et al, 

1981; Morita et al, 1997). Following portal vein infusion, hypertonic sodium chloride 

produced a response (increase in afferent vagal fiber discharge rate) greater than that 

from lithium chloride, glucose, mannitol, mannose, sucrose, and sodium sulphate 

seen in other studies (Niijima, 1969 in guinea pigs; Homer Andrews & Orbach 1974 

in rabbits; Tryshkina et al, 1981 in cats). Similarly, hepatic nerve activity was found 

to rise following intraportal bolus injection of hypertonic sodium chloride and sodium 

bicarbonate but not lithium chloride, mannitol or isotonic sodium chloride providing 

evidence to support a sodium specificity in the gut (Morita et al, 1997). 

44 



1.6.2 - Gut hormones affecting sodium excretion 
Similar to the humoral factors involved in body fluid regulation mentioned 

previously, a gut sensor induced natriuresis may alternatively be mediated by a gut 

hormone. Several gut derived hormones have been implicated and will be discussed 

in the following sections. 

1.6.2.1- Cholecystokinin 
Cholecystokinin octapeptide (CCK-8) is liberated from the duodenal mucosa 

into the circulation and into the intestinal lumen by the presence of fat or protein in 

the lumen and the presence of lumenal carbohydrates, respectively (Bussjaeger & 

Johnson, 1973; Raybould et al, 1994; Wank, 1998). The octapeptide promotes 

contraction and emptying of the gallbladder, inhibits gastric emptying, reduces gastric 

motility, reduces gastric acid secretion, suppresses sodium appetite, reduces food 

intake, and inhibits sodium absorption in the jejunum and ileum (Bussjaeger & 

Johnson, 1973; Duggan et al, 1988; Crawley & Corwin, 1994; Eastwood et al, 1998; 

Menani & Johnson, 1998; Wank, 1998; Edwards & Power, 1999). Cholecystokinin 

has also been implicated in body fluid regulation by promoting renal adaptation to 

changes in plasma sodium in a manner similar to a potassium-sparing diuretic at 

nonphysiological doses (Duggan et al, 1988). 

Cholecystokinin levels do not change following hypotonic or isotonic 

infusions in man, but is released by the presence of nutrients in the lumen or 

hyperosmotic lumen contents (Olsen et al, 1987; Raybould et al, 1994). 

Cholecystokinin infused into the systemic circulation altered renal hemodynamics by 

vasoconstricting the renal afferent arteriole and thereby reducing renal plasma flow 
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(Calam et al, 1987; Duggan et al, 1988). Changes in renal hemodynamics or tubular 

function may be mediated via CCKs receptors located in the proximal tubules 

(deWeerth et al, 1998). Cholecystokinin was also found to promote a natriuresis and 

concurrent anticaliuresis, suggesting the hormone acts locally in the renal circulation 

via the Na + /Ca2
+ pump on the basolateral membrane to retain calcium and excrete 

sodium (Duggan et al, 1988; von Schrenck et al, 2000). However, CCK may also 

promote a natriuresis by affecting renin activity, reducing aldosterone activity, and 

preventing sodium reabsorption (Calam et al, 1987; Sjoquist et al, 1999). 

Many of the functions of CCK appear to be dependent on intestinal mucosal 

vagal afferents. Upon release of CCK, the gut hormone is able to bind CCK 

receptors on vagal afferents and influence vagal firing frequency (Dalsgaard et al, 

1983; Duggan et al, 1988; Raybould et al, 1994). Vagal afferents from the proximal 

gut project to the nucleus tractus solitarius, which has projections to the 

osmoregulatory centers in the lamina terminalis as well as direct projections to the 

supraoptic and paraventricular nuclei (Leng et al, 1993; Luckman et al, 1993). CCKA 

receptors have been localized in the area postrema, a brain center that also projects to 

the nucleus tractus solitarius (Leng et al, 1999). Similarly, CCK has been 

demonstrated to directly stimulate Nucleus Tractus Solitarious neurons in rats (Bailey 

& . Wakerley, 1997). The hormone has also been found tn the 

hypothalamohypophysial system suggesting a role in central osmoreceptive pathways 

(Calam et al, 1987; Watts, 1992; Sanchez et al, 1997). Cholecystokinin is believed to 

activate oxytocin cells specifically with little or no influence on vasopressin secreting 

magnocellular cells (Onaka & Yagi, 1998; Leng et al, 1999). The effects ofCCK are 
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prevented by vagotomy, thus CCK is generally believed to activate oxytocin secretion 

via vagal afferents in the gastrointestinal tract, central processing centers in the brain 

and brainstem, and via oxytocin releasing cells in the supraoptic and paraventricular 

nuclei (Leng et al, 1999; Onaka, 2000). 

Thus, CCK released from the duodenum upon ingestion of a high salt meal 

appears to be capable of acting as an endocrine hormone to directly alter renal 

function and promote natriuresis. Cholecystokinin may also be implicated in 

natriuresis by acting indirectly by stimulating vagal input to the lower brain centers 

that integrate osmoregulatory information thereby affecting the release of 

neurohypophysial hormones. 

1.6.2.2- Gastrin 
Gastrin is a gut hormone in the same family as CCK (Wank, 1998). Gastrin 

and CCK are similar in structure and have overlapping physiological activity (both 

bind the CCKa receptor) (Jensen et al, 1989; Wank, 1995; Hadley, 1996; Wank, 

1998). Gastrin is released by the presence of food in the stomach, producing an 

increase in hydrochloric acid and pepsinogen secretion (Hadley, 1996). Pentagastrin 

has been shown to induce a significant dose-related fall in urine :flow and free water 

clearance in rabbits, a function similar to VP (Calam et al, 1987). A concurrent 

natriuresis and antikaliuresis produced by intravenous pentagastrin suggests the 

hormone may produce a hypertonic urine via a Na + IK+ exchange mechanism during 

filtrate modification in the renal tubules (von Schrenck et al, 2000). The natriuresis 

and antidiuresis produced by VP and OXT is mimicked by gastrin and since gastrin 

has been localized in the hypothalamoneurohypophysial system, it is suggested that 
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the gut hormone may act in a manner similar to CCK to regulate VP and OXT release 

(Rehfeld, 1978; Dockray, 1980; Watts, 1992). 

1.6.2.3 - Vasoactive Intestinal Polypeptide 
Vasoactive intestinal polypeptide (VIP) is a member of the secretin family and 

is therefore structurally related to secretin, glucagon, and gastric inhibitory peptide 

(Hadley, 1996). It has been isolated from the central nervous system, mesenteric 

ganglia, intestinal plexuses, and the genito-urinary tract (Said & Mutt, 1970; Said & 

Rosenberg, 1976; Hokfelt et al, 1978; Hadley, 1996). 

Vasoactive intestinal polypeptide is a potent vasodilator that produces an 

increase in heart rate, facial flushing, a reduced arterial blood pressure, and a reduced 

renal vascular resistance (Calam et al, 1983). Upon intravenous administration of 

VIP there is a reduction in urine flow, osmolar clearance, sodium excretion, and 

urinary pH (Porter et al, 1982; Calam et al, 1983). Intrarenal infusion of VIP 

stimulates corticosterone release from the adrenals that act on sympathetic nerves in 

the zona glomerulosa to stimulate the renin-angiotensin-aldosterone system (Hinson 

et al, 1996). 

Further support for a role of VIP in mediating a gut-renal natriuretic response 

is the effect of diet on VIP levels. Animals on a low sodium diet may have higher 

renal concentrations of VIP than animals on normal or high sodium diets (Duggan et 

al, 1989; Duggan et al, 1990; Hawley et al, 1991 b; Hinson et al, 1996). Moreover, 

plasma VIP levels fell within 2 hours and returned to baseline by 24 hours after salt 

ingestion (Duggan & Macdonald, 1987; Duggan et al, 1990; Hawley et al, 1991b). 

These decreased levels of VIP following sodium loading may be a result of decreased 
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VIP release or an increased VIP metabolism (Duggan et al, 1989; Duggan et al, 1990; 

Hawley et al, 1991a; Hawley et al, 1991b; Duggan et al, 1991). 

In summary, an acute sodium load will reduce VIP levels and therefore 

aldosterone secretion and prevent sodium reabsorption in the kidneys (Porter et al, 

1982; Porter et al, 1983). This results in a greater overall urinary sodium excretion. 

1.6.2.4 - Guanylin & U roguanylin 
Uroguanylin (UGN) and Guanylin (GN) are hormones produced by the 

intestinal epithelial cells lining the duodenal and large intestinal mucosa and are 

intestinal regulators of salt and water transport (Fan et al, 1997 a; Perkins et al, 1997). 

The gut hormones are released from the enterochromaffin cells into the lumen of the 

gut as well as across the basolateral membrane into the interstitial space (Perkins et 

al, 1997). 

Uroguanylin and GN are in the same family as the heat stable enterotoxins 

such as Escherichia coli toxin, and are therefore structurally similar (Miyazato et al, 

1996). The majority of UGN is produced in the proximal small intestine and GN is 

mainly expressed in the proximal colon (Miyazato et al, 1996; Li et al, 1997; 

Scheving & Jin, 1999). 

Bacterial entertoxins mimick the activity of these gut hormones, binding the 

guanylate cyclase C (GCC) receptor on the lumenal surface of epithelial cells 

throughout the intestine and the renal proximal tubules (Li et al, 1996; Greenberg et 

al, 1997; Fan et al, 1997b; Santos-Neto et al, 1999; Kita et al, 1999; London et al, 

1999; Forte et al, 2000). Uroguanylin has a higher affinity for the GCC receptor than 

GN (Greenberg, et al 1997; Ieda et al, 1999). Activation of the GCC receptor 
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promotes cGMP mediated chloride secretion (Kita et al, 1999). The resultant 

promotion of water and electrolytes into the lumen of the gut or kidney tubules 

suggests a role for these gut natriuretic peptides in body fluid regulation (Fan et al, 

1997a; London et al, 1999). 

Oral administration of UGN and GN promotes intestinal fluid secretion 

whereas intravenous administration promotes various renal effects. (Greenberg et al, 

1997). Uroguanylin and GN enter the general circulation and are filtered into the 

renal filtrate and are then able to bind GCC receptors on the apical surface of 

epithelial cells in the proximal tubule. Activation of the GCC receptor in the kidney 

produces a natriuresis, kaliuresis, and diuresis in a time and dose-dependent manner 

(Fan et al, 1997b; Fonteles et al, 1998; Carrithers et al, 1999; Santos-Neto et al, 1999; 

Ieda et al, 1999). 

Upon stimulation of the mucosa, UGN and GN secretion peaks within I 0 

minutes and remains high for 20 minutes before beginning to return to baseline (Kita 

et al, 1999). The effects of GN and UGN are seen within 20 to 30 minutes of 

administration with a greater effect being seen following UGN administration 

(Fonteles et al, 1998; Carrithers et al, 1999). UGN and GN induced natriuresis peaks 

at 80 minutes postinfusion and remains high for a period of time before returning to 

baseline (Carrithers et al, 1999). 

Uroguanylin and GN are released in response to salt loading but not mannitol 

loading suggesting a salt specificity of the response rather than an osmotic activation 

(Kita et al, 1999). Guanylin levels are reduced on a low salt intake but are 

unaffected by high dietary salt. However, UGN levels increase significantly 
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following a high-salt intake (Li et al, 1996). Thus a low salt intake reduces the 

release of GN and UGN, promoting a net salt and water absorption, whereas a high 

salt diet stimulates GN and UGN release resulting in fluid accumulation in the lumen 

of the gut and fluid excretion from the body. These activities suggest possible roles 

for the gut peptides as intestinal-renal natriuretic factors that are able to contribute to 

body fluid homeostasis. 

1.6.2.5- 'Intestinal Natriuretic Factor' 
A natriuretic factor may exist in the intestine that is released following oral 

sodium loading. A protein isolated from rat and cat intestine following oral sodium 

administration with a molecular weight of 500-1000 Daltons promotes a natriuresis 

and a diuresis when infused intravenously into rats (Lundgren & Hansson, 1991; 

Hansson et al, 1993). 

The gut peptide CCK -8 has a molecular weight within this range, but was not 

detected in the intestinal fractions, therefore it is possible that an intestinal natriuretic 

factor (possibly similar in size and/or structure to CCK-8) is present in the intestine 

following oral sodium loading. 

Evidence provided in the literature and discussed above suggests that a 

sodium sensor or an osmosensor exists in the gastrointestinal tract. Although the 

exact location of the sensor is not presently known, the portal vein or the proximal 

small intestine would appear to be probable locations for such a sensor. Activation of 

this sensor is capable of stimulating a natriuresis which may be neurally or humorally 

mediated. A neurally mediated natriuretic response would likely involve vagal 

afferents to the lower brain centers for central integration. Moreover, this natriuresis 
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may involve direct or indirect activation following release of a gut hormone. 

1. 7 - Hypothesis 
Multiple studies have shown that sodium excretion increases significantly 

following both oral and intravenous sodium loading but is more significant following 

oral sodium administration, suggesting a possible sodium sensor in the 

gastrointestinal tract (Lennane et al, 1975a: Lennane et al, 1975b; Carey et al, 1976; 

Carey, 1978; Singer et al, 1998). The gastrointestinal tract and/or hepatic portal 

circulation are ideal locations for a sodium sensor to alert the body to impending 

changes in plasma sodium prior to the nutrients entering the general circulation. 

The natriuretic response observed in the literature occurs relatively quickly 

supporting the proposal that the natriuretic response is stimulated by a gut sodium 

sensor located along the proximal alimentary tract. A delayed response would be 

more probable following activation of sensors located in the vasculature or central 

nervous system, since the time-course for activation of these sensors would involve 

absorption of the sodium from the gut and transport to the target by the systemic 

circulation. 

The focus of my thesis work is to determine a plausible location of the gut 

sodium sensor described in the literature. Isolating the location of the sensor would 

be an important first step in investigating the mechanisms involved in promoting 

renal sodium excretion. By studying the splanchnic region it may be possible to 

locate this gut sensor. The first step in finding the location of the sensor is to 

compare the natriuretic effects following the infusion of isotonic and hypertonic salt 

solutions and a hypertonic mannitol solution into the stomach, duodenum, jejunum, 
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ileum, and colon. By studying each splanchnic region in search of a natriuretic 

response, it may be possible to rule in or out each gut region by a process of 

elimination. A natriuresis seen following the infusion of one of the above solutions 

into a single area of the gut would suggest that region is the location of a sensor. 

However, these experiments cannot determine the exact location of the sensor or the 

mechanism of action of the sensor. These experiments will help to delineate whether 

a hepatoportal location is involved. For instance, most areas in the gut drain their 

circulating blood via the portal system, therefore stimulation of a sodium sensor in 

several areas would produce a natriuretic response if the sensor is located 

hepatoportally. 

The second step would be to determine if the gut induced natriuresis is 

sodium specific or merely osmosensitive. Infusion of isotonic saline into the gut is 

not expected to produce a rise in renal sodium excretion because the concentration of 

sodium in the lumen is the same as that of plasma and would not be a stimulus to the 

sensor. Therefore isotonic saline can be used as a control solution. Infusion of 

hypertonic saline into the gut would be expected to stimulate a natriuresis if the 

sensor involved is sensitive to an increase in sodium concentration or an increase in 

osmolarity. Furthermore, administration of mannitol will distinguish between 

natriuresis resulting from an increase in sodium concentration versus osmolarity 

because it will increase osmolarity without increasing sodium concentration. Thus, if 

the sensor is sodium specific, no natriuretic response will be produced following 

infusion of mannitol into the gut. On the other hand, if it is osmosensitive then a 

natriuretic response is expected. 
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2 METHODS AND MATERIALS 

2.1 Animals and Housing 
Male Long-Evans rats were purchased from Charles River Canada 

(St.Constant, Quebec, Canada). Upon arrival the animals were kept in individual 

plastic shoebox cages in an environmental chamber at 21°C+/- l°C. The chamber 

was set for a 12:12 hour light-dark cycle with lights on at 08:00 hand off at 20:00 h. 

Room humidity was not controlled but remained below 20% for the duration of the 

experimental period. Prolab RMH3000 (Agway, Syracuse, NY) rat chow and tap 

water were available ad libitum. The sodium content of the diet was 191 mmol/kg 

(based on the manufacturer's analysis) and the sodium content of the tap water was 

less than 0.7mmol/L. Procedures were approved by the Animal Care Committee at 

the University of Saskatchewan and followed the guidelines set out by the Canadian 

Council on Animal Care. 

2.2 Cannulas 
2.2.1 Bladder Cannulas 

The construction of the bladder cannulas is described in detail by 

Schoorlemmer. (Schoorlemmer, 1996; see Figure 1 ). The use of permanent bladder 

cannulas in this study provides many advantages. First of all,· the bladder cannulas 

have a small residual volume which allow urine collection over short periods of time. 

Secondly, the bladder cannulas, once healed in place, may work for several weeks 

prior to the development of bladder stones. Lastly, use of the bladder cannula allows 

unrestrained movement of conscious animals during the experimental period. 
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Figure 1- A. Schematic diagram of bladder cannula, taken from Schoorlemmer with 

permission (Schoorlemmer, 1996). B. Sketch of bladder cannula, taken from 

Bouzane with permission (Bouzane, 1999) 

2.2.2 Alimentary Tract Cannulas 
Silicone alimentary tract cannulas were made by cutting an 18 em piece of 

silicone tubing (nonsterile silicone tubing 0.025" I.D. by 0.047" O.D., Baxter 

Healthcare Coorporation, McGaw Park, II, USA). An anchor was made by cutting a 1 



Healthcare Coorporation, McGaw Park, 11, USA). An anchor was made by cutting a 1 

em diameter circle of fine mesh (250 micron Polypropylene mesh, Small Parts Inc., 

Miami, FLA, USA) and smoothing the edges by gently heating the rough plastic with 

a bunsen burner flame. The center of the anchor was then punctured with a 16ga 

needle and slipped over the silicone tubing. A small flange was then constructed on 

each end of the cannula using aquarium sealant silicone glue. 

2.2.3 Pedestals 
The end of the gut cannula that was not anchored into the gut lumen was 

tunneled under the skin and connected to a pedestal. Two 2 em pieces were cut from 

23ga stainless steel tubing. The edges of the tubing were smoothed with a metal file. 

Using naildrivers, the pieces were bent into an 'L' shape. Using the metal file, the 

surface of one side of the 'L' was made rough to provide the grip for the alimentary 

tract cannulas to prevent the tubing from slipping free of the pedestal. The remainder 

of the pedestal was created by cutting a two centimeter wide oval shape of 

polypropylene mesh (mesh diameter 0.5 mm, Small Parts, Miami Lakes, Florida). 

The edges of the mesh were melted smooth with the heat from a bunsen burner flame. 

The 23ga stainless steel elbows·were mounted on the piece of polypropylene mesh 

and fastened in place with acrylic cement. 

2.3 Surgery 
2.3.1 Surgical Preparation 

The rats were anesthetized with equithesin, 0.3ml/1 OOg body weight (Gandal, 

1969) and treated post-operatively with buprenorphine hydrochloride analgesic, 

O.Olmg s.c. (Temgesic, Reckit & Colman Pharmaceuticals, Hull, England). Surgical 

instruments and sutures were soaked in boiling water and the surgical suite area was 
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disinfected with a mixture of 70% ethanol and an antiseptic iodine solution (Savlodil, 

Ayerst Laboratories, Montreal, Canada; chlorohexidine gluconate and cetrimide in 

4% isopropyl alcohol). Fur was shaved from the animals to expose the skin for 

surgery, and the skin was cleaned with a mixture of 70% ethanol and iodine. 

2.3.2 Implantation of Cannulas 
Bladder cannulas were implanted into all animals using asceptic technique. 

The implantation of bladder cannulas is described in detail by Schoorlemmer. 

(Schoorlemmer, 1996). 

Silicone gut cannulas were asceptically placed into two of the following 

locations in each rat: the stomach, duodenum, jejunum, ileum, or colon of each 

animal in addition to the bladder cannula. Stomach cannulas were placed in the 

fundus of the stomach along the greater curvature. Duodenal cannulas were 

surgically implanted one centimeter from the pyloric sphincter. Jejunal cannulas 

were placed I 0 em aborally along the jejunum from the ligament of Trietz. Deal 

cannulas were placed 15 em orally from the ileoceacal valve. Lastly, colon cannulas 

were surgically implanted 5 em along the colon from the juncture of the ceacum and 

the colon. The alimentary tract end of the cannula was held in place with a 

pursestring suture and firmly anchored with the small piece of fine plastic mesh on 

the surface of the gut and the silicone flange within the intestinal lumen. The cannula 

was fastened by placing a 0-0 silk suture behind the mesh anchor. 

The cannula flange that was not anchored into the intestinal lumen was tied to 

an intrascapular pedestal and tied in place with 0-0 suture thread to prevent the 

cannula from slipping off the 23ga tubing and to allow for a greater amount of 
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pressure to be administered to the cannula in the case the cannula should become 

plugged. A second piece of PESO polyethylene tubing attached to a syringe was 

placed on the open end of the pedestal. Using the syringe, the cannula was filled with 

deionized water to prevent the cannula from plugging with chyme. Once the cannula 

was filled with water, the PESO tubing was folded over the tip of the pedestal, and 

capped with a one centimeter long piece ofPE2SO polyethylene tubing. 

2.3.3 Recovery and Maintenance 
Starting the day following surgery, bladder cannulas were rinsed daily with 

autoclaved Suby's solution (citric acid 1S4 mM, Na2C03 41 mM, MgO 94 mM in 

demineralized water), which is a slightly acidic solution used to prevent the formation 

of bladder stones. The Suby's solution was warmed to approximately 37°C to reduce 

the discomfort to animals. Half a millilitre of solution was administered through the 

experimental bladder cannula attachment described by Schoolemmer before allowing 

to drain out of the bladder (Schoorlemmer, 1996). Animals were allowed to recover 

and heal for at least five days before undergoing conditioning in the test cages and 

being introduced to the experimental procedure. 

2.4 Test Cages 
All experiments were performed in the environmental chamber in which the 

rats were housed. During the experiments, conscious animals were housed in 

metabolic cages designed to allow unrestrained movement during infusions and urine 

collections. These were wooden cages having dimensions of 1S em (width) by 20 em 

(depth) by 3S em (height) with a clear acrylic front and a wire mesh bottom (see 
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Figure 2). A one centimeter slot was cut lengthwise in the mesh of the bottom of the 

cage to assist free access to the bladder cannula and unrestrained movement of the rat. 

PESO infusion tubing attached to the pedestal exited through the top of the cage and 

was counterweighted with an 1.5 ml eppendorff tube filled with water to prevent 

entanglement (Polyethylene 50 tubing, Clay Adams, Parsippany, NJ, USA). The 

animals had no access to food or water while in the experimental cages. 

2.5 Test Solutions 
Solutions of 0.15M NaCl (8.7675 grams NaCl/L), O.SOM NaCI (29.2250 

grams NaCl/L), and O.SOM mannitol (91.0850 grams/L) were prepared for this study. 

The solutions were made with deionized water each week. Isotonic saline (0.15M 

NaCl) was infused through the gut cannulas as a control solution. Hypertonic saline 

(O.SOM NaCl) presents a greater concentration of sodium in the gut than isotonic 

saline. Hypertonic mannitol (O.SOM mannitol) was infused as a 
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Figure 2- Experimental cage used for urine collection with a permanently implanted 

bladder cannula. Diagram taken from Bouzane with permission (Bouzane, 1999). 

control for a hyperosmotic solution without sodium. 
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2.6 Training and Experimental Procedure 
At the time of the experiments, animals weighed between 2SOg and 3 SOg. 

Following recovery from surgery, animals underwent a minimum of two days of 

training in the experimental cages to familiarize themselves with the procedure. 

Training consisted of two practice experiments of I. S hour duration. 

On the day of the experiment, rats were set up in the experimental cages as 

soon as the lights came on in the environmental chamber. The animals' bladders 

were emptied by gentle syringe suction and the first collection period was begun. 

Experiments ran for 200 minutes with urine samples collected every 20 minutes. 

Urine was collected through the bladder cannula attachment as designed by Evered 

and Schoorlemmer (Evered & Schoorlemmer, 1993). About 20 em of PESO tubing 

was placed on the end ofthe attachment. Urine was collected into preweighed tubes 

(I.Sml disposable Eppendorf microcentrifuge tubes), via the bladder cannula by 

gravity drainage or gentle syringe suction through the cannula attachment to ensure 

the bladder was completely emptied at the end of each 20 min period. 

The first three 20 min samples were control samples and were taken prior to 

the initiation of infusion of one of the three test solutions. The fourth sample was 

collected during the 20 min infusion period, and another six samples were collected 

following the infusion period. During the 20 min infusion per1od, solutions were 

infused through one of the gastrointestinal cannulas. During the experimental 

infusion periods, the pedestal cap of the gut cannula was removed and the PESO 

infusion tubing was attached to the pedestal. The other end of the PESO tubing was 

attached to a 23 ga needle on a S ml syringe (Luer Lok Syringe, Becton Dickinson & 

CO., Franklin Lakes, NJ, USA) filled with one of the experimental solutions. Using 
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an infusion pump (Syringe Pump Model 355, Sage Instruments, Cambridge, Mass., 

USA), 1ml of either 0.15M NaCl, 0.5M NaCl, or 0.5M Mannitol was infused over a 

20 minute infusion period. The collected volumes were recorded and samples were 

assayed for sodium, potassium, and osmolality. 

2. 7 Urine Analysis 
The urine volume collected was calculated by subtracting the preweighed test 

tube weight from the final collected sample+ test tube weight, converting grams to 

millilitres based on the assumption that 1 ml of urine is equal to 1 gm. Sodium and 

potassium ion concentration (mmol/L) in the urine samples was measured using 

flame emission spectrophotometry (IL 943 Flame Photometer, Instrumentation 

Laboratory, Lexington, Mass., USA). Osmolality (mosm/kg) of the urine samples 

was measured by determining the freezing point depression of each sample on an 

osmometer (uOsmette Model5004, Precision Systems, Natick, Mass., USA). 

2.8 Data Analysis 
All data are presented as the mean +/- the Standard Error of the mean. 

Statistical significance was determined using ANOV A. The difference between the 

means was considered significant if the probability that the results occurred by 

chance was less than 5% (p<0.05). The Bonferroni t-test method was used for 

specific comparisons of differences between means. 
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3 RESULTS 

3.1 Urinary Sodium Excretion 
No significant change in sodium excretion was observed following 

intralumenal infusion of any solution into the stomach, jejunum, or colon (see figures 

3a, 3c, and 3e). A significant increase in sodium excretion was observed in the first 

and second hour following infusion of0.5M saline into the duodenum (see figure 3b). 

Ileal infusion of 0. SM saline promoted a significant increase in sodium excretion in 

the first hour post-infusion (see figure 3d). Infusion of neither 0.15M saline nor O.SM 

mannitol infused into any area produced a significant natriuretic response. 

The time course of the responses to infusions into the duodenum and ileum 

are shown in figures 4a and 4b. 

63 



,.-..., 
..c: :::::: 
0 
E 
:::l ......_.... 

c 
0 
~ 
(I) 
L... 
0 
X w 
E 
:::l ·--c 
0 en 

Stomach 

200 

150 

100 

50 

0 
Control 

0.15 M NaCI (n=9) 
RS88888a 0.5 M NaCI (n=16) 
~~ 0.5 M Mannitol (n=1 0) 

1st Hour 2"d Hour 

Figure Ja: The effects of stomach infusions of 0.15M NaCl, 0. 5 
M NaCl or 0.5 M Mannitol on urinary sodium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions 
lasted 20 minutes. Number of rats in each treatment (n) is given 
in parentheses. No values were significantly different from 
control values. 
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Figure 3b: The effects of duodenal infusions of 0.15M NaCl, 
0.5 M NaCl or 0.5 M Mannitol on urinary sodium excretion. 
Hourly values were obtained by adding data from three 20-
minute urine samples, and are shown for the hour before infusion 
(control) and for two hours after the infusions were started. The 
infusions lasted 20 minutes. Number of rats in each treatment (n) 
is given in parentheses. * indicates value significantly different 
from control value (p<0.05). 
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Figure 3c: The effects of jejunum infusions of 0.15M NaCl, 0.5 
M NaCl or 0.5 M Mannitol on urinary sodium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions 
lasted 20 minutes. Number of rats in each treatment (n) is given 
in parentheses. No values were significantly different from 
control values. 
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Figure 3d: The effects of ileal infusions of0.15M NaCl, 0.5 M 
NaCl or 0.5 M Mannitol on urinary sodium excretion. Hourly 
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Figure 4a: Time course of the effects of duodenal infusions of O.ISM 
NaCl, 0.5 M NaCl or O.SM Mannitol on urinary sodium excretion. 
Results from individual 20-minute urine samples are shown. Test 
solutions were infused during the 20 minute period between the 60 and 80 
minute timepoints. Number of rats in each treatment (N) is given in 
parentheses. No values were significantly different from control values. 
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Figure 4b: Time course of the effects of ileal infusions of O.ISM NaCl, 
0.5 M NaCl or O.SM Mannitol on urinary sodium excretion. Results from 
individual 20-minute urine samples are shown. Test solutions were 
infused during the 20 minute period between the 60 and 80 minute 
timepoints. Number of rats in each treatment (N) is given in parentheses. 
*indicates value significantly different from control value (p<O.OS). 
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3.2 Urinary Water Excretion 
The effects of the treatments on urine volume are shown in figure 5. 

Urine volume tended to decrease throughout the experiments, regardless of 

treatment. The only statistically significant changes were as follows: Duodenal 

infusion of hypertonic saline induced water retention within the first and second hour 

post-infusion (see figure Sb). Jejunal infusions stimulated a significant antidiuresis 

following isotonic saline administration within the first and second hour post-infusion 

(see figure Sc). However, a significant reduction in urinary volume output was only 

observed in the second hour following the infusion of O.SM NaCl into the ileum and 

colon (see figures Sd & Se). 

The control value for mannitol infusion into the stomach was high and 

significantly different from all solutions infused into the stomach in the first and 

second hour following infusion (see figure Sa). Therefore the control value for 

mannitol was considered to be an unreliable value for statistical analysis and only the 

control values for O.SM NaCl and 0.15M NaCl were used as control values for 

statistical comparisons. 
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Figure 5a: The effects of stomach infusions of 0.15M NaCl, 0.5 
M NaCl or 0.5 M Mannitol on urinary water excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions 
lasted 20 minutes. Number of rats in each treatment (n) is given 
in parentheses. No values were significantly different from 
control values. 

72 



~ c: ·-

Duodenum 

2.00 

1.75 

0.15 M NaCI (n=11) 
tS@@ 0.5 M NaCI (n=26) 
~~ 0.5 M Mannitol (n=1 0) 

~ 1.50 

~ 
E 1.25 

'-"'"' 

c: 
0 
~ 

~ 
0 
>< w 
Q) 

E 
:l -0 
> 

* 

1.00 
* 

0.75 

0.50 

0.25 

0.00 
Control 1st Hour 2"d Hour 

Figure 5b: The effects of duodenal infusions of 0.15M NaCI, 
0.5 M NaCl or 0.5 M Mannitol on urinary water excretion. 
Hourly values were obtained by adding data from three 20-
minute urine samples, and are shown for the hour before infusion 
(control) and for two hours after the infusions were started. The 
infusions lasted 20 minutes. Number of rats in each treatment (n) 
is given in parentheses. * indicates value significantly different 
from control value (p<0.05). 
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Figure 5c: The effects of jejunal infusions of 0.15M NaCl, 0.5 
M NaCI or 0.5 M Mannitol on urinary sodium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions 
lasted 20 minutes. Number of rats in each treatment (n) is given 
in parentheses. * indicates value significantly different from 
control value (p<0.05). 
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Figure 5d: The effects of duodenal infusions of 0.15M NaCl, 
0.5 M NaCl or 0.5 M Mannitol on urinary sodium excretion. 
Hourly values were obtained by adding data from three 20-
minute urine samples, and are shown for the hour before infusion 
(control) and for two hours after the infusions were started. The 
infusions lasted 20 minutes. Number of rats in each treatment ( n) 
is given in parentheses. * indicates value significantly different 
from control value (p<O.OS). 
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Figure 5e: The effects of colon infusions of 0.15M NaCl, 0.5 M 
NaCl or 0.5 M Mannitol on urinary sodium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions lasted 
20 minutes. Number of rats in each treatment (n) is given in 
parentheses. * indicates value significantly different from control 
value (p<0.05). 
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3.3 Urinary Potassium Excretion 
Urinary potassium excretion did not change significantly following any of the 

treatments (see Figure 6). 
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Figure 6a: The effects of stomach infusions of 0.15M NaCl, 0.5 M 
NaCl or 0.5 M Mannitol on urinary potassium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions lasted 
20 minutes. Number of rats in each treatment (n) is given in 
parentheses. No values were significantly different from control 
values. 
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Figure 6b: The effects of duodenal infusions of0.15M NaCl, 
0.5 M NaCl or 0.5 M Mannitol on urinary potassium excretion. 
Hourly values were obtained by adding data from three 20-
minute urine samples, and are shown for the hour before infusion 
(control) and for two hours after the infusions were started. The 
infusions lasted 20 minutes. Number of rats in each treatment (n) 
is given in parentheses. No values were significantly different 
from control values 
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Hourly values were obtained by adding data from three 20-
minute urine samples, and are shown for the hour before 
infusion (control) and for two hours after the infusions were 
started. The infusions lasted 20 minutes. Number of rats in 
each treatment (n) is given in parentheses. No values were 
siRnificantlv different fi-om control values. 

80 



0.275 

0.250 

Ileum 
0.15 M NaCI (n=1 0) 

C8888X83 0.5 M NaCI (n=20) 
~~ 0.5 M Mannitol (n=1 0) 

:2 0.225 
::::: 
0 
E 0.200 
::J 

~ 0.175 
0 ·-
~ 0.150 
0 
Jj 0.125 

§ 0.100 
U) 
U) 
m ....., 0.075 

~ 0.050 

0.025 

0.000 
Control 1st Hour 2"d Hour 

Figure 6d: The effects of ileal infusions of0.15M NaCl, 0.5 M 
NaCI or 0.5 M Mannitol on urinary potassium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions 
lasted 20 minutes. Number of rats in each treatment (n) is given 
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control values 

81 



0.275 

0.250 

Colon 
0.15 M NaCI (n=B) 

~ 0.5 M NaCI (n=16) 
~~ 0.5 M Mannitol (n=9) 

:2 0.225 
::::::: 
0 
E 0.200 
:l ....,_,_.. 
c: 0.175 
0 ·-CD 0.150 
'-
0 
~ 0.125 

§ 0.100 
UJ 
UJ 
C\l 
~ 

0.075 

~ 0.050 

0.025 

0.000 
Control 1st Hour 2"d Hour 

Figure 6e: The effects of colon infusions of0.15M NaCl, 0.5 M 
NaCl or 0.5 M Mannitol on urinary potassium excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
for two hours after the infusions were started. The infusions lasted 
20 minutes. Number of rats in each treatment (n) is given in 
parentheses. No values were significantly different from control 
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3.4 Urinary Osmolar Excretion 
Osmolar excretion did not change significantly following any of the 

treatments (see Figure 7). 
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Figure 7a: The effects of stomach infusions of0.15M NaCl, 0.5 
M NaCl or 0.5 M Mannitol on urinary osmolar excretion. Hourly 
values were obtained by adding data from three 20-minute urine 
samples, and are shown for the hour before infusion (control) and 
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M Mannitol on urinary osmolar excretion. Hourly values were obtained by adding 
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Figure 7d: The effects of ileal infusions of0.15M NaCI, 0.5 
M NaCl or 0.5 M Mannitol on urinary osmolar excretion. 
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3.5 Effect of Basal Sodium Excretion on Response to Treatment 
Animals with a high or low basal sodium excretion compared to the mean 

value during the control period were separated into two respective groups: low basal 

sodium excretors and high basal sodium excretors. Animals were separated into the 

low basal sodium excretion group if the animal had a mean sodium excretion lower 

than the mean value for all animals during the control period. Animals were placed 

in the high basal sodium excretion group if the animal had a mean sodium excretion 

higher than the mean value for all animals during the control period. The animals 

with a high basal sodium output during the control period had a greater increase in 

sodium output than animals with a low basal sodium excretion (see figures Sa and 

8b). 
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Figure Sa: Change in urinary sodium excretion caused by infusion of0.5M 
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4 DISCUSSION 

In 1975, Lennane and colleagues observed a more significant increase in 

urinary sodium excretion over a 24 hr period in rabbits and humans following oral 

hypertonic saline loading when compared to an identical salt load given intravenously 

(Lennane et al, 1975a~ Lennane et al 1975b ). The observations were supported soon 

after by Carey in rabbits (Carey et al, 1976). The rapid natriuresis induced by oral 

sodium loading suggested the existence of a sodium sensor somewhere along the 

alimentary tract that was capable of stimulating a significant increase in sodium 

excretion prior to introduction of the ingested sodium into the systemic circulation. 

Although the sensor was referred to as the gastric sodium sensor by Lennane 

and colleagues, oral administration of hypertonic saline would be capable of 

stimulating a sodium sensor located anywhere along the alimentary tract. The most 

likely location for a sodium sensor in the alimentary tract would be along the 

proximal small intestine where many other sensors exist. An alimentary sensor 

would provide a physiological advantage for the maintenance of body sodium 

homeostasis because, unlike other peripheral sensors located in the vasculature to 

monitor body fluid balance, a gut sensor would be capable of contributing to body 

fluid regulation prior to the concentration of sodium in the systemic circulation. By 

stimulating a natriuresis upon addition of sodium into the body, an acute increase in 

plasma sodium concentration may be avoided during sodium absorption by the gut. 

Thus the gut sensor would be one of many peripheral sensors playing an important 
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role in body fluid homeostasis for promoting the maintenance of a virtually constant 

sodium concentration. 

According to my hypothesis, I expected to see a significant increase in 

natriuresis in the first hour following infusion of hypertonic saline into the duodenum 

or proximal jejunum. A splanchnic sodium sensor would not be expected to respond 

to isotonic saline since the concentration of sodium in the gut would not change 

relative to the normally isotonic gut fluid. A response would be expected to be seen 

following a hypertonic mannitol infusion if the sensor is osmosensitive, but not if the 

sensor is specifically sodium sensitive. The mechanism of how sodium is sensed and 

how the sensor acts to promote a renal natriuresis is unknown. These properties of 

the gut sodium sensor cannot be provided by this study, however I will speculate a 

plausible pathway based on the literature in addition to the evidence provided in this 

study. 

4.1 Infusion of Hypertonic Saline into the Small Intestine Produces a 
Natriuresis 

No area of the gut responded to isotonic saline or hypertonic mannitol 

infusion, suggesting the sensor is sensitive to an increase in sodium concentration and 

is not osmosensitive. The natriuretic response following jejunal 0.5 M NaCl infusion 

was not significant yet reveals a similar trend to the response observed following 

duodenal infusion. The possibility arises that the cannula in the jejunum was placed 

distal to the salt-sensitive area of the jejunal segment. Thus the jejunum cannot be 

completely eliminated as a possible contributor to the splanchnic sodium sensor. 
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The increase in sodium excretion occurred within one hour following 

administration of hypertonic sodium chloride into the duodenum or ileum, and 

remained high for the duration of the experiment. A similar natriuretic response has 

been described in the literature for humans (Lennane, 1975b; Singer, 1998; Andersen, 

1998; Andersen, 2000), rabbits (Lennane, 1975a) and rats (Mu, 1995). The increased 

sodium excretion rate following duodenal and ileal hypertonic saline infusion 

corresponds to a change in urinary sodium concentration and is not a result of an 

increased urinary volume (Passo et al, 1973). The urinary sodium concentration 

following duodenal infusion remains high for the duration of the experiment, whereas 

the natriuresis observed following ileal infusion of 0.5 M sodium chloride begins to 

decline in the beginning of the second hour. 

4.2 Infusion of Hypertonic Saline into the Small Intestine Produces an 
Antidiuresis 
Urinary water excretion decreased following infusion of hypertonic saline 

into all areas of the gut with a significant reduction following treatment in all areas of 

the gut except the stomach. The response is similar to the antidiuresis seen by 

Andersen and colleagues following intravenous administration of hypertonic saline in 

human in which an antidiuresis was initiated during the infusion period and remained 

for the duration of the experiment (Andersen, 1998). However, the majority of 

literature states either no change in urine volume (Carey, 1976; Carey, 1978) or a 

diuresis after hypertonic saline treatment, thus the response observed in this study 

does not reflect the observed responses in the literature (Passo, 1973; Morita, 1993). 
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My data may disagree with the literature due to the possibility of a species 

dependent response. Carey (1976) performed his studies in rabbits and humans 

(1978), Morita in dogs (1993), and Passo in anesthetized rats (1973). The rats in this 

study were fully conscious and would produce results free of influence by anesthesia. 

Secondly, the salt load was infused directly into various regions of the gut as opposed 

to administration orally (Carey 1976; Carey, 1978; Morita, 1993) or infusion into the 

portal vein (Passo, 1973). 

An increase in urinary sodium excretion is an appropriate response to rid the 

extracellular fluid of excess sodium and promote sodium homeostasis in the internal 

environment. Similarly, a reduced urinary water excretion is a result of an increased 

permeability of the renal collecting ducts to water, allowing water retention and 

therefore a dilution of the salts in the extracellular fluid compartment (Guyton, 1991). 

The natriuresis and concurrent antidiuresis may be the response for the body to 

produce concentrated urine in order to maintain a constant extracellular fluid 

environment. Thus stimulation of the gut sodium sensor appears to stimulate a 

concurrent natriuresis and antidiuresis that work in synergy to lower the concentration 

of sodium in the ECF thereby avoiding an acute increase in sodium concentration in 

the extracellular space. 

Further, the delayed antidiuresis in the later part of the experiment may 

simply be due to animal dehydration since animals were kept in the experimental 

cages for the duration of three hours without access to food or water. The delayed 

antidiuresis may also be a result of other peripheral processes once the salt and water 

enter the general circulation. 
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4.3 Stimulation of the Gut Sodium Sensor Produces a Sodium Specific 
Response 

Neither potassium excretion nor osmolar excretion changed following 

infusion of any solution into any area of the gut. A similar response has been 

observed in the literature in humans (Carey, 1978), rabbits (Carey, 1976) and rats 

(Mu, 1994). The increased urinary sodium concentration did not affect urine 

osmolality since sodium ions contribute only a small percentage of the total urinary 

osmolytes (Fitzsimons, 1998). Since a significant change in sodium excretion 

occurred without a change in potassium excretion, it is possible that a Na + IK+ 

exchanger is not involved or that potassium is exchanged for sodium but later 

reabsorbed along the renal tubule. Thus stimulation of the gut sodium sensor appears 

to produce a sodium specific response. 

4.4 The Natriuretic Response is Not Likely Caused by Changes in Blood 
Parameters 
The natriuretic response observed following infusion of the gut with 

hypertonic saline may have been a result of changes in blood parameters, such as 

mean arterial blood pressure, plasma sodium concentration, and heart rate, which 

were not measured in this experiment. If so, the natriuretic response may simply be 

due to a systemic detection of an increased plasma sodium concentration, blood 

volume, or blood pressure and activation of sensors in the central nervous system or 

periphery independent of a gut sensor. The literature reveals no change in heart rate, 

mean arterial pressure, or systemic osmolarity following oral administration of 

hypertonic saline (Morita, 1993; Carlson, 1997; Singer, 1998; Carlson 1999). The 

0.5 M saline solution administered in this study was likely diluted in the intestinal 
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lumen, interstitial space, or portal blood, and therefore the sodium did not concentrate 

in the systemic blood in high enough concentrations to induce stimulation of other 

central nervous system or peripheral sodium and osmosensors. Thus, the observed 

natriuresis following administration of hypertonic saline into the small intestine is 

likely a result of stimulation of a gut sodium sensor. 

4.5 The Effects of Low and High Basal Sodium Excretion on Natriuresis 
Andersen and colleagues observed an increase in sodium excretion following 

infusion of a sodium load in humans on either a low or high salt diet (Andersen, 

1998). The stimulus for natriuresis appears to be strong enough to further increase 

sodium excretion in humans and animals with an already significant sodium 

excretion, suggesting an ability of the sensor to either increase the capacity for the 

animal to excrete sodium, or the ability to increase natriuresis to a greater 

significance. Singer and colleagues noted a similar response in humans on high salt 

diets, noting that a high sodium diet had a maximal sodium excretion almost four 

times greater than people who were given a low sodium diet (Singer, 1998). The 

natriuretic response has also been observed in sodium deficient rabbits and humans 

when sodium would be expected to be retained to promote sodium homeostasis 

suggesting the gut sodium sensor is able to stimulate natriuresis directly, possibly 

independent of central integration since animals which are sodium deficient would 

normally strive to retain sodium (Lenanne, 1975; Carey, 1976; Mu, 1994). 

In this study, rats with a low basal sodium excretion rate during the control 

period did not significantly increase sodium excretion in any area of the gut following 

administration of hypertonic saline. The rats with high basal sodium excretion during 
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the control period produced a greater natriuresis than the animals with a low basal 

sodium output. Animals with a high basal sodium output significantly increase 

sodium excretion following hypertonic saline infusion into all areas of the rat gut 

except the stomach (figure 10). Rats in the high basal sodium groups showed the 

greatest natriuresis following 0.5M sodium chloride infusion into the small intestine 

as compared to the colon or stomach, further supporting the hypothesis that the gut 

sodium sensor lies somewhere in the small intestine. 

4.6 Sodium Specificity 
The literature shows inconsistency as to whether the sensor in the gut is 

specific to the concentration of sodium or if the sensor is merely osmosensitive. 

Some authors have observed an increased firing frequency of some nerve fibers in the 

afferent vagus nerves with superfusion of sodium chloride, and no response with 

equiosmolar glucose or mannitol solutions, suggesting a neurally mediated method of 

monitoring sodium concentration in the intestine (Homer Andrews & Orbach, 1974; 

Tyriyshkina, 1981 ). However, other authors have shown similar dose dependent 

responses by the hepatic nerves or a rise in plasma vasopressin to hypertonic 

mannose, glucose, mannitol, sodium isothionate, lithium chloride, sodium sulfate, 

and sucrose in addition to sodium chloride (Niijima, 1969; Homer Andrews & 

Orbach, 1974; Choi-Kwon, 1991). These results suggest the sensor may not be 

specific to sodium, rather the sensor is osmosensitive. No absorbable osmolytes were 

tested in this study to aid in determining sodium specificity of the gut sensor. 

Further, the possibility arises that the size or charge of the molecule determines the 

size of the natriuretic response, and not the sodium ion specifically (Baertschi & 
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Vallet, 1981). However the mechanism of activation of the gut sodium sensor was 

not addressed in this study. 

Hypertonic saline administered into the small intestine of the rats was the 

most potent stimulus for natriuresis, whereas no significant increase in urinary 

sodium excretion was apparent following infusion of isotonic saline or hypertonic 

mannitol. Thus the natriuresis and slight antidiuresis produced by stimulation of a 

gut sensor appears to be sensitive to the concentration of sodium administered in this 

study. With isotonic saline, there is no change in sodium concentration from the 

normally isotonic fluid in the body fluid compartments, therefore a sensor that is 

sensitive to an increase in sodium concentration in the gut would not be stimulated by 

isotonic saline. Similarly, no change in natriuresis was observed following 

hypertonic mannitol infusion into any cannulated area of the rat alimentary tract. 

Hypertonic mannitol promotes the movement of water from the extracellular 

compartment of the blood and extraperitoneal space into the lumen of the gut thereby 

creating an isotonic fluid in the lumen of the gut and a slightly higher osmolar fluid in 

the extracellular fluid compartment for compromising the intralumenal water shift. If 

the sensor is specific to an increase in sodium concentration in the gut, mannitol 

which contains no sodium, would not activate a natriuresis. This data suggests that 

the stimulated natriuresis is not osmosensitive and is dependent on an increase in 

sodium concentration in the gut lumen or postabsorptively in the intestinal 

interstitium or portal blood prior to dilution in the systemic circulation. 
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4. 7 Location 
The stomach does not present a highly absorptive surface for sodium because 

it lacks sodium transporters for the purpose of sodium absorption, but also due to the 

mucous lining of the stomach that is able to trap ions and prevent their absorption 

across the mucosal membrane and the tight connections between gastric cells. The 

colon has a high capacity for sodium and secondary chloride transport, however no 

natriuretic response was observed following colon infusion of hypertonic saline. This 

may be a result of the tighter junctions between cells in the colon as compared to the 

small intestine, therefore reducing the rate of sodium absorption as compared to the 

duodenum or jejunum. 

It is possible that infusion of hypertonic saline into the small intestine resulted 

in a significant renal response due to the rate of absorption of the sodium. The small 

intestine contains many ion transporters, allowing the concentration of sodium to 

increase postabsorptively in the interstitial space and portal circulation. Thus the 

natriuretic response to small intestinal hypertonicity may produce a greater response 

than the stomach and colon by allowing a significant increase in sodium 

concentration postabsorptively in the intestinal interstitial space or portal blood after 

the rapid absorption of the 0.5 M sodium chloride solution. 

The small intestine, especially the duodenum, is the most likely location for a 

sodium sensor among the areas examined in this study since it presents a highly 

absorptive surface. The duodenum contains many sensors, including pH sensors, and 

osmosensors, in addition to being a site for humoral activity. Many hormones are 

produced and released in the duodenum including gastrin, cholecystokinin, 

uroguanylin, and guanylin (Bussjaeger & Johnson, 1973; Raybould et al, 1994; 
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Hadley, 1996; Fan, 1997). In addition to being a site of humoral activity, the 

duodenum is also innervated by the vagus nerves. Arsenijevic observed an increased 

hypothalamoneurohypophysial nerve tract firing following superfusion of the 

mesenteric blood vessels with a hypertonic 4% saline solution (Arsenijevic, 1985). 

The firing was greatest in the portal vein, then duodenum followed by the jejunum, 

and lastly the ileum (Arsenijevic, 1985). Oral administration of hypertonic saline 

induces an increase tn plasma A VP, suggesting stimulation of the 

hypothalamalneurohypophyseal tract (Choi-Kwon, 1991; Carlson, 1997; Carlson, 

1999). Destruction of the right or left splanchnic nerves reduces the A VP response, 

implying the splanchnic nerves of the upper small intestine and portal vein influence 

body fluid regulation via central integration (Choi-Kwon, 1991). Plasma A VP 

concentration following superfusion of the mesentery of the upper small intestine was 

not affected by vagotomy, suggesting the vagus nerve is not involved in body fluid 

regulation (Choi-Kwon, 1991; Carlson, 1999). 

The portal vein is another plausible location for the splanchnic sodium sensor. 

Sodium is rapidly absorbed by the small intestine and concentrates post-absorptively, 

thus the sodium concentration and osmolality of portal blood increases following 

intragastric administration of hypertonic saline (Carlson, 1997). Infusion of a 

hypertonic sodium chloride solution into the portal vein did not increase plasma 

osmolality or plasma sodium concentration due to dilution in the systemic circulation, 

yet produced a dose dependent increase in plasma A VP (Schneider, 1970; Baertschi, 

1981; Chwalbinska-Moneta, 1979). A natriuresis was observed following infusion of 

a sodium chloride solution into the portal vein resulting from an increase in urinary 
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sodium concentration without any change in glomerular filtration rate suggesting the 

involvement of sodium specific renal mechanisms (Sugimoto, 1998; Passo, 1973). 

Nishida et al also noted a suppression of renal sympathetic nerve activity following 

infusion of 9. 0% hypertonic saline into the portal vein of rabbits further supporting a 

role of the portal vein in body fluid regulation (Nishida, 1998). 

If a postabsorptive sodium sensor is located in the portal vein, a natriuretic 

response would have been observed following hypertonic saline infusion into all 

intestinal areas of the gut. As the sodium is absorbed across all areas of the gut wall, 

the sodium concentration in the portal blood would increase and trigger a salt-

sensitive mechanism in the portal vein. However, based on my experiments, all areas 

of the gastrointestinal tract which would allow for a rapid increase in sodium 

concentration in the portal blood responded differently to infusion of hypertonic 

saline, suggesting the portal vein does not contain a sodium sensor that contributes to 

natriuresis. 

4.8 Plausible mediators of the Sodium Sensor 
Whether or not there is a neural or humoral component contributing to the 

intestino-renal response cannot be determined by this study. Sodium excretion peaks 

within the first 20 minutes following hypertonic sodium chloride infusion into the 

small intestine, thus humoral mediators acting within 20 minutes to produce an 

antidiuresis or a natriuresis may play a role. The rapid onset of the natriuresis 

induced by infusion of hypertonic saline also suggests a possible role for a neural 

component to the splanchnic sodium monitor. Natriuresis continues for the 

remaining duration of the experiment, even though the hypertonic saline in the 
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intestinal lumen has long since been diluted and absorbed, suggesting a humoral 

component to the splanchnic sodium monitor (Sugimoto et al, 1998). There are only 

a few plausible mediators found in the literature that correspond with the urinary 

changes and response time observed in this study. 

Vasopressin & Oxytocin 

Vasopressin and oxytocin may be released following stimulation of the gut 

sodium sensor (Chwalbinska-Moneta, 1979; Choi-Kwon et al, 1990; Carlson & 

Wyss, 1999). The hormones are capable of acting in synergy to promote a natriuresis 

and concurrent antidiuresis, resulting in the production of hypertonic urine (Balment 

et al, 1986). The hormones are believed to elicit an antidiuresis and an increase in 

fractional sodium excretion respectively, similar to the response observed in this 

study, further supporting a role of these neurohypophyseal hormones in mediating a 

humoral response following stimulation of a gut sodium sensor (Balment, 1986; 

Brimble et al, 1991). 

Atrial Natriuretic Peptide & Urodilatin 

Atrial natriuretic peptide and urodilatin are hormones dependent on an 

increase of sodium in the systemic circulation (Ballerman, 1992; Drummer, 1996). 

However, the hypertonic sodium solution infused into the gut In this study would 

have become diluted in the systemic circulation and should not have stimulated any 

other peripheral sodium sensors or osmoreceptors. Hence, atrial natriuretic peptide 

and urodilatin are not likely involved in promoting an increased natriuresis following 

stimulation of a gut sodium sensor. 

Cholecystokinin & Gastrin 
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Cholecystokinin is a possible mediator of the gut sodium sensor. The 

hormone has been shown to elicit a natriuresis either indirectly by activating OXT 

release or by inhibiting the renin angiotensin aldosterone system, or directly 

influencing sodium excretion by binding CCKB/Gastrin receptors in the rat kidney 

(Calam, 1987; Leng et al, 1999; Duggan, 1988). Thus CCK may be a contributing 

mediator to the intestino-renal response observed in this study. Similarly, gastrin 

promotes an antidiuresis and a natriuresis in rats by binding the CCKB/Gastrin 

receptor in the kidneys (Duggan, 1988; deWeerth et al, 1998). Thus, cholecystokinin 

and gastrin may be released from the duodenum following infusion of a high osmolar 

solution such as hypertonic saline and act as endocrine mediators in the central 

nervous system and kidneys to promote the antidiuresis and natriuresis observed in 

this study. 

Vasoactive Intestinal Polypeptide 

Vasoactive intestinal polypeptide is not likely involved as a mediator of the 

splanchnic sodium sensor. The effect of reduced vasoactive intestinal polypeptide 

levels on promoting renal sodium excretion is not observed for two hours following 

oral sodium loading (Duggan, 1990). The delayed response does not correlate with 

the 20 minute increase in fractional urinary sodium concentration observed in this 

study. In addition to an antidiuresis and a natriuresis, VIP has also been shown to 

promote changes in osmolar clearance, however osmolar clearance did not change in 

this study (Calam, 1983). The delay and change in osmolar clearance suggest VIP is 

not involved in mediating the natriuretic response following activation of the gut 

sodium sensor. 
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Uroguanylin & Guanylin 

Duodenal uroguanylin and colonic guanylin are able to stimulate a natriuresis 

within 20 minutes of administration, a response similar to that observed in the 

literature (Fonteles, 1998; Carrithers, 1999). However, following guanylin and 

uroguanylin treatment a concurrent diuresis and kaliuresis is observed which does not 

correlate with the results of this study (Fan, 1997; Fonteles, 1998; Carrithers, 1999; 

Santos-Neto, 1999; Ieda, 1999). An increase in urinary water and potassium 

excretion eliminates guanylin and uroguanylin as mediators of the gut sodium sensor 

based on observations made in this study. 

4.9 Hypothetical Suggestion of How the Gut Sodium Sensor Works 
In this study, administration of hypertonic saline into the small intestine 

induced an increased natriuresis within the first hour following the infusion period, an 

observation supported in the literature (Singer et al, 1998; Andersen, 1998). The 

natriuresis remained high for the remaining duration of the experiment. The 20 

minute onset of the hypertonic saline induced natriuresis suggests a neural component 

to the splanchnic sodium monitor. Natriuresis continues for the duration of the 

experiment, even though the hypertonic saline in the intestinal lumen has long since 

been diluted and absorbed, suggesting a humoral component may also be involved in 

mediating the natriuretic response following stimulation of the gut sodium sensor 

(Sugimoto et al, 1998). 

The greatest demonstrable inhibition of the splanchnic sodium sensor resulted 

from denervating the mesenteric side branches of the splanchnic nerves innervating 

the portal vein and proximal small intestine, which suggests gut stimulated natriuresis 
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involves a sensor in the foregut (Choi-Kwon & Baertschi, 1991). Vagotomy, which 

blocks vagal nerve firing and prevents the increase in brain nuclei activity as well as 

the natriuresis and diuresis following oral salt loading, provides further support for a 

role of the vagus nerve in relaying information about sodium in the gastrointestinal 

tract (Choi-Kwon & Baertschi, 1991; Carlson et al, 1998; Rogers, 1979; Adachi et al 

1976; Arsenjevic & Baertschi, 1985; Schwartz & Moran, 1998). 

The integrated response could possibly result in stimulation of upper brain 

centers such as the anterior wall of the third ventricle, the supraoptic nucleus or the 

paraventricular nucleus. Furthermore, the output from these central osmoregulatory 

centers may influence stimulation of efferent renal sympathetic nerve activity that 

could be responsible for the natriuresis observed following oral sodium loading. In 

addition to neural pathways, many humoral factors could be involved in stimulating a 

renal natriuresis. An increased vagal or splanchnic nerve firing stimulates lower 

brainstem centers controlling afferent renal sympathetic nerve activity and/or central 

body fluid regulation centers (Bourque, 1994). The information integrated in the 

lower brain stem may then inhibit afferent renal sympathetic nerve output, thereby 

reducing renin secretion. Lower renin levels will inhibit aldosterone secretion 

thereby inhibiting sodium reabsorption resulting in a renal natriuresis as well as 

inhibition of colonic sodium absorption. 

Integration of the osmoregulatory stimulus by higher brain centers results in 

the release of oxytocin and vasopressin via stimulation of the 

hypothalamoneurohypophysial axis (Nissen, 1993; Richard & Bourque, 1995; 

Renaud, 1999). The hormones may then act on the kidneys to produce a natriuresis 
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with a concurrent antidiuresis. An increase in the concentration of sodium ions 

relative to the concentration of other ions either in the intestinal lumen or the 

interstitial space also promotes the release of hormones produced in the duodenum, 

such as CCK, resulting in a natriuresis as described previously. 
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5 CONCLUSIONS 

The sodium sensitive areas of the gastrointestinal tract observed in this study 

appear to be the duodenum, jejunum, and ileum of the small intestine. The 

duodenum produces a natriuresis that is sustained for the duration of the experiment 

following the infusion period, whereas the ileum promotes a response that begins to 

decline at the end of the first hour. It is probable that the increased fractional sodium 

excretion activated in the first hour following infusion into these areas involves a 

combination of neural and humoral pathways. The significant intestino-renal reflex 

observed in the first hour and second hour of the experiment is more likely to be 

humorally mediated following hypertonic saline administration into the duodenum 

than ileal infusion since the duodenum contains hormones that may mediate sustained 

natriuretic effects. 

The intestino-renal reflex appears to be stimulated by ingestion of high 

sodium chloride concentrations but not by isotonic sodium chloride or a 

hyperosmolar mannitol solution. Infusion of hypertonic sodium chloride (O.SM 

NaCI) into the duodenum and ileum elicits natriuretic and antidiuretic effects, thereby 

resulting in the production of a concentrated urine. The concentrated urine satisfies 

the physiological need to eliminate excess sodium from the extracellular space and 

dilute the sodium concentrated in the extracellular fluid. The renal response 

selectively stimulates renal sodium excretion since there is no significant effect on 

potassium excretion or reabsorption. This small intestinal sodium sensor is able to 

stimulate a natriuresis before the ingested sodium is able to concentrate in the 
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systemic circulation suggesting the sensor acts as a forewarning to sodium excess in 

the body resulting in an appropriate regulatory response to maintain sodium 

homeostasis. 
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6 FUTURE DIRECTIONS 

Future endeavors to more clearly understand the mechanism of action of the 

small intestinal sodium sensor would involve similar experiments to this one. The 

natriuretic effect following infusion of a hypertonic sodium chloride solution into the 

duodenum would be studied in rats with either denervated kidneys or rats having a 

denervated small intestine. It would be interesting to study the natriuretic effect 

following lesioning of various osmoregulatory nuclei in rats to determine a role for 

these centers in integrating information from the peripheral sodium sensor in the gut. 

The use of hormone antagonists, such as OXT or CCKB receptor antagonists, would 

also make for an interesting study on the effects or duodenal sodium loading to 

observe any contribution of these hormones to the intestine-renal natriuretic reflex. 
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