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TRACI A. TAYLOR 
Endothelin B Receptor Regulation of Nitric Oxide Synthase in the Renal Inner Medulla 
(Under the direction of JENNIFER S. POLLOCK, Ph.D.) 

ABSTRACT 

Hypertension affects one in five Americans and inappropriate handling of sodium 

has been implicated in the pathogenesis of the disease. The kidney plays an important 

role in controlling blood pressure through regulation of sodium and water reabsorption 

and the renal inner medulla (IM) functions to fine-tune sodium reabsorption. The IM 

synthesizes ten-times more immwioreactive endothelin (ET) compared to any other 

nephron site, is enriched with a high density of endothelin B (ET s) receptors, and has the 

highest amount of nitric oxide synthase (NOS) activity in the kidney. Thus, the goal of 

these studies was to determine if ET stimulation of ET B receptors in the renal inner 

medulla leads to an increase in NOS activity and an inhibition of sodium transport. In 

order to help answer these questions, animals deficient in functional ET 8 receptors were 

utilized. Homozygous ET B receptor deficient animals (sllsl) have been shown to have 

elevated plasma ET levels and exhibit salt-sensitive hypertension. First,. experimel}ts 

were performed to determine if elevated plasma ET levels in sllsl rats led to a down

regulation of renal ET A receptors. Results indicated that sllsl rats do have decreased renal 

cortical and outer medullary ET A receptor density, and that sllsl rats also express a novel 



inner medullary ET binding site. Next, experiments were performed examining the effect 

this down-regulation of renal cortical and outer medullary ETA receptors, the novel ET 

binding site, and ETs receptor deficiency might have when animals were given a sodium 

challenge. In addition, female rats were also used since gender has been shown to 

influence both the NOS and ET systems. Results showed that on a normal salt diet, male 
I • 

sllsl rats had higher blood pressures due to a combination of gender, ET s deficiency, and 

reduced NOS activity. However, on a high salt diet, gender differences disappear and the 

lack of functional ET 8 receptors led to an increased severity of the hypertension due to a 

further decrease in NOS activity. Lastly, discernment of cellular mechanisms of sodium 

.transport studies utilizing electrical transepithelial resistance measurements were 

addressed using primary IM collecting duct cells. Results indicate sodium transport was 

inhibited when cells were stimulated with ET and this can be blocked with NOS 

inhibitors and an ETa receptor antagonist. Taken together, the renal inner medulla 

appears to rely on the ability of a functional ET a receptor to activate NOS in order 

promote natriuresis and a lowering of blood pressure. 

Key words: endothelin, endothelin B receptor, gender, inner medulla, kidney, nitric 

oxide, nitric oxide synthase, sodium transport 
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INTRODUCTION 

Statement of Problem. The kidney plays an important role in the control of 

blood pressure through its regulation of sodium and water reabsorption. While the 

majority of the sodium load is reabsorbed in the proximal tubules located in the renal 

cortex, the final regulation of sodium and water reabsorption occurs within the collecting 

duct cells of the inner medulla. Endothelin-1 (ET-1), a potent vasoconstrictor, is 

produced in its highest concentration within the renal inner medulla, although· its function 

in this renal region has yet to be clearly defined. Additionally, the renal inner medulla 

contains the largest density of endothelin B (ET a) receptors in the body. ET 8 receptors 

located on the vascular endothelium activate nitric oxide synthase (NOS) to produce 

nitric oxide (NO), a vasodilator, but whether this same mechanism occurs in the nephron 

is unknown. Thus, by virtue of their abundance and location, we can speculate that ET-1 

binding to the ET B receptor located on inner medullary collecting duct cells regulates 

sodium and water reabsorption possibly through an NO-dependent pathway. 

Thus, the overall goal was to determine the relationship between ET-I and NO in 

tl_ie renal collecting duct (Figure 1 ). We hypothesized that ET-1 binding to the ET 8 

receptor stimulates NOS activity to produce NO, which in turn inhibits sodium 

reabsorption through a cGMP-dependent mechanism. Discernment of this pathway has 

lead to a better understanding of the kidney's role in fluid homeostasis and blood pressure 

regulation. 
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Figure 1 

Renal Inner Medullary Collecting Duct Cell 

ET-1 

? _",. .. I\ 

Basolateral Apical 
Figure I: Proposed scheme of ET and NO systems in the renal inner medullary collecting duct cell 

Specific Aims. 

Specific Aim I was to test the hypothesis that deficiency of ET e receptors leads to a 

compensatory regulation of components in the NO/cGMP pathway within the renal inner 

medulla as a mechanism of maintaining fluid homeostasis. 

Specific Aim 2 was to test the hypothesis that stimulation of ETe receptors inhibits Na+ 

transport via the NO/cGMP pathway in the renal inner medulla. 
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Endothelin and Endothelin Receptors. -In 1985, Hickey and colleagues 

identified a constricting factor released by endothelial cells within isolated coronary 

vessels. Then in 1988, Yanagisawa et al. isolated and purified a potent vasoconstrictor 

produced by endothelial cells that became known as endothelin (ET). Later, Inoue and 

colleagues (1989) determined through DNA analysis that there are three distinct genes 

encoding three ET isopeptides, ET-I, ET-2, and ET-3. Identification of these ET 

peptides led to a search for receptors that bound these agonists. Two G-protein coupled 

receptors were discovered and then characterized by their selective affinity to each of the 

ET isopeptides, location and their biological function. The cDNA's encoding the rat ETA 

and ETs receptors predict 426 and 441 amino acids, respectively, with the overall identity 

between the two to be 55% and 64%, depending on the tissue studied (Naicker et al., 

2001). The rat ETA and ETs receptor genes are located on chromosomes 19 and 15 (Cai 

et al., 1995), respectively, and have similar structural organization. Receptors that bind 

ET-I with higher affinity than ET-2 or ET-3, localized to vascular smooth muscle cells 

and that cause vasoconstriction were termed endothelin A (ET A) receptors (Remsen, 

1991 ). Endothelin B (ET s) receptors found on endothelial cells were shown to produce 

vasodilation and bound all three ET isopeptides with equal affinity (Clozel et al., 1992; 

Namiki et al., 1992). Additionally, the ET s receptor has been subdivided into two classes 

through pharmacological manipulation. The ET 01 receptor is located on endothelial cells 

and it is able to promote vasodilation upon agonist binding. The ET 82 receptor is found 
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on vascular smooth muscle cells and produces vasoconstriction when activated (Warner 

et al., 1993). Another function postulated for the ETa receptor is that it might serve to 

"clear" endothelin from circulation. Evidence for this hypothesis comes from studies 

performed by Loffler et al. (1993) showing ET-I binding to ETa receptors is irreversible 

' 
and that blockade of the ET B receptor increases circulating levels of ET-1, though this did 

not occur with ETA receptor blockade. The organ that contains the highest density of 

ET 8 receptors is the lungs, which contains close to 50% of the endothelium of the entire 

vascular tree (D'Orleans-Juste et al., 2002) and that the lungs retain, with each 

pulmonary pass, 60% of circulating ET-I (Dupuis et al., 1999). 

Endothelin Receptor Binding. It has been shown in many tissue and cellular 

preparations that ET-I and ET-3 are very difficult to dissociate from their receptor (Wu

Wong et al., 1994). The tenacity of ET binding to its receptor is due to the formation of a 

stable receptor-ligand complex that remains intact following SDS-PAGE analysis 

(Takasuka et al, _1991). Possible reasons for the unique binding characteristics of ET to 

its receptor include interactions with the receptor at more than one site (Sakamoto et al., 

1993), G protein interactions (Nambi et al., 1996), disulfide interchange in 'the ET 

receptor-ligand complex (Spinella et al., 1'993), continuous ET receptor externalization 

(Marsault et al., 1993 ), and colocalization of ET receptor with caveolin in caveolae 

· (Chun et al., 1994). This tenacity of ET binding to its receptor may be linked 

physiologically to its long-lasting biological effects. 
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Endothelin Synthesis. Synthesis of the ET isoforms occurs with the initial 

synthesis of precursor proteins called preproendothelins of about 200 amino acid residues 

that then are cleaved to form proendothelins which undergo selective proteolysis to form 

inactive big endothelins (Bloch et al., 1989; Ohkubo et al., 1990; Yanagisawa et al., 

1988). Big endothe!ins then are cleaved by endothelin converting enzyme (ECE) to 

generate the biologically active 21 amino acid peptide. Most investigators agree that 

systemically administered big ET have concluded that it is converted locally in the 

systemic vasculature (Gardiner et al., 1993; Haleen et al., 1993; Corder and Vane, 1995). 

In normal humans a:nd animals, ET is reported to circulate at low levels, with 

plasma values less than 5pM (Cemacek and Stewart, 1989; Anggard et al., 1990). In 

comparison to healthy animals, elevations in circulating and/or tissue levels of ET have 

been reported in disease states such as coronary vasospasm, Raynaud's disease, systemic 

and pulmonary hypertension, congestive heart failure, hypercholesteremia, and 

atherosclerosis (Rubanyi, 1994 rev). The stimulation of endothelin synthesis is thought 

to be exclusively regulated at the level of gene transcription as evidenced by production 

of ET-I by endothelial cells is on the order of hours and not minutes (Warner, 1998), 

however the stimulus for ET production is still unclear. 

Endothelin Receptor Signaling. Activation of ETA and ET e receptors produces 

a wide range of biological effects in many tissues. The signal transduction systems that 

link ET receptors to cellular responses also are diverse (Henry and Goldie, 200 I). It has 

been shown that ETA and ET e receptors couple to several types of guanine-nucleotide-
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binding regulatory proteins, termed G-proteins, including Gq, Gu, G,, and Gil suggesting 

that ET receptors stimulate multiple effectors through several types of G-proteins 

depending on the level of expression of each G-protein in the cell (Takigawa et al., 

1995). Some of these effectors include enzyme systems such as phospholipases A2, C, 

and D, protein kinase c,' protein tyrosine. kinase, NOS, adenylyl cyclase and guanylyl 

cyclase, and also ion channels including calcium and chloride channels, and even ion 

transporters (Henry and Goldie, 2001). Unstimulated ETs receptors are coupled to G0 , 

and in the active state, depending on the agonist used, ET B receptors will be bound to a 

G;3a-subunit (Shraga-Levine and Sokolovsky, 2000). Activation of ETs receptors on 

vascular endothelial cells leads to activation of phospholipase C, and production of IP3 

leads to a release of intracellular calcium which is then followed by an influx of 

extracellular calcium (Keith and Highsmith, 1998). The increase in intracellular calcium 

leads to a stimulation of NOS and production of NO, which in turn acts to relax the 

adjacent smooth muscle. Within the IMCD, ET-I is thought to act through an inhibitory 

G-protein, because pertussis toxin blocks the effects of ET-I on vasopressin-stimulated 

cAMP accumulation and water flux (Kohan et al., 1993, and Nadler et al., 1992). There 

is also some evidence that ET-I inhibits the Na+/K+-ATPase through phospholipase A2 

generation ofprostaglandin E2 (Zeidel et al., 1989, and '!(ohan et al., 1993). 

Hypertension and Endothelin. Hypertension is a leading cause of morbidity and 

mortality and according to the American Heart Association, hypertension is believed to 

have contributed to the death of 227,000 Americans_ in 1999. Elevated plasma levels of 
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ET-1 have been implicated in the p~thogenesis of many animal models of hypertension, 

including deoxycorticosterone acetate (D-OCA)-salt hypertensive rats, DOCA-salt treated 

spontaneously hypertensive rats (SHR), Dahl salt-sensitive hypertensive rats, stroke

prone SHR' s, angiotensin II-infused rats, and I-kidney I-clip Goldblatt rats (Schiffrin, 

1998). Though plasma 'ET-1 levels are _higher in these disease models, there is still 

conflicting evidence as to the role of ET receptors. Studies by Bauer et al. (2002) have 

shown increased mRNA transcripts encoding the ETs receptor with no difference in ETA 

mRNA levels in pulmonary arterial tissue taken from patients with pulmonary 

hypertension. However, in African-American patients with essential hypertension, 

elevated plasma ET-1 levels are associated with a decrease in ETA mRNA expression 

together with increased ETs mRNA levels from endothelium-denuded saphenous veins 

(Grubbs et al., 2002). In DOCA-salt hypertensive rats, Pollock et al. (2000) observed 

increased ET s receptor density with a decrease in ET A receptor density in the renal 

medulla. Conversely, a transient elevation of plasma ET-1 levels, induced by adenovirus 

gene transfer of preproendothelin injected systemically into the rat, led to systemic 

hypertension but no difference in renal ET receptor number (Telemaque-Potts et al., 

2000). 

Endothelin and Endothelin Receptors in the Kidney. The kidney is organized 

into three major regions: the cortex, outer medulla, and inner medulla. The cortex 

contains glomeruli, proximal tubules, portions of Henle's Loop, distal convoluted and 

connecting tubules. The outer medulla contains segments of Henle's Loop and outer 
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medullary collecting tubules, while the inner medulla is composed of thin limbs of 

Henle's Loop, vascular bundles termed vasa recta and of tubular epithelial cells called 

inner medullary collecting duct cells (IMCD), whose primary function is the fine-tuning 

of sodium and water reabsorption (Vander, 1995). In the rat, the inner medullary 

' 
collecting duct receives about 5% of th!l filtered fluid, containing about 3.0-4.5% of 

filtered sodium (Sonnenberg, 1975). Final regulation of urinary sodium occurs as 

approximately 7,200 tubules merge 5 cir 6 times to form 100-200 papillary collecting 

ducts (Knepper et al., 1977). In 1989, Kitamura et al. reported that the highest amount of 

immunoreactive ET-1 in the body is found in the renal medulla. In 1992, Sakurai et al. 

found that IMCD cells synthesize ten times more ET-I than any other site along the 

nephron. Additionally, Jones et al. (1989) were able to conclude that renal ETA receptors 

are located primarily within glomeruli and various vascular structures, while renal ET s 

receptors were concentrated on IMCD cells. 

Nitric Oxide and Nitric Oxide Synthase. Furchgott and Zawadzki (1980) found 

that endothelial cells produce a relaxing factor, EDRF, which was identified later as nitric 

oxide (NO). NO, along with citrulline, is generated from the conversion of L-arginine 

and oxygen by NO synthase (NOS), and this gas then freely diffuses into the adjacent 

smooth muscle cells. Once inside vascular smooth muscle cells, NO binds to the heme 

portion of the a.,~ heterodimer of soluble guanylate cyclase and along with OTP produces 

cyclic GMP, which in turn leads to vasodilation. Three distinct NOS enzymes have been 

identified, each differing in their regulation and distribution. NOS I (neuronal NOS, 
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nNOS) is a Ca+2/calmodulin dependent cytosolic enzyme that first was characterized in 

the cerebellum, but since has been found in various tissue beds. NOS2 (inducible NOS, 

iNOS) is a Ca +z independent, cytosolic enzyme and was described initially in 

macrophages, and is regulated by endotoxin and cytokines. NOS3 (endothelial NOS, 

eNOS) is expressed constitutively in the membrane fraction of endothelial cells, and like 

NOS!, is a Ca+2/calmodulin dependent enzyme. 

Nitric Oxide Synthase in the Kidney. All three NOS isoenzymes are expressed 

in the kidney, though in varying degrees and locales. NOSl protein has been found in 

central and peripheral nerves, the renal vasculature, and macula densa cells of the 

glomerulus (Wilcox et al., 1992), renal nerves (Liu et al., 1996), as well as IMCD cells 

(Terada et al., 1992). NOS2 protein has been detected in renal vascular smooth muscle 

(Mohaupt et al., 1994), thick ascending limbs (Ahn, et al., 1994), and also in IMCD cells 

(Kone et al., 1995). NOS3 is found in the endothelium of the renal vasculature along 

with IMCD cells (Bachmann et al., 1995). It also has been shown that the highest 

amount of NOS activity in the kidney is in the IMCD, with six- to eight-fold less activity 

found in the glomerulus and vasa recta and minimal activity found in various other renal 

segments (Wu et al., 1999). 

Pressure N atriuresis. Arterial blood pressure depends, in part, on circulating 

blood volume, which in tum is related to sodium balance. One of the main functions of 

the kidney is its ability to alter sodium excretion and blood volume as a means of 

controlling arterial pressure. When blood pressure is decreased, sodium excretion is 
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reduced and this adaptive response increases blood volume and thereby maintains blood 

pressure and adequate tissue perfusion (Berne and Levy, 1998). Conversely, an increase 

in blood pressure, which could be caused, for example, by increased blood volume, 

results in enhanced excretion of sodium and this is termed natriuresis. In a normal 

individual, sodium balan~e influences the circulating blood volume which in turn affects 

arterial blood pressure; however, under some pathological conditions the kidneys are 

unable to excrete enough sodium, leading to elevations in blood volume and, thus, 

increases in arterial blood pressure. 

Sodium Transport in the Kidney. Arterial pressure provides the first fine

tuning of sodium excretion that balances sodium intake precisely with excretion. 

However, it is only one of many factors directly acting on the kidney to control sodium 

reabsorption. Changes in blood volume or arterial pressure regulate secretion of atrial 

natriuretic peptide, which increases sodium excretion, and changes in blood pressure or 

sodium intake regulate renin release, which increases angiotensin II and aldosterone and 

thereby increases sodium reabsorption. Though structures located in the renal cortex and 

outer medulla facilitate reabsorbing the majority of sodium (~95% of the filtered load), 

IMCD cells handle close to 5% of the filtered sodium which can produce more than a 3L 

change in extracellular fluid volume (Berne and Levy, 1998), thus greatly effecting 

arterial blood pressure. Even though IMCD cells have long been known to influence 

urine composition, the understanding of the mechanisms involved in ion transport is still 

unclear. Within the inner medulla, there are three types of Na+ transporters. The Na+/K+ 
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ATPase is located on the basolateral membrane and pumps Na+ into the interstitium, 

keeping intracellular Na+ concentrations low while the Na+llr exchanger located on the 

basolateral membrane pumps Na+ into the interstitium and protons into the urine. The 

other important transporter in IMCD cells is the epithelial sodium channel (ENaC), and it 

is the rate-limiting step of sodium reabsorption (Su et al., 2001). The ENaC is located on 

the apical membrane, stimulated by aldosterone, and inhibited by both arniloride and 

protein kinase C. Normal ENaC is composed of a., p and y subunits, and genetic 

mutations in either the P- or y- subunit (Liddle's syndrome),· causes an overactive channel 

that leads to sodium retention and eventual increases in blood pressure (Shimkets et al., 

1994). 

Nitric Oxide and Endothelin Interactions. Within the systemic vasculature, the. 

relationship between NO and ET is thought to be antagonistic. There is evidence that NO 

may inhibit ET-I release from endothelial cells and NO may also act on vascular smooth 

muscle to antagonize ET-1 induced vasoconstriction. In 1990, Boulanger et al. reported 

that if NOS is inhibited within endothelial cells, ET-1 release is stimulated and 

conversely, NO donors can inhibit ET-1 release. It also has been documented that NO 

can directly antagonize the constrictor actions of ET-1 in vascular smooth muscle (Hirata 

et al., 1991 ). Within the kidney, it has been shown that ETA or nonselective ET A/ET 8 

receptor antagonists attenuate increases in renal vascular resistance produced by NOS 

inhibition (Qiu et al., 1995, Richard et al., 1995). 
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Nitric Oxide, Endothelin and Sodium Transport in the Kidney. As stated 

above, one of the primary functions of renal IMCD cells is the regulation of Na+ 

reabsorption, which in turn greatly influences systemic blood pressure. Furthermore, 

within renal IMCD cells, all three NOS isoforms are expressed along with an abundance 

of ET a receptors and high levels of ET-I· .. Thus, it is highly likely that Na+ transport in 

renal inner medullary collecting duct is influenced by ET-I stimulation of ET a receptors, 

leading to an increase in NOS activity and NO production. It has been shown in cortical 

collecting ducts that NO inhibits solute transport and water permeability by a cGMP

dependent mechanism (Stoos, 1992 et al., Garcia et al., 1996) and that NO metabolites 

are correlated positively to the excretion of Na+ and water (Shultz et al., 1993). It has 

also been shown that NO inhibits Na+ reabsorption in isolated perfused cortical collecting 

ducts (Stoos et al., 1995). Additionally, in thick ascending limbs, ET 8 receptors 

stimulate NO and cGMP production to influence chloride flux (Plato et al., 2000) and 

also mediate ET-I inhibition of water reabsorption in IMCD cells (Edwards et al., 1993, 

and Kohan et al., 1993 ). 

Gender, Endothelin and Nitric Oxide Synthase. It has been shown in both 

humans (Herman et al., 1997) and animals (Hayashi et al., 1992) that NO release is 

greater in females than males and that renal NOS3 mRNA and protein levels are higher in 

kidneys from females than from males, though there was no gender difference in urinary 

nitrite/nitrate excretion (Neugarten et al., 1997; Reckelhoff et al., 1998). Furthermore, it 

has been shown that male rats are more susceptible to proteinuria during chronic NOS 
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inhibition compared with female rats (Marjan et al., 2000) leading to renal injury. 

Gender differences are not limited to the NO/NOS pathway but are found within the ET 

system as well. Studies by Ergul et al. (1998) in isolated human saphenous veins found 

that ET-1 produced a greater vasoconstriction in men than in women, and the ratio of 

' 
ETA to ET 8 receptors is 3: 1 in males compared to a ratio of ETA to ET B receptors of 1: 1 

in females. 

Development of Endothelin B Receptor Deficient Animals. Using gene 

targeted methodology, ET-1 was the first vasoactive substance acting through G-protein 

coupled receptors shown to be involved in embryonic development (Kurihara et al. 

1994). Mice homozygous for the mutation demonstrate morphological abnormalities in 

the brachial arch-derived craniofacial structures, cardiovascular defects, vessel 

abnormalities and all die shortly after birth from respiratory failure caused by upper 

airway obstruction. Gene knockout of the ETA receptor also is lethal and produces 

morphological abnormalities identical to the ET-1 knockout (Clouthier et al., 1998; 

Y anagisawa et al., 1998). 

In contrast to the craniofacial and cardiovascular phenotype of the ET-1 and ET A 

receptor knockout mice, ET-3 and ETB receptor knockout mice exhibit a very different 

developmental phenotype (Baynash et al., 1994; Hcisoda et al., 1994). These animals, 

though viable at birth, eventually die at 2-8 weeks of age with knockouts of either ET-3 

or ET B receptor showing similar phenotypes of megacolon and coat-color spotting. 
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These mutations resemble those seen in spontaneous mutant animals such as Piebald

lethal mice (Lyon and Searle, 1989) and Spotting-lethal rats (Lane, 1966). 

Hirschsprung' s disease is caused by mutations of the ET a receptor gene, and 

individuals with this disease develop intestinal obstruction, usually in the neonatal period. 

The spotting- lethal rat also carries a natural 301-bp deletion in the ETe receptor that 

abrogates expression of functional ET a receptors. Rats that are homozygous (sllsl) for 

this mutation exhibit a lethal phenotype of congenital intestinal agangliosis and are 

commonly used as a model for Hirschsprung's disease (Gariepy et al., 1996). In 1998, 

Gariepy et al. used a doparnine-~-hydroxylase promoter to direct transgenic ET a receptor 

expression in adrenergic tissue that "rescued" the rats from the intestinal defect. ET a 

deficient rats are prone to hypertension when fed a high salt diet, which can be reversed 

when the rats are given arniloride, an ENaC inhibitor. Additionally, animals sllsl for the 

deletion have elevated plasma ET-1 levels (Gariepy et al., 2000). These rats do not 

express ET a receptors in the kidney and are in turn a·salt-sensitive model of hypertension 

that can be used to characterize various expression patterns and functional responses 

linked to the ET a receptor. 

MATERIALS AND METHODS 

Receptor Binding Protocols. 

Membrane Preparations. Rats (300-350g) sll+ and sllsl for the ET a receptor 

from our local breeding colony and male Sprague-Dawley (Harlan) rats (300-350g) were 
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anesthetized, kidneys excised, separated with a razor blade on ice into cortex, outer 

medulla, and inner medulla and frozen at -80°C. Tissue was weighed, pulverized and 

then homogenized in buffer containing 250 mM sucrose, 50 mM Tris-HC!, 5 mM EDTA, 

15 µM PMSF, pH 7.4 as described (Pollock et al., 2000). Briefly, homogenized samples 

were then centrifuged at 1,000 x g at 4°C for 30min. The supernatant was further 

centrifuged at 30,000 x g at 4°C for 45min and the resulting pellet was resuspended in 

half the starting volume of homogenization buffer and frozen at -80°C. The protein 

concentration of the membrane preparations was determined by the Bradford method 

(Bio-Rad, Hercules, CA). 

Saturation Binding Curves. Receptor binding curves were performed to quantify 

the amount of ET receptors in the cortex, ·outer medulla and inner medulla of rats sll+ or 

sl/sl for the ETa receptor deficiency. Sprague-Dawley rat.renal tissue also was used in 

preliminary experiments to serve as a comparison to both previously published data and 

the transgenic animals. Membrane preparations from each of the three renal tissue 

sections were bound to wheat germ agglutinin scintillation proximity beads as previously 

described (Pollock et al., 2000). Briefly, membrane preparations of sll+ or sllsl ET a 

receptor deficient rats from renal cortex (20µg), outer medulla (20µg), or inner medulla 

(5µg) were added to each well of a 96-well microtiter plate (Optiplate, Packard 

Instruments, Meridian, CT). Wheatgerm agglutinin polyvinyltoluene beads (scintillation 

proximity beads, Amersham Life Science, Arlington Heights, IL) were suspended in 

binding buffer (40mg/ml) with 1mg added to each well. Binding buffer consisted of 

27 



20mM Tris-HCI, l00mM NaCl, l0mM MgC!i, and 3mM EDTA, pH 7.4, with additional 

0.lmM PMSF, Sµg/ml pepstatin A, 0.025% bacitracin, and 0.2% BSA. The plate was 

covered and shaken for 3hrs at room temperature to allow for coupling of the protein to 

the beads. After this precoupling, 25µ1 of binding buffer was added to wells for total 

binding determination while 2µM ET-1 or ET-3 was added to determine nonspecific 

binding. [1251] ET-1 or [1251] ET-3 was diluted in binding buffer and added to each well 

with a final concentration of0.03, 0.1, 0.3, 1 or 3nM. The plate was sealed and shaken 

for 1 Shrs at room temperature. The plate was then centrifuged for Smin at 1,000 x g 

before being counted on a Packard TopCount microplate scintillation counter. Our 

laboratory had previously determined optimum incubation times and procedures (Pollock 

et al., 2000). All measurements were performed in duplicate and all dilutions of 

radioactive and non-radioactive peptides were made in siliconized tubes. 

Additional experiments were performed using whole kidney homogenate or 

separated renal inner medulla from sl/+ and sl/sl animals that were homogenized as 

described above. Protein from whole kidney homogenate (90µg) or inner medulla (Sµg) 

was added to wells followed by precoupling to SPA beads. Unlabeled ET-I (2µM) was 

added to wells to determine nonspecific binding while the total binding wells received 

buffer. Radiolabeled ET-1 (lnM) was added to all wells and plate was covered, shaken 

for l Shrs at room temperature then counted on the microplate scintillation counter. 

Competition Binding Curves. Competition binding curves were performed using 

selective ET A and ET s receptor antagonists. Preliminary experiments were performed 
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using inner medullary tissue preparations from Sprague-Dawley animals. Membrane 

preparations from the inner medulla (5µg) of sf/+ or sl/sl were precoupled to SPA beads 

similar to the same receptor binding protocol as described above. For generation of 

competition binding curves, either the ETA receptor antagonist, A-127722 (0.0lpM -

0.SmM), the ET8 receptor antagonist, A-192621 (lO0pM - lOmM), or unlabeled ET-1 

(l0pM- lµM) was added to separate wells followed by the addition of [125l]ET-1 (lnM) 

to every well. The plate was shaken for 18hrs then counted on the microplate 

scintillation counter. 

Determination of Bmax and Kd Values. Experiments using Chinese hamster 

ovary cells stably transfected with either the ET A or ET B receptor have shown that the 

ETA receptor preferentially binds ET-1 over ET-3 (lC50 values of 0.28 and 475nM, 

respectively) while the ETs receptor binds both ET-1 and ET-3 with similar affinity (IC50 

values of 0.14 and 0.08nM, respectively) (Kohan, 1997). Thus in our receptor binding 

experiments, [1251] ET-3 receptor binding was used to determine Bmax values for ETa 

receptor number. To determine ETA receptor number, Bmax values for [1251] ET-3 

binding were subtracted from [1251] ET-1 Bmax values. 

Whole Animal and Metabolic Cage Protocols. 

Metabolic Cage Studies. Male and female heterozygous (sll+) and homozygous 

(sllsl) rats deficient of ET8 receptor were obtained from our local breeding colony (8-12 

weeks of age) and placed on either normal salt (0.4% NaCl, ~3.SmEq of sodium per day) 
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or a high salt diet ( 10% NaCl, --45mEq of sodium per day) for three weeks along with tap 

water ad libibitum. After three weeks, tail cuff pressure was measured as an estimate of 

systolic arterial pressure as previously described (Pollock et al., 1998). Briefly, rats were 

warmed in a restraining chamber and occluding cuffs and pneumatic pulse transducers 

were placed on the rats' tails. A programmed electrosphygmomanometer automatically 

inflated and deflated the tail cuff while signals from the transducer were automatically 

collected using MacLab (ADlnstruments, Milford, CT) connected to a Macintosh Power 

PC. Eight readings were taken from each rat and averaged to determine systolic arterial 

pressure. 

After tail cuff measurements were recorded, rats were housed in metabolic cages 

(Nalgene) to allow quantitative measurement of food and water intake along with urine 

collection over a 24hr period. Rats then were anesthetized with sodium pentobarbital 

anesthesia (65 mg/kg, i.p.), and a terminal blood sample was obtained. A midline 

incision was used to isolate the abdominal aorta. A 10ml syringe containing EDT A with 

an 18 gauge needle was used to quickly draw a 5-8ml blood sample from the aorta. 

Blood was centrifuged immediately and the plasma was frozen at -80°C for later 

analysis. Urine samples also were centrifuged to remove any particulate matter and then · . 

stored at -80°C for later analysis. Kidneys were excised and the inner medulla separated 

and stored at 

-80°C. 
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Urine and Plasma Analysis. Urinary ET_ levels were determined by adding 

samples to duplicate wells of a RIA kit (Arnersham Pharmacia, Piscataway, NJ) 

according to manufacturer's specifications. Plasma ET levels were measured by ELISA 

(QuantiGlo, R&D Systems, Minneapolis, MN). Urinary cyclic GMP levels were 

' 
measured in diluted urine samples using a scintillation proximity method as described 

previously (Pollock et al., 1991 ). Diluted urine, plasma or nitrate standards were 

subjected to chemiluminescence analysis for urinary and plasma NOx determination. To 

determine 8-isoprostane levels, urine and plasma samples were collected in the presence 

of butylated hydroxytoluene, diluted and added to duplicate wells of an 8-isoprostane kit 

(Cayman Chemicals, Ann Arbor, MI) according to manufacturer's specifications. Urinary 

sodium, chloride and potassium analyses were determined by ion-selective electrode 

(Beckman EL-ISE, Fullerton, CA). Urinary protein excretion was determined by 

Bradford protein assay (BioRad, Hercules, CA). 

Inner Medullary Tissue Protocols. 

Protein Isolation and Western Blot Analysis. Male and female rats (300-350g) 

sll+ and sllsl for the ET 8 receptor on normal and high salt diets were anesthetized and 

kidneys excised and the separated inner medulla stored at-80°C. The inner medulla was 

pulverized while still frozen and placed into homogenization buffer (50mM Tris, 0.lmM 

EDTA, 0.lmM EGTA, 10% glycerol, 0.1% ~-mercaptoethanol, pH 7.4) along with 

protease inhibitors (lmM phenylmethylsufonylfluoride, 2µM leupeptin, lµM pepstatin 
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A, lµM aprotinin). Samples were homogenized (weight to volume ratio 1 :7) on ice in 

glass Teflon/Dounce homogenizers then centrifuged at 100,000 x g for 30min at 4°C. 

Equal amounts of protein from the resulting supernatant ( cytosolic fraction) and 

resuspended membrane-containing pellet (particulate fraction) as determined by the 

Bradford method were run on a 7.5% sodium dodecyl sulfate-polyacrylamide gel. The 

proteins then were blotted onto PVDF membrane by wet blotting for 50min in 

Tris/glycine buffer. Blots were air dried then blocked for 1hr in 5% non-fat dry milk in a 

Tris-buffered saline solution containing Tween20 (TTBS) buffer. Blots then were 

incubated overnight at 4°C with NOSl (1:1000, Transduction), NOS2 (1:1000, 

Transduction), or NOS3 (1:1000, Transduction) antibody diluted in 5% milk/TTBS. 

Blots were washed twice for l0min in TTBS before incubating for 1hr with the 

horseradish peroxidase-linked secondary antibody diluted in 5% milk/TTBS. The blots 

were washed five times for 5min. with TTBS before being incubated with Pico 

SuperSignal (Chemicon) solution for 5min and then exposed to autoradiographic film for 

detection of chemilluminescence. 

NOS Activity Assay (conversion of L-arginine to L-citrulline). Cytosolic and 

particulate fraction samples were incubated with [3H]-arginine (lOµM final, 5Gbq/mmol) 

in the presence of lmM NADPH, 30nM calmodulin, 3µM tetrahydrobiopterin, 2mM 

CaCh, lµM FAD, lµM FMN in a total volume of 100µ1. After 30min incubation at 

room temperature, the reaction was terminated by the addition of 1ml 50mM HEPES 

buffer (pH 5.5) containing 2mM EDTA and 2mM EGTA. The incubations were applied 
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- to 1ml Dowex AC 50WW-8 columns (Na+ form, Bio-Rad) and the eluted [3H]-citrulline 

measured by liquid scintillation counting. In some experiments, NOS inhibitors were 

added to assess the various NOS isoforms present as previously described (Sullivan et al., 

2002). Total maximal NOS activity was defined as [3H]L-arginine to [3H]L-citrulline 

that was inhibited ·by the nonselective NOS inhibitor Nco-nitro-L-arginine (LNNA, 

lmM). The NOS I-specific inhibitor N5-(1-imino-3-butenyl)-L-ornithine (VNIO, lµM) 

was used to assess NOSl-specific activity and the NOS2-specific inhibitor 1400W

dihydrochloride (1400W, lOOnM) was used to assess NOS~-specific activity. NOS3 

activity was estimated by adding NOS I-specific activity plus NOS2-specific activity then 

subtracted form total NOS activity. 

Primary Cell Protocols. 

Primary IMCD Cell Culture. Sprague-Dawley rats (300-350g) were 

anesthetized, kidneys excised and the inner medulla isolated and removed. The inner 

medulla then was minced in cold modified Ringers solution containing 118mM NaCl, 

16mM HEPES, 17mM Na+-HEPES, 3.2mM KC!, 2.5mM CaCh, 18mM MgSO4, 1.8mM 

KH2P04, 14mM glucose (pH 7.4) with 1% penicillin/streptomycin. The minced inner 

medullary tissue next was incubated in modified Ringers solution containing collagenase 

(0.2%), hyalurondinase (0.2%) and DNAse (0.001 %) in a shaker-waterbath at 37°C for 

90min. Every l 5min, the tissue-solution mixture was aspirated vigorously until there 

were no visible clumps. A pure culture of inner medullary collecting duct cells requires 
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three gentle centrifugations of the cell suspension at 28 x g for 2min. The final pellet 

then was resuspended in growth medium, DMEM/F12 supplemented with 10% fetal 

bovine serum, 1 % penicillin/streptomycin and a 0.0IX solution of 

insulin/transferrin/selenium. 

Cyclic GMP Production in Primary IMCD Cells. For determination of cGMP 

production, primary IMCD cells are grown in 6-well plates (one animal, or two papilla, 

. into four 6-well plates for a total of 24 experimental wells). Before addition of cells, 

plates were coated with collagen (Invitrogen, Palo Alto, CA) which then could be 

collected in a sterile tube and reused. Wells then were rinsed twice with IX PBS. After 

six days, cultured primary IMCD cells exhibited a 90% confluent monolayer. Wells were 

rinsed with warm phosphate buffered saline (PBS, IX), then pre-incubated for 20 minutes 

at 37°C in Locke's solution (154mM NaCl, 5.6mM KC!, 2mM CaC12, l.0mM MgC12, 

3.6mM NaHCO3, 5.6mM glucose, lOmM HEPES, pH 7.4) containing 0.3mM 3-isobutyl-

1-methylxanthine, superoxide dismutase (20U/ml), and L-arginine (0.5mM). Some wells 

were further incubated for 20min with various inhibitors, NG-nitro-L-arginine methyl 

ester (L-NAME; 5mM); Al27722 (30nM), or Al92621 (30nM). After preincubation 

with or without inhibitors, ET-1 (lO0nM, lµM) was added to the wells for !Omin 

foll9wed by aspiration of the Locke's solution, stopping the reaction with cold IX PBS. 
l' 

Wells next were treated for 20min with 0.lN HCI to extract cGMP from the cells which 

is then collected and stored at -20°C. 
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Electrical Resistance Measurements. Primary IMCD cell suspensions were 

plated onto Costar Transwell cell culture inserts (24-well, 0.4mm pore, 0.3cm2
) 

previously coated with collagen to promote cell attachment and rinsed twice with IX 

PBS. Once plated onto the permeable supports, the IMCD cells have the ability to 
' 

polarize and functionally transport solutes ·across both apical and basolateral membranes. 

Sodium transport across the apical membrane was determined using the EVOMX 

( epithelial tissiie volt/ohm meter) with a pair of STX2 chopstick electrodes (World 

Precision Instruments, Sarasota, FL.) After 5-6 days in culture, cells became confluent 

and steady resistance measurements (-2000cm2
) were achieved indicating tight junction 

formation allowing for sodium flux across the apical membrane. On the day of the 

experiment, culture medium was removed from both apical and basolateral compartments 

and replaced with DMEM/F12 medium without FBS and allowed to equilibrate for 

30min at room temperature. After equilibration, various concentrations of ET receptor 

antagonists or NOS inhibitors were added and further incubated for 30rnin. Following 

the pretreatment with inhibitors, ET-1 at various concentrations was added to the wells 

and resistance measured over a 1 0min time. period. Resistance values before and after 

treatment were recorded and data are presented as a percentage of pretreatment values. 

Positive control measurements were performed by treating with the epithelial sodium 

channel inhibitor, arniloride (40µM). Additional experiments were performed using 

sodium-free buffer that contained 145rnM N-methyl-D-glucarnine in order to maintain 
' 

isotonicity of the buffer. 
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Materials. Wheat germ agglutinin scintillation proximity assay (SPA) beads 

were purchased from Amersham Life Sciences. [1251] ET-I (2200Ci/mmol) was obtained 

from New England Nuclear (Boston, MA) and [1251] ET-3 (2000Ci/mmol) was acquired 

from Amersham Life Sciences. [2,3,5-3H]arginine-monohydochloride (40Ci/mmol) was 

' 
purchased from Amersham Life Sciences. ET-1 and ET-3 were purchased from 

American Peptide (Sunnyvale, CA). A-127722, (trans-trans-2-(4-methoxyphenyl)-4-

(1,3-benzodioxol-5-yl)-1-([N ,N-dibuty !amino ]carbonylmethy l)pyrrolidine-3-carboxy late 

and A-192621,[2R-(2a,3 ~,4a)]-4-(1,3-benzodioxol-5-yl)- l-[2[(2,6diethylphenyl)arnino ]-

2-oxoethyl]-2-( 4-propoxyphenyl)-3-pyrrolidinecarboxy lic acid were obtained from Dr. 

Jerry Wessale at Abbott Laboratories (Abbott Park, IL). PMSF, pepstatin A, bacitracin, 

L-NAME, and L-NNA were purchased from Sigma Chemical (St. Louis, MO). VNIO 

and 1400W were obtained from Cayman Chemicals. Anti-NOS!, anti-NOS2 and anti

NOS3 antibodies were purchased from Transduction Labs. All other agents were 

acquired from Bio-Rad Laboratories (Hercules, CA). 

Data and Statistical Analysis. All receptor binding data were analyzed by 

nonlinear regression using the one-site model of the binding isotherm except for the 

Scatchard analysis of [125l]ET-1 binding in inner medulla of sl/sl animals in which a two

site model was utilized (Prism, GraphPad Software, San Diego, CA). Statistical 

differences in the mean values for all other measurements were determined by analysis of 

variance (ANOVA) and Fisher's protected least-significant differences post hoc test was 

used to determine differences between individual means (StatView, Abacus concepts 
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Inc., Berkley, CA). Values are reported as means± SE, with *p < 0.05 considered 

significant. 
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RESULTS 

Receptor Binding Experiments. 

Saturation Binding of [125l]ET-l in Renal Tissue. Total and nonspecific 
' 

binding was determined for [125I]ET-1 · over a wide range of renal cortical, outer 

medullary, and inner medullary membrane protein concentrations. Maximum binding for 

s//+ and sllsl cortex- and outer medulla preparations was achieved at 20 µg while only 5 

µg was need for maximum binding in the inner medulla. Maximum binding of [125I]ET-3 

in the inner medulla required only 0.5 µg for maximum binding. Figure 2 illustrates 

saturation binding curves of cortex (20 µg), outer medulla (20 µg) or inner medulla ( 5 

µg) of membrane preparations from sl/+ or sl/sl rats incubated with [125!] ET-I (lnM). 

Specific binding of ET-I was similar and saturable in both the renal cortex (Figure 2, 

panel A) and renal outer medulla (Figure 2, panel B) of sl/+ ET 8 receptor deficient rats. 

Additionally, ET-I binding in cortex and outer medullary preparations from sllsl rats was 

less than half that observed in sl/+ rats. Specific binding of ET-I in the inner medulla 

was 8-fold higher in both sl/sl and sl/+ rats compared to the cortex and outer medulla. 
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Figure 2: Saturation binding curves were perfonned using [1251] ET-1 incubated with 20mg of membrane preparations from s/1+ (filled squares) 
or sUs/ (unfilled squares) ET0 receptor deficient rat rcnaJ cortex (panel A), outer medulla (panel B, n'=4-6 animals per group) or 5mg of inner 
medulla membrane preparations (panel C, n=3 animals per group). Values are means of nonspecific binding subtracted from total binding:!: SE. 

Scatchard Analysis of [125l]ET-1 Saturation Binding Curves. In order to 

visualize Bmax and Kd differences between sll+ and sllsl animals, scatchard analyses 

was performed on nonlinear regression results from [125I]ET-l saturation binding curves. 

Scatchard analysis from both sl/+ and sllsl renal cortex and outer medulla were linear 

revealing a one-site model of receptor binding, which was expected. Figure 3 depicts 

Scatchard plots of inner medullary saturation binding curves of radiolabeled ET-1. Panel 

A shows inner medullary binding results from the sll+ rat that is linear, indicating a 

single binding site. However, the Scatchard plot of [125I]ET-l for inner medullary tissue 

from sl/sl rats (panel B) reveals a two-site model of receptor binding each with a distinct 

dissociation constant. There appears to be one site that has very high affinity (0.08 ± 
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0.03 nM), but relatively few binding sites (14.2 ± 2.8 finol/mg protein) while the other 

has lower affinity (5.72 :i: 0.79 nM) but is greater in abundance (347.5 ± 25.4 finol/mg 

protein). 

Figure3 
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Figure 3: Scatchard analysis of s/1+ (panel A, filled squares) and sl/sl (panel B, unfilled squares) inner medulla [1251] ET-1 
binding curve results. 

Saturation Binding of [125l]ET-3 in Renal Tissue. Figure 4 represents 

saturation binding curves using [125I]ET-3 incubated with either renal cortex (panel A), 

renal outer medullary (panel B), or renal inner medullary (panel C) membrane 

preparations. Specific binding of [125I]ET-3 was similar and saturable in the cortex and 
I 

outer medulla of the sl/+ ETa deficient rats. The inner medulla of the sll+ ET a deficient 

rat exhibited an almost I 0-fold greater binding of [125I]ET-3 as compared to the cortex 

and outer medulla indicating a greater number of ET B receptors in this renal section. 

I 
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Predictably, there was no detectable [125l]ET-3 specific binding in the renal cortex and 

outer medulla from sllsl ETa deficient rats. However, within the renal inner medulla of 

the sllsl ET a deficient rat, there was an unexpected [125l]ET-3 binding. 

Figure4 
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Figure 4: Saturation binding curves were perfolliled using ['2'1] ET-3 incubated with 20mg of membrane preparations from sV+ (filled squares) 
or sllsl (unfilled squares) ET6 receptor deficient rat renal cortex {panel A), outer meduJla (panel B, n=4-6 anima1s per group) or 0.5mg of inner 
medulla membrane preparations (panel C, n:::3 animals per group). Values are means of nonspecific binding subtracted from total binding± SE. 

Bmax and Kd Values, ET-I binds both ETA and ETa receptors and ET-3 is 

selective for ETa receptors at lo~ concentrations. Bmax values for [1251] ET-3 binding 

were subtracted from [1251] ET-I Bmax values to determine ETA receptor number in each 

of the renal sections from sll+ and sllsl ET 8 deficient rats. [1251] ET-3 receptor binding 

was used to determine ET 8 receptor number. Figure 5 represents Bmax values from renal 

cortical (panel A), outer medullary (panel B), and inner medullary (panel C) tissue from 

both sll+ and sl/sl membrane preparations. ET A receptor number was significantly lower 
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(p<0.001) in sl/sl cortical (19.95 ± 0.61 fmol/mg protein) and outer medullary (23.75 ± 

0.36 fmol/mg protein) membrane preparations compared to the sl/+ cortex (33.40 ± 1.20 

fmol/mg protein) and outer medulla (41.49 ± 1.30 fmol/mg protein) preparations. 

Additionally, there were no detectable ET a receptors in the s//s/ cortex or outer medulla 

' ETA receptor number was not significan)ly different in the inner. medulla between sl/+ 

and s//sl animals (60.20 ± 39.89 and 76.00 ± 50.31 fmol/mg protein, respectively). There 

was a significantly (p<0.05) lower number of ET a receptors in the s//s/ inner medulla 

(211.50 ± 25.36 fmol/mg protein) as compared to the s//+ inner medulla (309.40 ± 26.58 

fmol/mg protein) however, the observation that significant [125I]ET-3 binding was 

detected in the inner medulla of s//sl ET B receptor deficient rats was surprising. 

Figure 5 
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Figure 5: Since the ET 8 receptor has similar affinity for both ET-1 and ET-3, while ETA receptors preferentially bind Ef-1, [1251] ET-3 
receptor binding was used to determine ET 8 receptor number. Bmax values for [1251] ET-3 binding were subtracted from [12SI] ET-1 Bmax 
values to detennine ET,.. receptor number. ET,.. receptor number (unfilled squares) and ET8 receptor number (filled squares) were calcuJated 
for sl/+ and sVsl renaJ cortex (panel A), outer medulla (panel B) and inner mcdu1la (panel C). Values represent the means± SE of Brnax 
calculations from 3-6 animals per group. Statistical analysis was performed using ANOVA with *p<0.05 considered significant 
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Bmax (fmol/mg) Kd(nM) 

Cortex (n = 4-6) Cortex (n = 4-6) 

sl!+ sl!sl sl!+ sl/sl 

ET-I 46.51 ± 1.20 19.95 ± 0.61 ET-I 0.42± 0.04 0.61 ±0.06 
• 

ET-3 13.11 ±0.24 Not detected ET-3 023 ± 0.04 Not detected 

Outer Medulla (n = 4-6) Outer Medulla (n = 4-6) 

sl!+ sllsl sl!+ sl!sl 

ET-I 46.25 ± 1.30 23.75 ± 0.36 ET-I 0.39 ± 0.02 0.95 ± 0.07 

ET-3 4.76 ± 0.60 Not detected ET-3 0.20± 0.06 Not detected 

Inner Medulla (n = 3) Inner Medulla (n = 3) 

sl/+ sl!sl sl!+ sl!sl 

ET-I 369.60 ± 39.89 • See below ET-I 0.51 ± 0.04 • See below 

ET-3 309.40 ± 26.58 211.50 ± 12.24 ET-3 0.57 ±0.07 0.62 ± 0.09 

• Two-Site Bmax I Bmax2 • Two-Site Kdl Kd2 

ET-I 14.20 ± 2.78 347.50 ± 25.36 ET-I 0.08 ± 0.03 5.72 ± 0.79 

Table I: Maximum binding (Bmax. fmol/mg) and dissociation constants (K0 , nM) of [ml]ET-1 and P"I]E"r-3 binding in membrane 
preparations from sY+ and sVsl ET8 deficient rairenal cortex, outer medulla and inner medulla. Values are means± SE (n=3-6 animals). 

Binding of [125I]ET-1 in Whole Kidney. Experiments also were performed to 

explore the possibility that the use of whole kidney homogenate may mask, or prevent the 

detection of ET-3 binding site in the inner medulla of sl/sl ET 8 deficient rats. Figure 6 

illustrates [ 125I]ET-1 specific binding using inner medulla and whole kidney membrane 

preparations from either sl/+ or sllsl ET 8 deficient rats. [125I]ET-1 specific binding in the 

inner medulla of sl+ ETa deficient rats was not significantly different compared to 

[
125I]ET-1 specific binding in the whole kidney (1356 ± 200 and 1447 ± 354 cpm/µg 

protein, respectively). However, when inner medullary membrane preparations from sllsl 
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ET 8 deficient rats were incubated with [ 125I]ET-l, significantly more specific binding 

occurred compared to that ob,served in whole kidney membrane preparations (832 ± 74 

vs. 72 ± 38 c_pm/µg protein, respectively).' 
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Figure 6: Specific binding (cpm) of (IUJ]ET-1 to either 5mg of inner medullary membrane preparations (n=J animals per group) or 90mg 
of whole kidney membrane preparations (n=3 animals per group) from sll+ and sllsl ET8 deficient rats. Values arc means of nonspecific 
binding subtracted from total binding :I: SE. Statistical analysis was performed using ANOVA with •p<0.05 considered significant. 

Competition Binding Curves with Selective ETA and ETs Receptor 

An(agon_ists. Competitive binding experiments were conducted to ascertain whether the 

novel ET-3 binding in the sl/sl inner medulla could be inhibited by ETA or ETs receptor 

antagonists. Competition binding curves were generated using various concentrations of 

the ETA receptor selective antagonist, A-127722, the ETs receptor selective antagonist, 

A-192621, or unlabeled ET-1 (Figure 7 and Table II). Results previously reported using 

Chinese hamster ovary cells stably transfected with either the ETA or ET B receptor report 

ICso values using Al27722 as 0.09nM for the ETA receptor and 128nM for the ETs 
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receptor while the ICso ofET-1 for the ETA receptor is 0.28nM and 0.14nM for the ET a 

receptor (Wu-Wong, 1998). In addition, it has been reported that the ETa receptor 

selective antagonist has an ICso of 1.l0µM for the ETA receptor and 0.7nM for ETa 

receptor (Wu-Wong, 1998). Thus, in sll+ inner medullary membrane preparations 

(Figure 7, panel A), ET-1 was found to have the highest affinity, (ICso 0.16 ± 0.24 nM) 

followed by the ETa receptor antagonist, A-192621 (ICso 0.12 ± 0.05 µM) while A-

127722, the ETA receptor antagonist, had the lowest affinity (ICso 7.3 ± 0.11 µM). 

However, competition binding curves performed on inner medullary membrane 

preparations from sllsl rats were quite different (Figure 7, panel B). The ETa receptor 

antagonist, A192621, displaced the [125I]ET-1 with similar concentrations in the sllsl rats 

(IC50 0.11 ± 0.15 µM) as it did in the sl/+ animals. ET-1 was able to compete for binding 

sites with an IC5o 1.8 ± 0.14 nM and interestingly, the ETA receptor antagonist was 

extremely potent with an ICso of 1.2 ± 0.15 pM. Additional competition binding 

experiments performed on Sprague-Dawley inner medullary tissue preparations revealed 

that the IC5o for ET-1 was 0.18 ± 0.16 nM, similar to that of the sl/+ rat. The ET8 

receptor antagonist was next highest in affinity for the receptor (ICso 0.10 ± 0.04 µM), 

again similar to results from the sl/+ rat, while the ETA receptor antagonist had the least 

affinity of the three ligands with an ICso value of 20. 7 ± 0.69 µM (Table II). Taken 

together, results from the saturation binding curves suggest that there is an ET-3 binding 

site in the inner medulla of sl/sl rats and that competition binding curves suggest that this 

site binds the ET A receptor antagonist with very high affinity. 
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Figure 7 
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Figure 7: Competition binding curves were generated from sll+ (panel A) and sllsl (panel B) ET 8 deficient inner medullary membrane 
preparations (5mg) incubated with [1:lSI]ET-1 along with various concentrations of either ET- I (unfilled squares), the ET,.. receptor 
antagonist, A-127722 (filled squares), or the ET8 receptor antagonist. A-192621 (filled circles). Values represent the mean± SE 

(nc=J animals). · 

IC50 values of ET receptor ligands against ['25I]ET-l 
binding to inner medullary preparations 

Sprague-Dawley s/1+ sl/sl 

ET-I 0.18 ± 0.16 nM 0. 16 ± 0.24 nM 1.77 ± 0.14 nM** 

Al27722 20.79 ± 0.69 µM 7.31 ±0.11 µM* 1.22 ± 0.15 pM** 

Al92621 0.10 ± 0.04 µM 0.12 ± 0.05 µM 0.11 ± 0.15 µM 

Table 11: IC50 values of ET receptor ligands against [125I]ET-l binding to inner medullary preparations from s/1+, sl/sl and Sprague-Dawley 
rats calculated from competition binding curves. Values represent n=3 animals per group. Statistical analysis was perfonned using 
one-way ANOVA with •p<0.05 and .. p<0.001 comparing values from Sprague-Dawley controls sll+ and sllsl animals. 
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Salt Diet Studies. 

Dietary and Gender Differences in Metabolic Cage Measurements. Results 

from male and female rats placed in metabolic cages for 24hrs are shown in Table III. All 

animals used in the study were between 8 to 12 weeks of age. Body weights of male s/1+ 

and s//sl animals on NS and HS were higher than that of female sll+ and sl/sl animals on 

either NS or HS. Since male animals had higher body weights, they also had higher food 

and water intake than female rats on either NS or HS diet, though all groups had higher 

water intake and urine output as a result of the HS. Urinary chloride excretion was 

increased and urinary potassium was decreased in all groups exposed to HS compared to 

NS. 

Males Females 
s/1+ sllsl sf/+ sl/sl 

Body Weight (g) 
NS 291.0±3.9 245.2±4.3 193.9±2.8' 183.3±3.0' 
HS 343.9±4.8 304.1±8.8 217.3±4.4' 206.0±3.6' 

Food Intake (g/d) 
NS 22.7±0.6 22.8±0.5 17.4±0.6' 18.3±0.7' 
HS 20.6±0.7 18.5±1.9 15.9±1.4' 16.2±1.4' 

Water Intake (rnl/d) 
NS 37.0±1.8 34.8±1.0 28.1±1.6' 32.4±1.2 
HS 128.0±5.31 116.5±1 J.91 81.5±7.31' 101.7±4.51 

Urine Volume (ml/d) 
NS 16.3±1.1 17.0±1.1 15.5±1.4 17.8±1.1 
HS 108.2±4.61 105.0±8.91 66.7±6.9" 85.1±3.5" 

Sodium Excretion (mEq/d) 
NS 1.4±0.1 1.3±0.1 1.0±0.1 1.0±0.1 
HS 34.1±1.01 25.9±2.61 20.8±1.81' 20.1±0.9" 

Potassium Excretion (mEq/d) 
NS 5.3±0.2 5.4±0.3 4.7±0.1 4.9±0.2 
HS 3.6±0.11 2.8±0.11 2.7±0.11 2.5±0.lt 

Chloride Excretion (mEq/d) 
NS 2.3±0.1 2.4±0.1 1.9±0.1 2.0±0.1 
HS 35.2±1.01 26.8±2.6' 22.3±1.71 20.9±0.9t 

Creatinine Excretion (mg/d) 
NS 16.3±0.7 14.6±0.9 12.2±0.5 12.4±0.4 
HS 12.8±0.5 I 1.2±0.6 10.5±0.2 8.6±0.5t 

Table Ill: Body weight, food intake, water intake, urine vol Wile, sodium excretion, potassium excretion., chloride excretion, and creatinine 
excretion from male and female sl!+ and s/1s/ ET8 receptor deficient animals on either nonnal salt or high salt diet for 3 weeks. Values are 
means:= SE (n= 8-13 animals per group) where• p<0.05 comparing genotype, fp<0.05 comparing salt diet. and# p<0.05 comparing gender are 
considered significant 
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ET 8 Receptor Deficiency, Dietary, and Gender Differences in Systolic Arterial 

Pressure. As shown in Figure 8, systolic arterial pressure as measured by the tail cuff 

method was significantly greater in male sllsl rats on NS diet compared to male sl/+ rats 

on NS diet (141 ± 5 vs. 130 ± 2 mmHg, respectively) similar to previous studies by 

Gariepy et al. (2000). There was no significant difference in systolic arterial pressure 

between female s//+ and sl/sl animals on NS diet or between males and females of the 

same genotype on NS diet. When placed on a HS diet, both groups of male sll+ and sllsl 

animals had significantly higher systolic arterial pressures ( 151 ± 4 and 162 ± 3 mmHg, 

respectively) compared to male animals on NS with the male sl/sl animals on HS having 

significantly higher pressures than male sll+ rats. Under NS conditions, female s//+ rats 

had systolic arterial pressure similar to male sll+ rats. When female sl/+ animals were 

placed on a HS diet, systolic arterial pressure rose slightly but was not significantly 

different than NS values (138 ± 4 mmHg) though when compared to males//+ rats on HS 

the females had pressure measurements significantly lower compared to males//+ animals 

on HS. The female sllsl animals, however, became severely hypertensive when given HS 

for three weeks and had significantly higher systolic arterial pressures (185 ± 6 mmHg) 

not only compared to the female sll+ on HS but male sl/sl animals on a HS diet as well. 
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Figure 8: Systolic blood pressures as measured by the tail cuff method. Male and female sV+ (filled bars) and sl's/ (unfilled bars) ET8 
receptor deficient rats were placed on nonnal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means:: SE (n~-15 animals 
per group) where 'p<0.05 comparing genotype, fp<0.05 comparing salt diet,. and #p<0.05 comparing gender are considered significant. 

ETn Receptor Deficiency and Dietary Differences in Urinary ET Excretion. 

As shown in Figure 9, urinary excretion of ET was not significantly different between 

male s//+ and sllsl animals on NS diet (0.62 ± 0.02 and 0.73 ± 0.07 fmol/day, 

respectively). There was a small but significant elevation in urinary ET excretion from 

female sllsl rats compared to female sl/+ rats on NS diet (0.68 ± 0.06 vs. 0.44 ± 0.04 

fmol/day, respectively). When rats were placed on a HS diet, all groups excreted 

significantly more ET compared to those on a NS diet, confirming previously published 

data from our laboratory that high salt diet is a stimulus for ET production (Pollock et al., 

2001; Sasser et al.; 2002). Under HS conditions, male sl/+ animals (2.06 ± 0.05 vs. 1.53 ± 
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0.12 fmol/day, respectively), and female sll+ rats had significantly higher levels of urinary 

ET levels compared to female sllsl rats (2.89 ± 0.07 vs. 1.57 ± 0.35 fmol/day, 

respectively). Thus, sl/sl animals were unable to increase renal ET production in response 

to a sodium load. 
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Figure 9: Urinary ET excretion as measured by radioimmunoassay. Male and femaJe sit+ (filled bars) and sl1s/ (unfilled bars) ET8 receptor 
deficient rats were placid on nonnal (0.4% NaCl) or high salt(I0¾ NaCl) for three 'Yeeks. Values are means± SE (n"°6-15 animals per 
group) where •p<0.05 comparing genotype, tp<0.05 comparing salt diet, and #p<0.05 comparing gender are considered significant. 

ETu Receptor Deficiency and Dietary Differences in Plasma ET 

Concentration. The increase in urinary ET excretion in animals on HS most likely is due 

to increased synthesis of renal tubular ET and not increased vascular ET production, 

because there is considerable evidence that plasma ET does not get excreted in urine. 

Even so, there was no significant difference in plasma ET levels comparing NS to HS 

treatments (Figure 10). However, there does appear to be a significant elevation in 
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circulating plasma ET levels due to the ET s receptor deficiency confirming previously 

published results (Gariepy et al., 2000). Under NS conditions, male sl/sl rats had higher 

plasma ET levels than sll+ rats (4.97 ± 1.3 vs. 0.66 ± 0.01 pg/ml, respectively) and this 

same pattern was found in the female sl/sl and sl/+ animals (5.56 ± 1.2 and 0.60 ± 0.10 

pg/ml, respectively). When the animals were placed on HS diet, plasma ET levels not 

different from those found under NS conditions, with male and female sllsl animals 

having significantly higher circulating ET (3.10 ± 0.40 and 4.78 ± 0.30 pg/ml, 

respectively) compared to their male and female sl/+ counterparts (0.91 ± 0.10 and 0.85 ± 

0.39 pg/ml, respectively). Interestingly, female sl/sl animals on HS had significantly 

higher plasma ET concentrations compared to all other groups (p=0.029). 
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Figure 10: Plasma ET concentration as measured by ELISA. Male and female sl!+ (filled bars) and sVsl (unfilled bars) ET 8 receptor deficient 
rats were placed on normal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means± SE (n=3-6 animals per group) where 
*p<0.05 comparing genotype, tp<0.05 comparing sa1t diet, and #p<0.05 comparing gender are considered significant. 
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Dietary Differences in Urinary NOx Excretion. Urinary excretion of NO 

metabolites nitrite/nitrate (NOx), measured by chemiluminescence, is shown in Figure 11. 

Urinary NOx excretion is complex, representing the contributions from glomerular 

filtration of serum NOx, tubular handling, and de novo intrarenal NO synthesis (Roczniak 

et al., 1998). When male sll+ and sllsl rats were given a NS diet, there were no significant 

differences in NOx excretion between the two genotypes (9.6 ± 1.2 and 9.6 ± 0.9 µM/day, 

respectively). On a NS diet, female sll+ animals excreted significantly less NOx, not only 

compared to sl/sl animals (5.4 ± 0.5 and 9.4 c 1.0 µM/day, respectively) but also 

compared to the males. When all groups were given HS, urinary NOx excretion was 

approximately 100-fold less, in the nanomolar range, compared to the NS micromolar 

values. There were no significant gender or genotype differences in NOx excretion in 

response to a'HS diet. Male sl/+ and sl/sl rats excreted 0.02 ± 0.008 and 0.003 ± 0.002 

µM/day of NOx, respectively, while female sll+ and sllsl excreted similar amounts of 

NOx in their urine (0.02 ± 0.01 and 0.007 ± .0.002 µM/day, respectively). 
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Figure 11: Urinary NOx excretion as measured by chemiluminescence. Male and female sll+ (filled bars) and .sl/sl (unfilled bars) ET8 
receptor deficient rats were placed on nonnal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means± SE (n=4-14 
animals per group) where •p<0.05 comparing genotype, tp<0.05 comparing sa1t diet. and #p<0.05 comparing gender are considered 
significant 

ET8 Receptor Deficiency, Dietary and Gender Differences in Plasma NOx 

Concentration. Plasma levels of NO metabolites (NOx), measured by 

chemiluminescence, are thought to be an indicator of systemic nitrite/nitrate production 

and results are illustrated in Figure 12. Plasma NOx concentrations did not have the same 

pattern as urinary NOx excretion in that-under NS conditions, female sl/sl rats had 

significantly higher NOx levels compared to sl/+ rats (18.3 ± 2.9 vs. 9.7 ± 1.3 µM, 

respectively) though they were not different from male sl/+ and sllsl animals (13.1 ± 0.7 

and 17.1 ± 1.6 µM, respectively). When female animals were placed on a HS diet, plasma 

NOx concentrations were not different from NS values though sl/sl rats were still 
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significantly higher than s//+ rats (17.4 ± 1.3 vs. 11.1 ± 0.9 µM, respectively). Male sl/+ 

and sl/sl animals on a HS diet had significantly less plasma NOx levels compared to NS 

(9.2 ± 0.8 and 12.1 ± 0.7 µM, respectively). 

Figure 12 ■sll+ 

~ 
Normal Salt High Salt Dsllsl i 25 

* = = :;: 20 * #* .. .. -= " " = 15 
= u 
>'! 
0 10 :z .. 
5 ., .. 

5 ii::: 

0 

Males Females Males Females 

Figure 12: Plasma NOx concentration as ·measured by chemiluminescence. Male an~ female sll+ (filled bars) and slls/ (unfilled bars} ET 8 
receptor deficient rats were placed on normal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means:!: SE (n=4-8 animals 
per group) where •p<0.05 comparing genotype, tp<0.05 comparing salt diet, and #p<0.05 comparing gender are considered significant 

Urinary Cyclic GMP Excretion. Urinary cGMP excretion, measured by 

radioimmunoassay, is shown in Figure 13. There were no significant differences when 

comparing genotype, salt diet, or gender. 
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Figure 13: Urinary cyclic GMP excretion as measured by radioimmunoassay. MaJe and femaJe slf-1 (filled bars) and sl!sl (unfilled bars) ET8 
receptor deficient rats were placed on nonnal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Va1ues are means± SE (n=4-15 animals 
per group) where •p<0.05 comparing genotype, tp<0.05 comparing salt diet, and #P:-0.05 comparing gender are considered significant 

ETBReceptor Deficiency and Dietary Differences in Urinary 8-Isoprostane 

Excretion. Excretion of urinary 8-isoprostane is a marker of oxidative stress and results 

are shown in Figure 14. Under NS conditions, male sl/+ and sllsl rats excreted similar 

amounts of 8-isoprostane (54.4 ± 4.0 and 54.2 ± 7.1 pg/day, respectively). Surprisingly, 

on NS female sll+ rats excreted significantly higher amounts of 8-isoprostane compared to 

female sl/sl rats (67.6 ± 3.1 vs. 53.1 ± 4.2 pg/day, respectively) and also in comparison to 

male rats. When placed on HS, females had significant reductions in urinary 8-

isoprostane excretion compared to NS levels (female sll+, 33.9 ± 6.7; female sl/sl, 20.8 ± 

2.3 pg/day, respectively), while male sl/+ animals excreted significantly higher amounts 
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of 8-isoprostane compared to male sllsl rats (male sl/+, 52.9 ± 7.8; male sl/sl, 30.1 ± 3.0 

pg/day, respectively). 
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Figure 14: Urinary 8-isoprostane excretion as measured by ELISA. Male and female sll+ (filled bars) and sVsl (unfilled bars) ET0 receptor 
deficient rats were placed on nonnal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means:SE (n=2-15 animals per 
group) where •p<0.05 comparing genotype, tp<0.05 comparing salt diet, and #p<0.05 comparing gender are considered significant 

Plasma 8-Isoprostane Concentrations. 8-Isoprostane is a marker of oxidative 

· stress, and plasma levels may reflect systemic production (Figure 15). On a NS diet, male 

sl/sl rats had significantly higher levels of plasma 8-isoprostane compared to sl/+ rats 

(48.1 ± 8.7 vs. 23.8 ± 1.1 pg/ml, respectively). There was a trend for higher amounts of 

plasma 8-isoprostane in female sl/sl animals compared to sl/+ animals; however, the 

variability made this comparison nonsignificant (148.7 ± 56.8 vs. 43.8 ± 5.9 pg/ml, 

respectively). When placed on a HS diet, there were no significant differences comparing 
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genotype, salt or gender (male sll+, 38.2 ± 4.3; male sl/sl, 49.7 ± 10.7; female sl/+, 49.7 ± 

6.2; female sl/sl, 57.9 ± 5.9 pg/ml).'. 
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Figure 15: Plasma 8-isoprostane concentration as measured by ELISA. Male and female sV+ (filled bars) and slis/ (unfilled bars) ET8 
receptor deficient ra1s were placed on normal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means :1:: SE (n=3-7 animals 
per group) where *p<0.05 comparing genotype, tp<0.05 comparing salt diet. and #p<0.05 comparing gender are considered significant 

ETs Receptor Deficiency, Dietary and Gender Differences in Protein 

Excretion. Results of urinary protein excretion are shown in Figure 16. Under NS 

conditions, male sll+ and sl/sl rats excreted significantly more protein (0.20 ± 0.01 and 

0.19 ± 0.01 mg/day, respectively) compared to female sll+ and sllsl animals (0.07 ± 0.003 

and 0.08 ± 0.006 mg/day, respectively) indicating that males are more susceptible to 

proteinuria and renal injury than females. When animals were placed on a HS diet, all 

groups excreted more protein in the urine, however, male and female sl/sl animals for the 
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ETB receptor excreted significantly greater amounts (1.05 ± 0.22 and 0.86 ± 0.27 mg/day, 

respectively) compared to male and female sl/+ animals (0.45 ± 0.07 and 0.56 ± 0.06 

mg/day, respectively). 

Figure 16 ■sll+ 
Normal Salt High Salt Osllsl 

~ 1.25 .. 
*t ?i, 

! 1 

*t = 0 

i 
il 0.75 
~ 
= -~ 
" .... 

0.5 0 .. 
~ 

to .. = 0.25 ·;: 
;:i 

0 

Males Females Males Females 

Figure 16: Urinary protein excretion as measured by Bradford method. Ma1e and female sl/+ (filled bars) and sllsl (unfilled bars) ET 
8 

receptor deficient rats were placed on normal (0.4% NaCl) or high salt (10% NaCl) for three weeks. Values are means± SE (n=3-12 animals 
per group) where •p<0.05 comparing genotype, fp<0.05 comparing salt diet. and #p<0.05 comparing gender are considered significant 

ETe Receptor Deficiency, Dietary and Gender Differences in Sodium 

Excretion. Urinary sodium excretion results are illustrated in Figures 17 and 18. When 

plotted as an absolute concentration of milliequivalents per day (Figure 17), there are no 

significant differences when all groups are on a NS diet (-1.25 mEq/day). However, 

differences do emerge when animals are placed on HS. Not surprising, all animals excrete 

more sodium on the HS diet, though male sllsl rats excrete significantly Jess compared to 
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their sll+ counterpart (25.9 ± 2.6 vs. 34.l ± 1.0 mEq/day, respectively). Urinary sodium 

excretion in female rats was not significantly different when they were placed on a HS diet 

(s//+, 21.8 ± 1.8; sllsl, 20.0 ± 0.9 mEq/day). Additionally, gender differences were 

detected comparing sll+ animals on a HS diet. 
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Figure 17: Urinruy sodium excretion as measured by an ion-sensitive electrode. Ma1e and female s/1+ (filled bars) and sllsl (unfilled bars) 
ET8 receptor deficient rats were placed on nonnal (().4% 1:laCI) or high salt (10% NaCl) for three weeks. Values are means± SE (n""'l0-14 
animals per group)where •p<0.05 comparing genotype, tp<0.05 comparing salt diet. and #p<0.05 comparing gender are considered 
significant. · 

Creatinine excretion is frequently used to estimate glomerular filtration rate (GFR), 

an index of renal function. Creatinine is formed from muscle creatine and is released into 

the blood at a fairly constant rate then enters the tubule by filtration with only a small 

portion of creatinine being secreted (Vander, 1995). Figure 18 illustrates the results of 

urinary sodium excretion plotted as a function of creatinine clearance or milliequivalents 
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of sodium per milligram creatinine. Under NS conditions, all groups excreted similar 

amounts of sodium per milligram creatinine. On HS, all groups had significantly higher 

amounts of sodium in the urine however the pattern is different than that seen when just 

plotting sodium excretion (Figure 17). Animals with functional ET a receptors excreted 

significantly more sodium compared to ETe deficient animals (male s//+, 2.82 ± 0.18; 
' 

females//+, 5.24 ± 0.25; vs. male s//sl,"2.08 ± 0.18; female sl/sl,_ 3.74 ± 0.35 mEq/mg 

creatinine). In addition, females on HS excreted significantly more sodium compared to 

males on HS. 

Figure 18 
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Figure 18: Urinary sodium excretion as measured b}
1
an ion•sensitive electrode and expressed as per mg creatinine clearance. Male and 

female sll+ (filled bars) and sVsl (unfilled bars) ET8-receptordeficient rats were placed on nonnal (0.4% NaCl} or high salt (10% NaCl) for 
three weeks. Values are means± SE (tF'I0-14 animals per group) where •p<0.05 comparing genotype, tp<0.05 comparing salt diet, and 
#p<0.05 comparing gender are considered significant 
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ETn Receptor Deficiency, Dietary and Gender Differences in Total NOS 

Activity and Specific Isoform Contributions to Total NOS Activity. NOS activity was 

determined in IM tissue by the conversion of [3H]L-arginine to [3H]L-citrulline in the 

presence of excess cofact~rs and various NOS isoform selective inhibitors. Total NOS 

activity is defined as th~ conversion of [3H]L-arginine to [3H]L-citrulline that is inhibited 

by LNNA (lmM), a nonselective NOS inhibitor. NOS 1 specific activity was determined 

by inhibition of NOS activity with VNIO (lµM), a NOSl specific inhibitor, the 

contribution ofNOS2 specific activity is defined as the inhibition of NOS activity in the 

presence of 1400W (1 OOnM), a NOS2 specific inhibitor, and the contribution of NOS3 is 

determined by subtracting the relative contributions of NOS! plus NOS2 from the total 

NOS activity that is inhibited by LNNA (lmM). In addition, IM tissue was separated into 

cytosolic and particulate fractions as an initial assessment of cellular localiz.ation of NOS 

isoforms. Figure 19 ilhistrates·total NOS activity from male and Figure 20 illustrates total 

NOS activity from female animals, while the contributions ofNOSl and NOS3 isoforms 

to total NOS activity in males is shown in Figure 21 and in females is shown in Figure 22. 

The cytosolic fraction isolated from female sl/+ animals on NS had the highest amount of 

total NOS activity (223.3 ± 21.8 pmol/mg protein/30min), with NOSl and NOS3 activity 

accounting for the majority of the activity (92.5. ± 12.8 and 107.2 ± 9.5 pmol/mg 

protein/30min, respectively). Total cytosolic NOS activity from female sl/sl animals on 

NS was significantly less than the sll+ counterpart (153.6 ± 15.0 pmol/mg protein/30min), 

with less NOS! and NOS3 contributions (68.0 ± 8.6 and 66.7 ± 8.5 pmol/mg 
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protein/30min, respectively). On NS, male sllsl animals had significantly less total NOS 

activity in the cytosol (76.3 ± 16.8 pmol/mg protein/30min) compared to male sl/+ rats 

(153.1 ± 12.0 pmol/mg protein/30min). The contribution ofNOSl and NOS3 activity was 

proportionally the same in both strains of male rats on NS. Under NS conditions, no 

significant differences :,vere detected due to gender or ET s receptor deficiency in total 

NOS activity or relatiye NOS isoform contributions in the particulate fractions. 

When rats were given HS, total cytosolic NOS activity was decreased significantly 

in all groups (males sll+, 86.6 ± 20.5; males sllsl, 49.8 ± 7.2; females sV+, 114.2 ± 21.2; 

females sllsl, 60.2 ± 11.9 pmol/mg protein/30min). Both male and female sll+ rats were 

able to maintain cytosolic NOS3 activity under HS conditions (54.1 ± 14.7 and 79.57 ± 

20.6 pmol/mg protein/30min,respectively), however, it was a reduction in NOS 1 activity 

that Jed to the lower total cytosolic NOS activity (males sl/+, 31.8 ± 12.2; females sl/+, 

38.0 ± 9.7 pmo!/mg protein/30min). The decrease in total cytosolic NOS activity in male 

and female sVsl animals was due to a reduction in both NOS! (12.6 ± 3.2 and 20.3 ± 4.5 

pmo!/mg protein/30min, respectively) and NOS3 (26.2 ± 6.5 and 21.5 ± 10.9 pmol/mg 

protein/30min) specific activity. In the particulate fraction, total NOS activity in IM from 

male and female sll+ animals fed HS was significantly greater (105.5 ± 16.6 and 105.5 ± 

26.4 pmol/mg protein/30min, respectively) than that of male and female sl/sl animals 

(51.0 ± 9.8 and 38.9 ± 8.9 pmol/mg protein/30min, respectively). The contributions of 

NOS! and NOS3 to particulate NOS activity were not different between gender, though 

significantly reduced in animals lacking the ET s receptor (NOS I: males sll+, 44. 7 ± 6.3; 
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female sll+, 48.5 ± 13.3; males sllsl, 13.8 ± 3.9; females sllsl, 12.8 ± 5.6; and NOS3: 

males sll+, 29.13 ± 19.0; females sll+, 45.6 ± 15.5; males sl/sl, 13.9 ± 10.4; females sllsl, 

11.0 ± 8.8 pmol/mg protein/30min). There were no significant differences in cytosolic or 

particulate NOS2 specific activity in any of the groups. 
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Figure 19: Total NOS activity as measured by convcr.iion orPHJL-WBininc to [3HJcitrullinc in renal inner medulla cytosolic and panicufo.tc 
fractions from male sl/+ nnd s/1sl ET13 i-cccptor deficient rats that were plll.CCd on normal (0.4% NaCl. unfilled b:us) OT high slllt ( 10% NaCl 
fill,;d b:irs) for three weeks, Values lll'C means (n-6-8 ~ group) .I:: SE where •p<0,05 comparing genotype, tp<O.OS comparing salt diet. and 
lllp<O.OS comparing gender w-c: considered significanL 
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Figure 20: Total NOS activity as measured by conversion of [3H]L-arginine to [JH]citrullinc in renal inner medulla cytosolic and paniculate 
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Figure 21 
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Figure 21: NOS t and NOS3 specific activity as measured by conversion of['H]L-arginine to (3H]citmlline in renal inner medulla cytosolic 
and particulate fractions from male s/1+ and sllsl ET 8 receptor deficient rats that were placed on normal (0.4% NaCl, unfilled bars) or high 
salt (10% NaCl filled bars) for three weeks. Values arc means (n=6-8 animals per group)± SE where •p<0.0S comparing genotype, tp<0.05 
comparing salt diet. and #p<0.05 comparing gender are considered significant. 
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Figure 22: NOSI and NOS3 specific activity as measured by conversion of PH]L-arginine to [lH]citrulline in renal inner medulla cytosolic 
and particulate fractions from female s/1+ ands/is/ ET8 receptor deficient rats that were placed on normal (0.4% NaCl. unfilled bars) or high 
salt (10% NaCl filled bars) for three weeks. Values are means (n-6-8 animals per group) ::1: SE where •p<0.05 comparing genotype, tp<0.0S 
comparing salt diet, and #p<0.05 comparing gender are considered significant. 
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ET8 Receptor Deficiency, Dietary and .Gender Differences in NOS Protein 

Expression. Western blot analysis was performed using cytosolic :md particulate fractions 

of renal homogenates. Densitometry and representative Western blots from male animals 

are illustrated in Figure 23 while results from females are shown in Figure 24. On a NS 

diet, male sl/sl rats exp~essed significantly more IM cytosolic NOSl protein compared to 

male sl/+ animals (2804 ± 59 vs. 1669 ± ·101 densitometric units, respectively). Under HS 

conditions, male sllsl rats had significantly less cytosolic NOS 1 (2249 ± 105 densitometric 

units) compared to NS, though expression was similar in male sll+ animals on HS when 

compared to NS (2278 ± 81 densitometric units). Particulate NOS! protein expression 

was undetectable in all groups. Cytosolic and particulate NOS3 protein expression from 

male sl/+ and sllsl rats were not different on both NS_ (sl/+: cytosol = 1151 ± 33, 

particulate= 1193 ± 66; sllsl: cytosol = 1199 ± 73, particulate= 1268 ± 115, densitometric 

units) and HS diets (s//+: cytosol = 1167 ± 35, particulate= 1145 ± 48; sl/sl: cytosol = 

i 198 ± 81, particulate = 1264 ± 42, densitometric units). On NS, female sl/sl had 

significantly higher cytosolic NOS! protein expression compared to female sl/+ animals 

(3655 ± 344 vs. 2173 ± 172 densitometric units, respectively). In female sl/sl rats, HS 

significantly reduced cytosolic NOS! expression (2123 ± 361 densitometric units), while 

NOSl expression in female sl/+ rats was not different on NS (2373 ± 54 densitometric 

units). Particulate NOS 1 expression was undetectable. Cytosolic and particulate NOS3 

protein expression from female sl/+ and sl/sl rats were not different on both NS (s//+: 

cytosol = 1541 ± 119, particulate= 1473 ± 100; sl/sl: cytosol = 1408 ± 141, particulate= 
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1393 ± 176, densitometric; units) and HS diets (sll+: cytosol = 1324 ± 171, particulate= 

1557 ± 184; sllsl: cytosol = 1415 ± 240, particulate= 1116 ± 88, densitometric units). 
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Figure 23: Western blot analysis wing NOS l, NOS3 and actin specific antibodies end densitometry results from rennl inner medulla cy1osolic 
and particulate fractions from males//+ and sllsl ET a receptor deficient rats that were placed on nonnal (0.4% NaCl, unfilled bars) or high 
salt (10% NaCl filled bars) for three weeks (n-4-6 per group). Values are means :t: SE where •p<0.0S comparing genotype. tp<O.OS 
comparing salt diet, and #p<0.05 comparing gender are considered significant. 
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Cell Culture Experiments. 
,_ 

Cyclic GMP Production in Primary Inner Medullary Collecting Duct Cells. 

After six days in culture, primary IMCD cells became confluent and cyclic GMP 

pro~uction was assessed (Figure 25). Basal levels of cGMP were measured to be 454.6 ± 

92 pmol/mg protein. After ten minutes of stimulation with ET-I (lO0nM), cGMP levels 
' ' 

significantly increased 'to 156. 7 ± 12% of basal levels, and further increases in cGMP 

production were observed with an even higher concentration ofET-1 (lµM, 291.2 ± 53% 

of basal levels). When L-NAME (5mM), a nonselective NOS inhibitor was added to the 

cells, cGMP production was similar to basal conditions (96.3 ± 13% of basal levels). 

This result implies that NOS stimulation of soluble guanylyl cyclase may not be involved 

in the basal production of cGMP. Cyclic GMP can be produced in these cells, 

presumably through atrial natriuretic peptide stimulation of particulate guanylyl cyclase 

receptors. When primary IMCD cells were pretreated with L-NAME then stimulated 

with ET-1 (lO0nM), cGMP production tended to increase (227.8 ± 54% of basal levels, 

p=0.079). Treatment with the ETA receptor selective antagonist, A127722, significantly 

increased cGMP production (219.3 ± 30% of basal levels), though pretreatment with the 

A127722 followed by stimulation with ET-1 tended to increase cGMP production (151.2 

± 22% of basal levels) though this did not reach statistical significance (p=0.076). When 

cells were treated with the ET8 receptor selective antagonist, Al 92621, there tended to be 

an increase in cGMP production (168.0 ± 28% of basal levels, p=0.075); however, 

pretreatment with Al92621 followed by ET-1 application resulted in levels of cGMP 
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production similar to that of basal (89.9 ± 12% of basal levels). Interestingly, when cells 

were treated with an inhibitor of soluble guanylyl cyclase, ODQ, cGMP production was 

not different from basal (98.5 ± 19% of basal levels). Additionally, when calcium 

ionophore was added onto the cells, cGMP production was increased, though not 

significantly (282.4 ± q9% of basal levels). 

Figure 25 
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Figure 25: Cyclic GMP production {percent of basal) in primary lMCD cells from wild-type rats. Values are represented as mean ±SE of 
at least two wells per experiment (n=5 animals) and • P<0.05 are significant comparing percent change from basal values and tp<0.05 
comparing to ET (IOOnM). 

Transepithelial Resistance Measurements in Primary Inner Medullary 

Collecting Duct Cells. Transepithelial resistance in primary inner medullary collecting 

duct cells was assayed using "chopstick" electrodes that recorded ion transport across a 

semipermeable membrane (Figure 26). Once resistance readings were 300 Ohms x cm2 or 

higher, cells were deemed confluent and experiments were performed. Vehicle treated 
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wells exhibited little change in resistance readings (0.29 ± 0.20% of control). Control 

wells received amiloride ( 40µM) and the maximum increase in resistance observed was 

5.27 ± 0.63% of control readings. When ET-1 was added to the cells, a significant 

increase in resistance of2.66 ± 0.23% of control readings also was detected, indicating an 

inhibition of ion transport though it was roughly half of that observed with amiloride. 

When cells were treated with L-NAME (5mM), a nonspecific NOS inhibitor, resistance 
' 

readings significantly decreased (-3.50 ± _0.5% of control) compared to control indicating 

an increase in ion transport across the membrane. This increase in ion transport could not 

be reversed with either the addition ofET-1 (-3.81 ± 0.45% of control) or of amiloride 

(-3.23 ± 0.98% of control) indicating that there is a tonic inhibition of ion transport that 

works through the NOS system. When the ETA receptor selective antagonist, A127722, 

was added to the cells, there was no significant change in resistance measurements (-0.46 

± 0.22% of control) compared to baseline values, though when ET-1 followed by 

amiloride were added, resistance measurements increased (2.32 ± 0.35% and 3.58 ± 

0.49% of control, respectively). This suggests that either there are very few ETA 

receptors present on inner medullary collecting duct cells, or that inhibition of ion 

transport does not occur through the ETA r~ceptor: When the ETs receptor selective 

antagonist, A 192621, was added to the cells, resistance measurements were reduced 

significantly (-2.57 ± 0.47% of control) indicating an increase in ion transport which 

could not be reversed with ET-1 (-3.20 ± 0.45% of control) or with amiloride (-4.09 ± 

0.72% of control). This same pattern also was seen when a NOS! specific inhibitor, V

NIO, was-added to the cells (-1.76 ± 0.33% of control), however, the percent reduction in 

resistance measurements was not as great as that observed with L-NAME or A192621. 

There was no significant change in resistance measurements when the NOS2 specific 

inhibitor, 1400W, was added to the cells (0.25 ± 0.14% of control) and when ET-1 was 

next added there was a significant increase in resistance (2.53 ± 0.23% of control) which 

was increased further with the addition of amiloride ( 4.12 ± 0.41 % of control). 

Additional experiments were performed in a sodium-free buffer in order to insure the 
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resistance measurements we recorded was due to ion transport and not a measurement of 

tight junction formation. When isotonic sodium-free buffer was added to the transwells, 

resistance measurements fell to values lower to those of experimental transwells though 

higher than control transwells without cells. 
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Figure 26: Sodium transport assessed by transepithelial resistance in primruy IMCD cells from Sprague-Dawley rats Values are 
represented as a mean of at least two wells per experiment (n=4-IO experiments) •p<0.05 where different from zero. 
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DISCUSSION 

Evidence for Unique ET Receptor Binding in Kidneys of ETe Receptor 

Deficient Rats. Experiments were conducted to determine if any changes in ETA receptor 

binding in the kidney "".ould occur under conditions of ET a receptor deficiency that are 
. . 

associated with chronic elevations in circulating ET-1 levels. It was hypothesized that 

long term exposure to ET-1 would cause a down-regulation of ETA receptor expression. 

Indeed, results showed that ETA receptor binding was reduced significantly in renal tissue 

of sllsl compared to sl/+ rats. These observations are consistent with a compensatory 

change in ETA receptor expression when plasma levels of ET-1 are increased and ET a 

receptor function is lost. An unexpected observation was evidence for a novel ET-3 

. binding site in the renal inner medulla of ET a receptor deficient animals. 

Saturation binding curves using radiolabeled ET-1 reveal an expected decrease in 

overall ligand-receptor binding interactions in all three regions of kidneys from sl/sl 

compared to sll+ rats. Consistent with previous studies, Bmax values determined from 

ET-1 binding were approximately IO-fold greater in the inner medulla compared to the 

cortex and outer medulla of both sl/+ and sllsl rats, highlighting the abundance of ET 

receptors in this region (Jones et al., 1989). When the results from both the ET-1 and 

ET-3 saturation curves were plotted as a function of receptor number, the total amount of 

ET receptors was significantly greater in the inner medulla of both sll+ and sllsl animals 

as compared to their respective cortex and outer medulla with the majority of receptors 

71 



representing the ET8 subtype. However, Bmax values were substantially lower in both 

sl/+ and sllsl rats compared to published values from Sprague-Dawley rats (Nambi et al., 

I 992). The reason for this difference may be related to methodology, but could be due to 

differences in rat strain that have yet to be discerned. 

Additional expepments were performed to compare previously published ET-1 

binding data using whole kidney homogenates with similar whole kidney preparations 

from sll+ and sl/sl rats (Gariepy et al., 1998). When sll+ whole kidney or inner medulla 

membranes were used, ligand-receptor binding was similar between the two preparations. 

However, the same experiment performed on sl/sl preparations indicates that significant 

ET-I binding occurs only when the inner medulla was separated from the cortex and 

outer medulla and that this binding is "diluted out" when included in a whole kidney 

preparation. This led to the examination of the nature of this binding site through 

competition binding curves using specific ETA and ET B receptor antagonists. Findings 

from competition binding curves using radiolabeled ET-I in sll+ inner medullary 

preparations indicated that the ET B receptor antagonist had less affinity compared to the 

natural ligand, ET- I, but more affinity for the receptor than the ETA receptor antagonist. 

However, within the sllsl inner medulla, the ETA. receptor antagonist had very high 

affinity, greater than either ET-1 or the ET B antagonist. 

The sl/sl animal is devoid of ET B receptor, apart from adrenergic tissue where its 

expression in these regions is essential for survival (Gariepy et al., 1996). Because 

plasma ET-1 levels are elevated, these animals have had to adapt to the loss of renal ET 8 
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receptor function in the face of high circulating ET-1. Consistent with the original 

hypothesis, the sllsl rat appears to down-regulate ET A receptors in renal cortical and outer 

medullary tissue. However, the situation in the renal inner medulla appears more 

complex. These studies provide evidence for the existence of a unique receptor that has 

the novel characteristic~ of having a high affinity for ET-3 that competes with an ETA 

receptor antagonist. It is only speculation at this point that this novel receptor represents 

some form of compensation for the lack of functional ETe receptors in this region of the 

kidney. More exhaustive biochemical studies will be needed to determine why this novel 

receptor has a different binding profile from the traditional ETA or ET e receptor. 

There is anecdotal evidence for the existence of a third class of ET receptors, 

named ETc. By definition, the ETc receptor has a rank order of affmity of endothelin-3 > 

endothelin-1 in radioligand binding and functional studies. In 1993, Kame et al. (1993) 

cloned an ETc -like receptor that has high affinity for ET-3 from Xenopus dermal 

melanophores. However, no ETc receptor has yet been cloned from mammalian sources 

(Kame et al., 1993). The possibility arises that the ET-3 binding site is unmasked in the 

renal inner medulla of the sl/sl ET e deficient animal and could be the mammalian 

counterpart to the ET c receptor found in Xenopus melanophores. In addition, Zeng and 

colleagues (1997) have cloned and characterized a novel endothelin receptor type-B-like 

gene enriched in the brain that encodes an endothelin receptor type-B-like protein. This 

could explain the ET-3 binding found in the inner medulla of the sl/sl animals. 
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Additionally, there is the possibility of a splice variant of this endothelin receptor type-B

like gene or even a splice variant of the ETA receptor. 

In recent years, evidence has accumulated supporting the notion of alternative 

splice variants of the ET8 receptor. Cheng et al. (1993) identified a splice variant of the 

ET8 receptor in rat brau:i. More recently, Nambi and colleagues (2000) demonstrated the 

existence of a splice variant of the ET a receptor in porcine cerebellum that differs in the 

last 32 amino acids of the C-terminal tail from that of the wild-type receptor but that 

binding and stimulation of inositol phosphate production are identical to that found in the 

wild-type. Radioligand binding data also indicated that the splice variant and the wild

type ET a receptor are· expressed at the same level· in the porcine brain. Additionally, 

Tsutsumi et al. (1999) provide evidence of a novel endothelin B receptor transcript that 

could potentially generate a new receptor. It should be noted that the dopamine-~

hydroxylase ETa receptor transgene was constructed using the ETa cDNA. That is, it 

does not contain ET a gene introns making splice variants from the transgene unlikely. 

The sllsl ET a deficient animal has a 301-bp deletion in the gene encoding for the 

first two membrane spanning regions of the receptor and this shortened transcript does 

not encode functional ET8 receptors (Gariepy et al., 1998). Normally, the part of the N

terminal domain that is in close proximity to the first transmembrane region is required 

for ligand binding. Through proteolytic truncation experiments, it has been shown that 

ET-1 binds to a 29 amino acid sequence in the N-terminal region of the ET a receptor near 

the first transmembrane spanning domain (Kivilighn et al., 1994; Tsutsumi et al., 1999). 
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Thus, one can speculate that ET-3 binding in the sl/sl_inner medulla must be to an ET-like 

receptor that contains an N-terminal region of 29 amino acids near the first 

transmembrane segment with high affinity for the peptide. Future studies will need to be 

completed to address whether this binding site has an alteration at the C-terminal region 

of the receptor. 

Gender Differences in the ET and NOS Systems in ETu Receptor Deficient 

Rats: Effects of a High Salt Diet. These results demonstrate that male rats lacking 

functional ET a receptors have significantly higher systolic blood pressures and higher 

plasma ET levels while on a normal salt diet. In contrast, female ET a deficient rats on a 

normal salt diet have similar systolic blood pressures compared to sll+ controls yet with 

higher plasma ET levels. It is possible that the higher plasma ET levels in males may 

produce higher systolic blood pressures through the activation of ETA receptors; 

however, female animals had "normal" blood pressures despite elevated plasma ET levels 

implicating a gender-specific protective mechanism. The protective mechanism could be 

due to the differing ratio of ET A to ET a receptors between males and females, with 

females having proportionally more ETa receptors than their male counterparts. Male 

sll+ and sllsl ET8 receptor deficient rats had elevated protein in the urine when compared 

to female rats, though most likely not directly related to the elevated blood pressures 

since urinary protein levels were in the· normal physiological range. 
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Female s11+ and s//s/ rats had significantly higher NOS activity when compared to 

the male groups. This is consistent with previously published reports of increased NOS 

mRNA and protein ·expression in renal tissue of female rats when compared to male rats 

(Reckelhoff et al., 1998). The lack of functional ET B receptors resulted in decreased 

cytosolic NOS activity regardless of gender. Interestingly, no differences were seen in 

particulate NOS activity from all groups on a normal salt diet. It is also interesting to 

note that there was a significant difference in urinary ET excretion between the s//+ and 

s1/sl female, but not male, rats on normal salt diet although this difference was quite small 

and values were in the normal range for male rats. In s//+ females on normal salt diet, 

the NOS system may serve as a protective mechanism since they have higher renal inner 

medullary NOS activity. Thus, the elevated systolic blood pressure in male s1/sl rats on a 

normal salt diet may be the result of a combination of gender, ET8 receptor deficiency, 

and reduced NOS activity. 

When animals were placed on a high salt diet for three weeks, the lack of 

functional ET B receptors appeared to increase the severity of the hypertension, attenuated 

the increase in renal ET production, and increased proteinuria relative to animals with 

functional ET B receptors. These data suggest that the elevated systolic blood pressure 

after high salt treatment in s1/sl animals is due in part to an inability of the kidneys to 

promote salt excretion through ET8 receptors and that unopposed ETA-mediated effects 

may contribute to renal injury as evidenced by the increased in proteinuria 
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Several laboratories including our own have hypothesized that renal ET 

production, ETB receptor activation and NO release is required for a proper renal 

response to high salt intake. Our current findings are consistent with this hypothesis. ET B 

receptor deficient animals on a normal salt diet had significantly less capacity to generate 

NOS activity in the rem~! inner medulla. One possible explanation for this observation is 

an increase of an endogenous inhibitor of NOS, possibly ADMA (asymmetric 

dimethylarginine) in the ET8 receptor deficient animals. Others have reported various 

proteins that regulate NOS activity that could influence NO generating ability in our 

assay protocol (Alderton et al., 2001). It is possible that these proteins could be 

influenced by increased levels of ET seen in the ET B receptor deficient animals, although 

this idea has yet to be investigated. 

Though there were differences detected in NOS activity and NOS protein 

expression between gender and ET B receptor deficiency on a normal salt diet, urinary 

NOx excretion was similar between males and female sllsl rats. Interestingly, female sll+ 

animals excreted significantly less urinary NOx though they had the highest amount of 

NOS activity of all the groups. Thus, one could speculate that the NO being generated by 

the high amounts of NOS activity is not being excreted but is somehow being reabsorbed 

back into the circulating plasma. This however is not the case, since under normal salt 

conditions, plasma NOx from female sll+ rats was similar to male sll+ rats. Another 

possibility is the production of cGMP through the ability of NO to bind soluble guanylyl 

cyclase, however no differences were detected when urinary cGMP excretion was 
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. . 
measured. If the NO produced by the high levels of NOS activity is not found in the 

urine, in the plasma, or stimulating cGMP production, then one explanation is that it 

could react with superoxide, and we examined this hypothesis by measuring 8-isoprotane 

levels in both the urine and plasma. 

The is_oprostanes are a family of eicosanoids of non-enzymatic origin produced by 

the oxidation of tissue phospholipids by oxygen radicals and appear in the plasma and 

urine under normal and are elevated by oxidative stress (Banerjee et al., 1992). At least 

one of the isoprostanes , 8-isoprostane (8-epi PGFia) has been shown to have biological 

activity as a potent pulmonary and renal vasoconstrictor (Banerjee et al., 1992). 

Surprisingly, in our studies urinary 8-isoprostane levels were significantly elevated in 

female sll+ rats compared to males and female sl/sl rats. It is unclear why a marker of 

oxidative stress would be increased in rats that have normal blood pressure. 

When animals were placed on a high salt diet, all groups excreted very little NOx 

and this could be due in part to the reduction in cytosolic NOS in all groups .. With such a 

dramatic reduction in urinary NOx excretion (close to 1000-fold reduction), we would 

predict this pattern to be mirrored in other parts of the NOS/NO pathway, however this 

was not the ca~e. Plasma NOx levels were slightly lower in males but females were 

unchanged compared to a normal salt diet. Urinary cGMP excretion was unchanged after 

three weeks of salt treatment. Although we would have predicted elevations in oxidative 

stress, especially in those animals with elevated blood pressure, there was significantly 

less urinary 8-isoprotane from the females along with no changes in males and no 

78 



differences in plasma 8-isoprotane levels detected in any group. There may be other 

pathways involved helping to prevent high levels of renal oxidative stress such as 

antioxidant enzymes like superoxide dismutase which have yet to be examined. 

Urinary NOx excretion, though used in many laboratories as a measure of renal 

NO production, may npt be the best way in which to measure NO generated by the 

kidney. According to Suto et al. (1995) NOx is extensively absorbed normally in the 

cortical proximal tubule and that inhibition of this reabsorptfon leads to a large increase 

in urinary NOx excretion. Thus, our data would suggest that under high salt conditions, 

proximal reabsorption ofNOx is not inhibited, in fact, because we observe such low NOx 

excretion values, it would seem the proximal tubule is reabsorbing more NOx than under 

normal salt conditions. In addition, Bank and Aynedijan (1993) reported that the 

fractional excretion ofNOx is about 14%, and the tubule also reabsorbs filtered NOx. In 

addition, there is NOx generated by the inner medullary collecting duct thus confounding 

our results even further. So how do y,e interpret our low urinary NOx excretion results? 

Does a high salt diet cause increased proximal tubule reabsorption, an increase in tubule 

reabsorption, or a decrease in inner medullary collecting duct generation ofNOx? Suto 

and colleagues went on to examine urinary cGMP excretion and found that it did not 

correlate with NO production, similar to our results. One explanation they give is that the 

renal handling of cGMP is very different from that ofNOx in that the fractional excretion 

of cGMP is 100%. In addition to the problems of interpreting NOx excretion, many 

groups that have examined NOx excretion report very different results. Chagriya et al. 
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(2000) found that urinary NOx and cGMP excretion were significantly increased in 

animals that were given a high salt diet for I-week. In addition, Bloch et al. (2002) 

reported that when rats were treated for two weeks with a high salt ( 6%) diet, urinary 

NOx was increased. However, when normal Sprague-Dawley rats were subjected to 

oxidative stress by glutathione depletion for two weeks, marked elevations in blood 

pressure occurred along with a significant reduction in urinary NOx excretion (Zhou et 

al., 2002). Thus, to accurately measure renal NO production, microdialysis techniques 

may be warranted. 

Gender differences in renal inner medullary NOS activity were observed in 

animals on a normal salt diet that were not present in animals on a high salt diet. Placing 

rats on a high salt diet reduced cytosolic NOS activity in both male and female genotypes 

to a similar extent and this reduction was due to a decrease in cytosolic NOS l specific 

activity. Interestingly, when male and female sl/sl animals were placed on high salt, 

cytosolic NOS3 specific activity was reduced in contrast to the male and female sl/+ 

animals that were able to maintain cytosolic NOS3 specific activity when challenged with 

high salt. Particulate NOS 1 specific activity from animals on a high salt diet 

demonstrated significant differences only with regard to genotype, while particulate 

NOS3 specific activity was not different between both gender and genotype. Thus, the 

sl/sl animals on a high salt diet appear to lose the NO-generating ability that results in 

higher arterial pressure compared to sll+ animals. 
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These studies confirm previously published results that male sl/sl rats, under 

conditions of normal salt intake, have higher resting blood pressures compared to sll+ 

rats (Gariepy et al., 1998). Similar to our results, male -sl/sl rats became more 

hypertensive when placed on a high salt diet compared to the male sl/+ animals. The 

authors also reported (i similar blood pressure response to combined L-NAME and 

indomethacin infusion between wild-type and sl/sl animals on a normal salt diet 

suggesting no changes in endothelium-dependent vasodilatory function. However, these 

results are preliminary and specific experiments addressing NO or prostaglandin release 

have not been conducted. Recently, Konishi et al. (2002) reported that an acute infusion 

of Big ET-1 resulted in a blunted increase of intrarenal NOx levels in the ET a receptor 

deficient rats compared to wild-type consistent with ET a mediated NO release in intact 

kidneys. In the current study under normal and high salt conditions, ET excretion and 

total NOS activity were lower along with an elevation in blood pressure in sllsl rats 

compared to sll+ rats implying that the renal NO/NOS pathway is dysfunctional. 

An interesting observation made in this study is that NOSl protein expression was 

influenced by ET a receptor deficiency while NOS3 protein expression was similar 

between the groups on a normal salt diet. Additionally, NOS! protein expression within 

the inner medulla of male and female sl/+ and sllsl animals was not limited to one 

distinct band at the molecular weight of 160kDa .. Consistently, there were two high 

molecular·weight bands, one at 160kDa and the other at a lower more prominent 

molecular weight protein at 130kDa. Prior studies have examined NOS I splice variants 

81 



in the human gastrointestinal tract (Saur et al., 2000) and in human brain tissue (Wang et 

al., 1999) and found the higher molecular weight protein corresponds to the full-length 

NOS la.form and the lower weight protein is the truncated NOSl~ variant. In addition, 

Roczniak et al. (1999) also make note of a lower band of 130kDa in size in rat renal inner 

medullary tissue hom\>genate using the same antibody as used in these studies 

(Transduction Labs). The authors comment that the mouse monoclonal antibody to 

NOSl was raised against a human peptide fragment ofNOSl and reacts against both 

human and rat NOS 1 at 160kDa and they determined that tjiis antibody did not cross

react with NOS3 in endothelial cells lysates (Rocznaik et al., 1998). On a normal salt 

diet, NOS 1 ~ was present but NOS 1 a. was almost undetectable in sll+ male rats. Although 

each NOSl splice variant was expressed in female sll+ animals on normal salt diet, both 

NOSla. and NOSl~ were increased in the male and female sl/sl rats. On high salt, 

NOS!~ along with NOS la. is expressed in the inner medulla from male sll+ rats, in 

contrast to the decrease in both NO.Sia. and NOSl~ protein expression in male and 

female sllsl animals. Additional molecular studies to verify the identity of the NOS 1 

protein slice variants are warranted. 

ET B receptor deficient animals on a normal salt diet had significantly greater 

amounts of NOS I protein expression in the renal inner medulla without an accompanying 

increase in NOS activity. Thus, it is possible that there is an increase of endogenous 

inhibitors of NOS I in the ET a receptor deficient animals. One such endogenous inhibitor 

is asymmetric dimethylarginine (ADMA), which has been shown to be elevated in rats 
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with chronic renal disease due to glomerulonepbritis (Wagner et al., 2002): Wagner and 

colleagues demonstrated that renal NOS activity is i:educed in chronic renal disease due 

in part to increased circulating ADMA. Although not measured in this study, it can be 

hypothesized that, though the ET8 receptor animal has an abundance ofNOSl protein, 

these animals also may ,have high concentratiolll? of plasma ADMA. Since ADMA is a 

nonselective endogenous NOS inhibitor, it also could inhibit NOS3 activity, thereby 

explaining the low levels of cytosolic total NOS activity found in the inner medulla of 

sl/sl rats. Other explanations for the hypothesis of elevated endogenous NOS! inhibitors 

in sl/sl animals could be the result of tyrosine phosphorylation ofNOSl (Cai et al., 2001) 

or interactions with post synaptic densities (PDZ) domains (Brenman et al., 1996). 

In addition to the above explanations for the dissociation ofNOSl activity and 

NOS 1 protein expression, interactions with the protein inhibitor of NOS, or PIN, may 

also help to explain the results. Roczniak et al. (2000) found that in animals that 

underwent 5/6 uninephrectomy, urinary NOx excretion was significantly reduced though 

plasma levels were similar compared to sham rats and inner medullary NOS 1 mRNA and 

protein levels were significantly downregulated with an accompaning upregulation of 

PIN. They conclude that the increase in PIN is functioning to inhibit NOS! activity, 

which in turn contributes to the decrease in NO synthesis. Although not examined in 

these studies, it can be hypothesized that on a normal salt diet the upregulation of NOS 1 

protein expression in both male and female sllsl ET 8 deficient animals is not translated 

into increased NOS 1 specific activity due to elevations in PIN which is inhibiting the 
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NOSl activity. When on high salt diet, both male and female sllsl animals have lower 

NOSl protein expression and activity and thus levels of PIN may be even higher than 

under normal salt conditions possibly explaining the higher blood pressures. 

Cellular Mechanisms for Ion Transport. Cells from. the renal inner medulla 

were isolated and experiments were performed to investigate the NOS/NO and ET 

pathways inhibit ion transport. When IMCD cells were treated with ET-1, cGMP 

production was increased along with inhibition of ion transport. From these data, we can 

conclude that ET-I is binding to one of its receptors and is stimulating cGMP production. 

Cyclic GMP is then inhibiting ion transport, but was this happening through NOS and 

which receptor was responsible for these findings? When cells were treated with L

NAME, a non-selective NOS inhibitor, cGMP production was reduced to basal levels 

along with an increase in ion transport. These results indicate that NO tonically inhibits 

ion transport but that it is not due to cGMP production through activation ofNOS. IfL

NAME had completely inhibited cGMP production, below that of basal levels, then we 

could conclude that the cGMP being produced was due to the ability of NO to bind 

soluble guanylyl cyclase. Thus, it would appear that cGMP also may be due in part to 

atrial natriuretic peptide (ANP) stimulating particulate guanylyl cyclase. Interestingly, it 

has been shown that ET-1 does not alter basal or ANP-induced cGMP accumulation 

indicating that ANP-related pathways operate separately from those ofET-1 (Cemacek et 

al., 1992). 
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In order to assess through which receptor ET is stimulating cGMP production, 

IMCD cells were treated with either an ETA receptor selective antagonist or an ETa 

receptor selective antagonist. When the ETA receptor was blocked, cGMP production 

was increased significantly though there was no change in ion transport. It is possible 

that when the ETA receP.tor in blocked, endogenous production ofET-1 then can bind to 

the ET 8 receptor which in turn can stimulate cGMP production and this endogenous 

production is enough to maintain ion transport at steady-state levels. When cells were 

treated with the ET a antagonist, cGMP production was not different from basal levels 

. however there was a significant increase in ion transport. These results support the notion 

that when the ET a receptor is blocked, there is no cGMP production to tonically inhibit 

ion transport. Thus, some amount of NO-derived cGMP is necessary to maintain ion 

homeostasis and that when this is disrupted by inhibiting NOS or the ETa receptor, ion 

transport is increased. 

85 



SUMMARY 

In summary, these data suggest that there is a reduction in ETA receptor number in 

the cortex and outer medulla ofrats deficient of functional ET a receptor consistent with a 

down-regulation relateq to elevated circulating ET-1 levels. Furthermore, we provide 

evidence for an ET-3 binding site within the inner medulla of ET a receptor deficient rats 

that binds the ETA antagonist, A-127722, with very high affinity. We speculate that this 

binding site is a novel ET receptor that is unmasked during ET a receptor deficiency. We 

also have hypothesized that an increase in sodium intake triggers renal production of ET 

and activation of NOS through the ET a receptor that results in inhibition of tubular 

sodium reabsorption. We can speculate further ~t inappropriate responses of the ET 

and NOS systems in the kidney contribute to salt-dependent hypertension. Thus by 

studying animals that are deficient in ET a receptors, we can begin to explore these 

possibilities. The data presented in this study have demonstrated that the lack of 

functional ET a receptors reduces the ability of the kidney to handle the challenge of a 

high salt intake, which results in higher blood pressures. Although there remains much to 

be learned about the ET a deficient rat, we have observed significant gender clifferences in 

the ET and NO systems in response to changes in dietary salt. Therefore, these studi~s 

provide a significant reason to focus future investigation on the influence of gender 

specific mechanisms that may influence renal control of arterial pressure. Regardless of 

gender differences, chronically, it is c1ear that functional ET 8 receptors are of paramount 
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importance when·faced with a sodium challenge. As shown in Figure 27, acutely, it 

seems that in primary renal inner medullary collecting duct cells taken from male 

animals, sodium transport is tonically inhibited by ET-1 working through the ET B 

receptor to stimulate NOS3 leading to production of cGMP and that without ETB 

receptors, sodium reabsorption is left unchecked leading to chronic elevations in blood 

pressure. However, chronically, it is ETs receptor activation of NOSl that tonically 

inhibits sodium transport and loss of functional ET B receptors leads to compensatory 

upregulation of NOS 1 protein though its activity is inhibited thus contributing to 

elevations of blood pressure. 

Figure27 

Renal Inner Medullary Collecting Duct Cell 

Acute Chronic 
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Figure 27: Revised scheme of ET and NO systems in the renal il1ner medullary collecting duct cell 
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Abstract 

Our laboratory has recently shown increased renal expression of NOS3 in the 

DOCA-salt rat model of hypertension suggesting an upregulation of the NO-cGMP 

pathway. The present study was designed to determine changes in renal soluble guanylyl 

cyclase (sGC) activity and expression in the DOCA-salt hypertensive rat. Rats were 

uninephrectornized and subcutaneously impllll].ted with either a placebo or DOCA-salt 

pellet. Placebo treated animals were given tap water ad libitum, while. DOCA-treated 

animals received 0.9% NaCl solution to drink. Each week, rats were placed in metabolic 

cages for 24hr collection of urine samples. Urine samples were measured for cGMP 

concentrations using a scintillation proximity method. After 3 weeks, kidneys were 

removed and dissected into cortex, outer medulla and inner medulla. Each region of the 

kidney was further separated into detergent-soluble and detergent-insoluble fractions. 

DOCA treated rats exhibited significant increases in urinary cGMP excretion (27.0 ± 1.4 

fmol/mg creatinine) after one week compared to placebo control animals (8.7 ± 0.6 

fmol/mg creatinine). This was followed by a significant decrease by the second week of 

treatment (5.4 ± 1.0 and 11.4 ± 0.6 fmol/mg creatinine in DOCA-salt and placebo, 

respectively) and a return to placebo values by the third week of treatment (16.2 ± 3.1 

and 12.9 ± 1.0 fmol/mg creatinine in DOCA-salt and placebo, respectively). Western 

blot analysis of inner medullary detergent-soluble fraction indicated a decrease in the 

expression of the 131-subunit of sGC in the third week of DOCA-salt treated animals as 

compared to placebo controls (n=S animals per group) while expression of the a1-subunit 
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was unchanged. Western blot analysis of cortex and outer medullary preparations 

comparing placebo controls and DOCA-salt treated animals revealed no difference in 0:1-

or 131- sGC protein expression. These data suggest an uncoupling of NOS/NO and 

sGC/cGMP pathways in the renal inner medulla of the DOCA-salt hypertensive rat. 
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Introduction 

Generation of cyclic guanosine-3 ',5' -monophosphate ( cGMP) can occur through 

two different guanylyl cyclase (GC) enzymes, particulate GC (pGC) and soluble GC 

(sGC) (!). The pGCs are cell membrane receptors for endogenous peptides, including the 

atrial natriuretic peptide family and the guanylin peptides (2). In contrast, sGC is found in 

the cytoplasm of most mammalian cells and is a well characterized receptor for nitric 

oxide (NO) (3). The sGC enzyme forms a heterodimer of two subunits, a and 13, and NO 

binds to the heme portion of the heterodimer converting guanosine-5'-triphosphate (OTP) 

to cGMP. As~ intracellular messenger, cGMP acts on several cGMP-regulated receptor 

proteins, such as cGMP-stimulated protein kinases, cGMP-regulated phosphodiesterases, 

and cGMP-gated ion channels ( 4). Of the two subunits, four types exist ( a1, a2, 131, 132) 

each of which are encoded by a separate gene (5) and differ in their tissue localization 

(6). 

Under normal conditions, agonist induced release of NO from the endothelium 

activates sGC in vascular smooth muscle resulting in increased cGMP production, which 

then leads to the phosphorylation of several proteins and subsequent vasorelaxation (7). 

In addition to its vascular actions, NO, sGC and cGMP have been shown to be influential 

in kidney functions such as renal blood flow, glomerular hemodynamics, and urinary 

sodium excretion (8-12). Alterations in the NO/sGC/cGMP pathway have been observed 

as playing an important role in the pathophysiology of diseases such as hypertension. 

Some of the evidence points to the reduction of sGC expression and/or activity in the 
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vasculature in hypertension as demonstrated in lead-induced (13), aged spontaneously 

hypertensive rats (14,15), deoxycorticosterone acetate (DOCA)-salt (16), and the two

kidney, one-clip (17) models. There is little information as to whether this same pattern 

of sGC expression and/or activity takes place in the kidney in these models of 

hypertension. 

Recently it has been shown by our laboratory that DOCA-salt treated animals 

express higher levels of NO synthase 3 (NOS3 or eNOS) in the renal medulla leading to 

an increase in renal NO production (18). Thus, we hypothesized that this increase in NO 

production in the renal medulla in response to salt loading would also lead to an increase 

in sGC expression and urinary cGMP excretion consistent with a pro-natriuretic state. 

Therefore, we designed experiments to determine renal guanylyl cyclase activity and 

expression in the DOCA-salt model of hypertension. 
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Methods 

Animal experiments· 

Male Sprague-Dawley rats (200-220g) were anesthetized using methohexital 

sodium (S0mg/kg; Brevital®) and a right flank incision was made to remove the right 

kidney. A time release 200mg pellet of deoxycorticosterone acetate (DOCA) was 

implanted subcutaneously. After recovery from surgery, rats were given saline (0.9% 

NaCl) to drink ad libitum. In control rats, a placebo pellet was implanted and tap water 

was given to drink. Each week, rats were placed in metabolic cages for 24hrs for urine 

collection. After three weeks, rats were anesthetized with Na pentobarbital (65mg/kg ip) 

and the left kidney was removed, separated into cortex, outer medulla, and inner medulla, 

frozen in liquid nitrogen and stored at-80°C. 

Protein isolation and Western blot analysis 

Samples of renal cortex, outer medulla or inner medulla were homogenized in 

buffer containing S0mM Tris, 0.lmM_EDTA, 0.lmM EGTA, 10% glycerol, 0.1% ~-

. 
mercaptoethanol, pH 7.4 along with protease inhibitors (1 mM 

phenylmethylsufonylfluoride, 2µM leupeptin, lµM pepstatin A, lµM aprotinin) and then 

centrifuged at 10,000g for 30min at 4°C. Equal amounts of protein from the resulting 

supernatant fractions from placebo and DOCA kidney sections were run on a 7.5% 

sodium dodecyl sulfate-polyacrylamide gel. The proteins were blotted onto 

nitrocellulose by wet blotting, blocked for 1hr in 5% non-fat dry milk in a Tris-buffered 

saline solution containing Tween20 (TTBS) buffer then incubated overnight at 4°C with 
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either a.1-sGC (1:2000) or 131-sGC (1:500) as previously described (19). Blots were 

incubated for 1hr with the horseradish peroxidase-linked secondary antibody and then 

with Pico SuperSignal· (Pierce, Rockford, IL) solution and exposed to autoradiographic 

film for detection by chemiluminescence's. Blots were subjected _to Re-blot Plus 

(Chemicon, Temecula, CA) and stripped of primary and secondary antibody then 

incubated as described above with anti-actin (1 :5000, Sigma, St. Louis, MO) to determine 

equal loading of protein. 

Urine assays 

Diluted urine samples or cGMP standards were placed in 96-well Optiplates® 

(Packard, Downers Grove, IL) before adding sodium acetate buffer (50mM pH 5.8), 

[125
I]succinyl cGMP, cGMP-specific monoclonal antibody, and protein A-coupled SPA 

beads (Amersham, Piscataway, NJ) consecutively to each well. The samples were 

incubated overnight on a microplate shaker at 4° C. The plates were then counted in a 

TopCount Microplate Scintillation Counter (Packard, Downers Grove, IL) and the data 

was analyzed by RIAsmart software. Urinary sodium concentrations were determined by 

an ion-selective electrode (Beckman EL-ISE, Fullerton, CA). 

Statistical analysis 

Analysis of variance for repeated measures with post-hoc contrasts were used to 

determine differences in urinary excretion and densitometry data from Western blot 

analysis between DOCA-salt and placebo-treated rats (Super ANOV A, Abacus Concepts, 
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Berkley, CA). Values are reported as means± SE with *P < 0.05 being considered 

significant. 

Results 

Sodium excretion, shown in figure IA, was significantly increased by 18-fold in 

DOCA-treated animals after the first week of treatment as compared to placebo-treated 

animals. A IO-fold increase was maintained in the DOCA-treated rats throughout the 

second and third weeks of treatment as compared to placebo. Figure IB illustrates the 

significant increase in urine volume from DOCA-treated animals during treatment weeks 

one (7.8-fold increase), two (7.6-fold increase), and three (5.8-fold increase) as compared 

to placebo animals which maintained_ consistent urine volumes over each of the three 

weeks of treatment. Urinary cGMP excretion, shown in figure 2 illustrates that before 

treatment, all rats had similar levels of cGMP excretion in their urine. However after the 

first week of treatment, DOCA-treated animals had a 3.1-fold significant increase in 

urinary cGMP excretion as compared to placebo-treated animals. The increase in cGMP 

excretion after the first week of DOCA-salt treatment was followed by a significant 2. I

fold decrease in urinary cGMP excretion from DOCA-treated rats compared to placebo

treated rats. By the third week of treatment both DOCA-salt and placebo controls 

excreted similar levels of cGMP. 

Figure 3 depicts representative Western blots and densitometry data specific for 

either a1-sGC (3A) or ~1-sGC (3B) of renal cortical tissue isolated from untreated rats 
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and rats following one, two and three weeks of treatment with either placebo or DOCA

salt. Renal cortical expression of both the o:1- and ~1- subunits from DOCA-salt treated 

rats was not significantly different from placebo cortical sGC expression. Similarly, 

renal outer medullary 0:1- (figure 4A) and ~1-sGC (figure 4B) expression was unchanged 

during DOCA-salt treatment and was. not significantly different from placebo controls. 

Figure 5A shows a representative Western blot and the accompanying densitometry of 

inner medullary tissue probed for o:1-sGC protein expression. There was no change in 

expression during the 3 weeks of treatment and no significant difference between DOCA

salt treated animals and placebo control. Figure 5B depicts a representative Western blot 

and densitometry of renal inner medullary soluble homogenate incubated with an 

antibody specific for the ~1-sGC of subunit. There was no significant change in 

expression between the first two weeks of treatment with DOCA-salt and placebo treated 

animals, however ~1-sGC expression was significantly reduced by the third week of 

DOCA-salt treatment compared to weeks one and two of DOCA-salt and all three weeks 

of placebo controls. 
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Discussion 

Administration of DOCA in combination with a high salt diet and unilateral 

nephrectomy induces a low renin form of hypertension. Our laboratory has previously 

shown that after one week of DOCA-salt or placebo treatment, systolic arterial blood 

pressure was significantly greater in DOCA-salt treated animals compared to placebo-

treated rats (156 ± 4 verses 141 ± 2 mmHg, respectively) (18) and that the blood pressure 

remained elevated over the three week treatment period (197 ± 6 verses 133 ± 3 mmHg, 

respectively) (17). Urinary excretion of nitrate and nitrite (NOx) was significantly higher 

in DOCA-salt rats as compared to placebo controls after one week of treatment and 

remained elevated for the entire 3 week period (17). Thus, the aim of this study was to 

determine if changes in cGMP excretion and guanylyl cyclase expression occurs in 

DOCA-salt treated rats during 3 weeks of treatment. Our initial hypothesis that cGMP 

excretion along with sGC protein expression would be elevated over the three week 

treatment period in the DOCA-salt treated rat was not supported by our experimental 

results. We observed that in DOCA-treated rats, urinary cGMP production was increased 

after the first week of treatment compared to placebo animals. After the second week of 

treatment, the DOCA animals excreted less urinary cGMP than their placebo 
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counterparts. By the third week of DOCA-salt treatment, cGMP levels were no different 

from placebo controls. · -However, protein expression levels of the Bi- subunit of sGC 

were decreased in the inner medulla of the DOCA-salt treated animals as compared to 

placebo controls by the third week of treatment but was unchanged in other regions of the 

kidney. 

The previous studies performed in our laboratory reported an increased urinary 

NO excretion in DOCA-salt treated animals (17) which led us to the hypothesis that 

urinary cGMP levels may also be elevated in this model of hypertension. We were 

surprised to find that while there was an initial increase in cGMP excretion in the first 

week of DOCA-salt treatment, this was not sustained throughout the course of the 

experiment as observed for urinary NO excretion. If NO excretion is increased in weeks 

two and three while cGMP excretion is lower or comparable to placebo controls during 

this time, then how do we account for the excess NO if it is not stimulating sGC? One 

hypothesis is that the NO is being shuttled to an oxidative stress pathway thereby 

combining with superoxide to form peroxynitrite that leads to increased protein tyrosine 

nitration or S-nitrosylation. Tyrosine nitration occurs in a number of diseases associated 

with oxidative stress and increased NOS activity (20). Our laboratory has preliminary 
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data to suggest increased tyrosine nitration in the renal inner medulla of DOCA-salt rats 

(unpublished observations). S-nitrosylation of cysteine residues has been shown to 

modify the activity of several proteins (21) and shown to be regulated by NOS activity 

(22) although its role in the DOCA-salt model has yet to be addressed. 

The importance of the ~1- subunit ofsGC in the pathogenesis of hypertension has 

been investigated by Gupta and colleagues (23). These investigators have shown that in 

the kidney of Dahl salt-sensitive rats, the ~2- subunit of sGC complexes with the a1-

subunit to form a heterodimer with reduced sensitivity to NO, and can inhibit the NO

stimulated cGMP accumulation in cells containing the ai/~1 form of guanylyl cyclase by 

exchanging with the ~1- subunit. The possibility that the ~2- subunit is upregulated in our 

DOCA-salt model was not addressed but is an intriguing possibility to explain the 

reversal in cGMP excretion. Additionally, Fillippov et al. have shown that chronic 

exposure of rat pulmonary artery smooth muscle cells to NO donor compounds decrease 

sGC enzyme activity by inducing synthesis of a factor tliat destabilizes the sGC subunit 

mRNAs (24). It is unclear whether destabilization of sGC mRNA occurs in DOCA-salt 

rats. It is interesting to note that the decrease in the ~1-sub~t occurs in the third week of 

treatment, long after the animals have become hypertensive. Thus, it seems that the 

decrease in ~ 1 -subunit protein expression is a product of the hypertension and not 

associated with the actual development of the hypertension in the DOCA-salt treated 

animal. 
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It was surprising to observe the decrease in ~1-subunit protein expression 

occurred only in the inner medulla and not in the cortical or outer medullary regions of 

the kidney. Both the ai- and ~1-sGC subunits have been localized to various contractile, 

interstitial, and tubular structures of the renal cortex and medulla (25). It is thought that 

within the vascular structures of the.kidney, sGC plays a role in the NO-sGC-cGMP 

pathway that functions to oppose local constrictors thereby regulating renal blood flow. 

In the renal cortex and outer medulla.ofDOCA-salt treated animals, there was no change 

in either a1- or ~1-sGC protein expression indicating that its regulation may be due to 

factors differing form those in the inner medulla. In tubular segments of the kidney, 

stimulation of the NO-sGC-cGMP pathway has. been linked to increases in sodium 

excretion (8-10). The importance of the inner medulla to renal physiology is its function 

to serve as the final segment of sodium reabsorption. Though only 5% of the sodium 

load is regulated by the inner medulla, it is enough to greatly influence blood pressure. 

Thus, we can speculate that the inner medulla of the DOCA animal must be under 

considerable "pressure" in order to excrete enough sodium to maintain normal blood 

volume. So while the lower ~1-subunit protein expression in the inner medulla occurs 

only in the third week of treatment, it may be indicative of the inability of the inner 

medulla to inhibit sodium reabsorption, contributing to impaired pressure natriuresis and 

thus sustaining the hypertension. 

The role of the membrane bound pGC in the renal inner medulla of DOCA-salt 

hypertensive rats, though not addressed in our study, has previously been examined by 
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other laboratories. In DOCA-salt rats, plasma levels of ANP are elevated (26, 27) and 

there is a report of an up-regulation of atrial natriuretic peptide (ANP) receptors in the 

renal medulla (28), and a significant increase in cGMP excretion in response to ANP (26, 

27). This increase of plasma ANP levels coupled with the increase in ANP receptors 

seen in DOCA-salt treated rats could account for the increase of urinary cGMP excretion 

we observed in the first week of DOCA-salt treatment; however, the increase in cGMP 

excretion was not sustained over the three week duration of DOCA-salt treatment. Thus, 

there would appear to be mechanisms in the DOCA-salt model that reduce the kidney's 

ability to sustain elevated cGMP excretion despite continued sodium loading. One 

mechanism that could directly influence cGMP excretion in the DOCA-salt rat is cyclic 

nucleotide phosphodiesterase (PDE) activity which is responsible for the hydrolysis of 

cGMP to the inactive noncyclic nucleotide 5 '-GMP. We can speculate that an increase in 

PDE activity could be responsible for the reduction of cGMP excretion after the first 

week of treatment with DOCA-salt. Further studies that address the source of cGMP 

production (sGC or pGC) and its inactivation on a weekly time course of the pGC are 

warranted. 

Results from this study are both novel and unexpected and indicate that our initial 

hypothesis of an· up-regulation of the NO/cGMP pathway in the DOCA-salt model of 

hypertension is not valid. In fact we conclude that there is an uncoupling of this 

NO/cGMP pathway. Earlier studies showing an increase in NOS3 protein.expression in 

the renal medulla along with elevated NOx excretion in the DOCA rat (17, 18) lead us to 
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believe that cGMP excretion would also be elevated. The results of this study have led us 

to reconsider this hypothesis, the increase in urinary cGMP excretion in the DOCA-salt 

treated animal is not sustained over the three week treatment though urinary NOx 

excretion is elevated and remains so during this three week treatment Taken together, 

these data suggest that even though th_ere is an increase in urinary cGMP production, the 

~1- subunit of sGC i~ decreased in the inner medulla of the DOCA-salt animal which 

leads to an uncoupling of the NOS/NO and sGC/cGMP pathway. 
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Figure Legends 

Figure 1: Total urinary sodium excretion (panel A) and total urine volume (panel B) from 

DOCA-salt treated (n=5) and placebo0 treated ·(n=5) rats. Valties represent the mean± SE 

with* p <0.05. 

Figure 2: Total urinary cGMP excretion from DOCA-salt treated (n=5) and placebo

treated (n=5) rats. Values represent the mean± SE with * p <0.05. 

Figure 3: Western blot analysis of soluble renal cortical tissue homogenate from DOCA

salt treated (n=5) and placebo-treated (n=5) rats from weeks 0, 1, 2,and 3 of treatment 

incubated with antibodies toward a-sGC (1 :2000, panel A) and P-sGC (1 :500, panel B) 

Rat brain homogenate (RB) was used as a positive control for the sGC subunits. Values 

represent the mean of densitometric units± SE with* p < 0.05. 

Figure 4: Western blot analysis of soluble renal outer medullary tissue homogenate from 

DOCA-salt treated (n=5) and placebo-treated (n=5) rats from weeks 0, 1, 2,and 3 of 

treatment incubated with antibodies to"'.ard a-sGC (1 :2000, panel A) and P-sGC (1 :500, 

panel B) Rat brain homogenate (RB) was used as a positive control for the sGC subunits. 

Values represent the mean of densitometric units± SE with * p < 0.05. 

Figure 5: Western blot analysis of soluble renal inner medullary tissue homogenate from 

DOCA-salt treated (n=5) and placebo-treated (n=5) rats from weeks 0, 1, 2,and 3 of 

treatment incubated with antibodies toward a-sGC (1 :2000, panel A) and P-sGC (1 :500, 

panel B) Rat brain homogenate (RB) was used as a positive control for the sGC subunits. 

Values represent the mean of densitometric units± SE with* p < 0.05. 
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II. EFFECT OF DIETARY NITRATE ON URINARY AND PLASMA 

NO METABOLITES IN RA TS ON A IDGH SALT DIET 

Diets. All diets were obtained from Harlan-Teklan (Madison, WI); normal salt

normal nitrate diet (8604W), high salt-normal nitrate (TD 92034), normal salt-low nitrate 

(CA 170955), high salt-low nitrate (TD 92055). 

Metabolic Cage Studies. Male Sprague-Dawley rats (Harlan, St. Louis, MO.), 8 

to 10 weeks.of age, were placed on either normal salt-normal nitrate diet (0.4% NaCl), a 

high salt-normal nitrate diet (10% NaCl), normal salt-low nitrate diet (0.4% NaCl), or a 

high salt-low nitrate (6% NaCl) for three weeks along with tap water ad libibitum. After 

three weeks, rats were housed in metabolic cages (Nalgene) to allow quantitative 

measurement of food and water intake along with urine collection over a 24hr period. 

Rats were then anesthetized with sodium pentobarbital anesthesia (65 mg/kg, i.p.), and a 

terminal blood sample was obtained. A midline inc_ision was used to isolate the 

abdominal aorta. A 1 Om! syringe containing EDTA with an 18 gauge needle was used to 

quickly draw a 5-8ml blood sample from the aorta. Blood was immediately centrifuged 

and plasma frozen at -80°C for later analysis. Urine samples were also centrifuged to 

remove any particulate matter and then stored at -80°C for later analysis. Kidneys were 

excised and the inner medulla separated and stored at 

-80°C. 
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Urine and Plasma Analysis. Urinary ET levels were determined by adding 

samples to duplicate wells of a RIA kit (Amersham Pharmacia, Piscataway, NJ) 

according to manufacturer's specifications. Urinary cyclic GMP levels were measured in 

diluted urine samples using a scintiHation proximity method as previously described 

(Pollock et al., 1991). Diluted uri~, plasma or nitrate standards were subjected to 

chemiluminescence analysis for urinary and plasma NOx determination. To determine 8-

isoprostane levels, urine and plasma samples were collected in the presence of butylated 

hydroxytoluene, diluted and added to duplicate wells of an 8-isoprostane kit (Cayman 

Chemicals, Ann Arbor, MI) according to manufacturer's specifications. Urinary sodium, 

chloride and potassium analyses were determined by ion-selective electrode (Beckman 

EL-ISE, Fullerton, CA). Urinary protein excretion was determined by Bradford protein 

assay (BioRad, Hercules, CA). 
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III. COMPARISON OF ENDOTHELIN RECEPTOR ANTIBODIES 

*antibodies in the lab 

*Alomone - (972-2-587-2202, Israel) 

Endothelin A Receptor (48 & 38kD)-rabbit polyclonal, (#AER-001), 0.2ml=$320.00 

Endothlein B Receptor (39kD) -rabbit polyclonal, (#AER-002), 0.2ml=$320.00 

Alamone Antibodies (run on 10% SDS-PAGE) 

CHO CHO 
ETB IMCD3 . ETA 

(75ug) (125ug) (75ug) RB 

-73kDa 

,-44kDa 

-32kDa 

ETA (Alamone, 1:200) 
Rabbit (1 :5000) 

CHO 
ETB IMCD3 

(75ug) (125ug) 

CHO 
ETA 

(75ug) RB 

73kDa 

44kDa 
32kDa 

44kDa 
44kDa 32kDa 
32kDa 

Rabbit (1 :5000) 
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Oxford Biomedical Research-Endothelin receptor antibodies are no longer available 

Maine Biotechnology Services, Inc. - (1-207-797-5454) 

*Endothelin A Receptor (39kD)-sheep polyclonal (#PAB-132P), 0.25ml=$275.00 

Endothelin A Receptor-rabbit polyclonal (#P AB-180P), 0.25mg=$175.00 
. . 

*Endothelin B Receptor (39kD)-sheep polyclonal (#PAB123P), 0.25mg=$275.00 

Endothelin B Receptor-rabbit polyclonal (#PAB181P), 0.25mg=$275.00 

Endothelin B Receptor (N-terminal)-rabbit polyclonal (#PAB182P), 0.25mg=$175.00 

10% SDS-PAGE Gel 

CHO CHO 
ETB IMCD3 ETA 

ETB-Maine (1:250) 
Goat/sheep (1:5000) 
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*Biodesign International - (1-888-530-0140) 

Endothelin B Receptor-sheep polyclonal (#K20231S), 0.25mg=$295.00 

C 

sl/sl 
OM IM C 

sl/+ 
OM IM 

C P C P C P C P ·C P C P RAW HEK RB 

-

ETB Biodesign (20ug/ml), Sheep IgG (1:5000) 

Biogenesis -

+--124kD 
+--83kD 

Endothelin A Receptor (39kD)-sheep polyclonal (#4113-3009), 0.2mg=$217.00 

Endothelin B Receptor (39kD)-sheep polyclonal (#4113-3059), 0.2mg=$156.00 
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*IBL (Immuno-Biological Laboratories) KMI Diagnostics (1-888-523-1246, distributor) 

Endothelin B Receptor-rabbit polyclonal (#16206), 100µg=$450.00 

Inner Medulla 

ETB-IBL (7ug/ml), Rabbit JgG (1:2000) 

~ 
C 

Placebo 

C p 
DOCA 

C p 
Placebo 

C p 
DOCA 

C p 

ETB-IBL (7ug/ml) + control peptide, Rabbit JgG (1:2000) 
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IV. EVIDENCE FOR AN ALTERNATIVE.SPILCE VARIANT OF NOSl IN 

CULTURED RENAL MACOLA DENSA CELLS 

212kD 
132kD 

86kD 

43kD 

212kD 

132kD 

86kD 

43kD 

Macola 
Densa 

~:,;;:;:,;:,.;Cells 

NOSl Transduction (1:2500) 
Mouse (1:4000) 

Macola 
Rat Densa 

Brain Cells 

NOSl Biomol SA227 (1:2000) 
Rabbit (1:5000) 

212kD 
132kD 

86kD 

43kD 

Macola 
Densa 
Cells 

NOSl Santa Cruz (1:500) 
Rabbit 1:5000 
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V. NOSl AND NOS3 PROTEIN EXPRESSION IN PRIMARY INNER 

MEDULLARY COLLECTING DUCT CELLS 

43kD ___...~-•------~---------~~ 

199kD-. 

133kD--+ 

199kD----.,. 

133kD----+ 

87kD-

NOS! Biomol SA227 (1:1000), Rabbit (1:5000) 

Fsllsl 
IMCD 

RAW HEK RB 

NOSl Transduction (1:1000), Mouse (1:4000) 

Fsllsl 
IMCD 
143ug RAW 

- ~ -
HEK RB 

NOS3 Transduction (1:1000), Mouse (1:4000) 
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VI. EPITHELIAL SODIUM CHANNEL SUBUNIT PROTEIN EXPRESSION 

aENaC= 87kD PENaC=88kD yENaC= 85kD 

Inner Medulla 
sl/+ sl/sl 

High-Salt Normal Salt High Salt Normal Salt 
RBHEKPC P CPC PC 

125kD----+ 

85kD----+ ~ 

'in_ 

39kD----+ •;,.., ,._.,,,, 

a ENaC (8ug/ml), Rabbit IgG (1 :5000) 

Inner Medulla 
sl/+ sl/sl 

High Salt Normal Salt High Salt Normal Salt 
RBHEKPC PCPC PC 

200kD,->li;;:::iii 

12SkD'-""'"'•' 

8SkD 

200kD 

125kD 

85kD 

Inner Medulla 

sl/+ sl/sl 
High Salt Normal Salt High Salt Normal Salt 

RBHEKPC PCPC PC 

y ENaC (Sug/ml), Rabbit lgG (1:5000) 
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