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ABSTRACT

Recently, studies have found that circulating vasopressin levels, as well as the

cardiovascular and antidiuretic actions of vasopressin are greater in males than in females,

but the consequences of these gender differences are unclear. Further, animal and human

studies have revealed that hypertension develops more rapidly and is more prevalent in

males than in females. Because vasopressin is involved with blood pressure regulation,

whether vasopressin gender differences are involved in the gender difference of

hypertension development should be examined.

Thus, this dissertation tested the hypothesis that a gender effect on vasopressin

renal action contributes to gender differences in hypertension. Renal function of male and

female adult spontaneously hypertensive rats (SHR) were compared to that of

normotensive (WKY) rats. Vasopressin V2 receptors were pharmacologically stimulated

with a selective V2 receptor agonist, which revealed that maximal urine concentrating

abilities of SHR were higher than that of WKY. While there were significant differences

in concentrating abilities with hypertension, there were no significant gender differences

in responses to maximal V2 stimulation in normotensive or hypertensive rats.

The contribution of endogenous vasopressin on renal fluid handling to a gender

difference in hypertension was also examined. Vasopressin inhibition with a selective

V2 antagonist resulted in higher free water clearance in females than in males of both

strains. Also, the renal response to endogenous vasopressin blockade was lower in SHR

than WKY in both sexes. Expression of V2 receptors in renal inner medulla of male

SHR and WKY showed that levels of V2 receptor mRNA in SHR were significantly
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lower than those in WKY. Thus, differences in renal fluid handling abilities between

strains and gender, may be due to the differences in endogenous vasopressin levels, renal

concentrating abilities, or expression of renal vasopressin receptors.

In conclusion, vasopressin influence on renal fluid handling is altered in

established hypertension. While there are differences in vasopressin renal action between

males and females in both strains, there were no significant differences in the gender

effect between normotensive and hypertensive adult rats. Thus, whether gender

differences in fluid handling contribute to gender differences in hypertension

development remains to be determined.
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PREFACE

Vasopressin is a neurohypophysial hormone, which has two major biological

actions: vasoconstriction and antidiuretic action. Vasopressin acts via VIa receptors on

vascular smooth muscle cells to cause vasoconstriction and acts via V2 receptors on the

distal tubules and collecting ducts of the kidney to promote water reabsorption. Since

both actions of vasopressin may contribute to the regulation of blood pressure, the

possible role of vasopressin in the pathogenesis of hypertension has been studied but the

importance of this role remains unclear. In recent years, studies demonstrated that the

release and excretion of vasopressin as well as the cardiovascular action and antidiuretic

action of vasopressin, are greater in males than in females, but the physiological and

pathological consequences of these gender differences are not clear. Gender difference

has also been found in the development of hypertension in several animal models that

high blood pressure develops more rapidly and to a higher level in males than in females.

In clinical studies, the prevalence of hypertension and the mortality due to cardiovascular

disease is greater in men than in women. Therefore, the potential effects of gender

differences in vasopressin action may contribute to the gender difference of hypertension

development.
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CHAPTER I

INTRODUCTION

1. Vasopressin: An Overview

1.1 Vasopressin: Synthesis and Secretion

Arginine Vasopressin (AVP), also known as the antidiuretic hormone (ADH), is a

peptide hormone synthesized in the magnocellular neurons in the supraoptic nuclei

(SON) and paraventricular nuclei (PVN) of the hypothalamus. The magnocellular

neurons have long axons, which traverse the supraopticohypophyseal tract and terminate

in the posterior lobe of the pituitary (North, 1987).

In the cell body of magnocellular neurons, vasopressin is first translated as a

preprohormone and then converted to a prohormone. This prohormone is then packaged

into neurosecretory vesicles and transported to the axon terminals in the posterior

pituitary. During transport, the prohormone undergoes enzymatic modification to form a

vasopressin nonapeptide, a carrier protein called neurophysin, and a glycoprotein (North,

1987). Vasopressin and its by-products are stored in the posterior pituitary where

vasopressin is released into the systemic circulation by exocytosis (Dreifuss, 1975) in

response to various stimuli.

The normal range of plasma vasopressin concentration varies between species.

In normal humans and animals, daily plasma vasopressin concentrations range from 0.3

to 30 pglml (Cowley et al., 1983). The secretion of AVP is mainly regulated by changes

in body fluid osmolality, blood volume and/or blood pressure. Pain, nausea, and hypoxia

as well as endogenous hormones may also modulate the secretion of vasopressin.
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Plasma osmolality is the major physiological determinant of vasopressin

secretion, which is regulated by a group of specific cells, called osmoreceptors (Verney,

1946). Osmoreceptors were originally proposed to be located in the anterior

hypothalamus (Verney, 1947), but the precise site has not yet been identified. There is

evidence that the magnocellular neurons synthesizing vasopressin may also be

osmotically sensitive (Mason, 1980; Leng et aI., 1982). Vasopressin secretion occurs

when plasma osmolality exceeds a critical level of approximately 280 mOsm/kg

(Robertson et aI., 1976). Above this level, there is a linear relationship between plasma

vasopressin concentration and plasma osmolality, and below this level, vasopressin is low

or undetectable in plasma. However, there is no direct evidence that the secretion of

vasopressin is completely suppressed at plasma osmolality less than 280 mOsm/kg.

Vasopressin secretion is also regulated by changes in blood volume and/or blood

pressure through two classes of baroreceptors: low- and high-pressure receptors. Low­

pressure receptors in the left atrium, left ventricle, and pulmonary veins sense the

changes of blood volume, whereas high-pressure receptors in the carotid sinus and aorta

monitor arterial blood pressure (Gauer and Henry, 1963). Johnson et aI. (1970) suggested

that at least a 10% reduction in blood volume was necessary to increase plasma

vasopressin concentration. While small decreases (5-10%) in blood volume and/or

pressure have little effect on vasopressin secretion, large decreases (20-30%) in blood

volume and/or pressure lead to exponential rises in plasma vasopressin concentration to

20-30 times the normal level, which far exceeds the concentration of vasopressin required

to induce maximal antidiuresis.
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1.2 Vasopressin: Biological Actions

Vasopressin has various biological actions. Two major biological actions of

vasopressin are vasocontriction and antidiuretic action. Specific vasopressin receptor

subtypes mediate the different biological actions of vasopressin.

1.2.1 Vasopressin: Receptors

There are at least three types of vasopressin receptors which have been identified

as mediating the biological actions of vasopressin: VIa, Vlb, and V2 receptors (Michel

et aI., 1979; Jard et aI., 1986). VIa receptors have been found abundantly in vascular

vessels and liver. VIa receptors are also found in the kidney and many other peripheral

tissues. Vlb receptors are predominantly located in the anterior pituitary, whereas V2

receptors are expressed predominantly in the renal collecting ducts.

Vasopressin VI and V2 receptors are cell surface receptors coupled to different

types of guanine-nucleotide-binding-proteins (O-proteins) that trigger a series of specific

intracellular events in various target tissues, and in tum, evoke various biological

responses (Jard, 1983). Activation of VI receptors results in hydrolysis of

phosphotidylinositol-4,5-bisphosphate and formation of inositol-l,4,5-triphosphate (IP3),

which causes mobilization of intracellular calcium (Ca2+). Activation of V2 receptors

results in the conversion of intracellular adenosine triphosphate (ATP) to adenosine-

3' ,5' -cyclic monophosphate (cAMP). Vasopressin acts on VIa receptors on vascular

smooth muscle cells to mediate vasoconstriction and acts on V2 receptors on the

principal cells of the renal collecting ducts to mediate antidiuretic action.
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It has been demonstrated that expressions of VIa and V2 receptor mRNA were

tissue specific and altered throughout development (Hirasawa et aI., 1993; Ostrowski et

aI., 1993). Both the VIa and V2 receptor genes are expressed in adult rat kidney. In the

nephron segments of the kidney, Terada et aI. (1993) reported that expression of VIa

receptor mRNA was mainly detected in the glomerulus, initial cortical collecting duct,

and inner medullary collecting duct. VIa receptor mRNA was also expressed in

proximal convoluted and straight tubules, inner medullary thin limbs, and medullary

thick ascending limbs. Expression of V2 receptor mRNA was mainly found in the

cortical collecting duct, outer medullary collecting duct, and inner medullary collecting

duct. V2 receptor mRNA was also expressed in the inner medullary thick limbs,

medullary thick ascending limbs, and initial cortical collecting duct. In addition, V2

receptors were found not only in the basolateral membrane but also in the luminal

membrane of terminal inner medullary collecting ducts (Nonoguchi et aI., 1995). In the

renal vasculature, Park et aI. (1997) demonstrated that the VIa receptor mRNA was

present in renal artery, interlobar artery, arcuate artery, interlobular artery, afferent

arteriole, glomerulus, efferent arteriole, and both cortical and mudullary vasa recta

microvasculature. There was no evidence for the presence of V2 mRNA in renal

vasculature and extrarenal blood vessels.

Alterations of vasopressin receptor expression and their mediated functions have

been reported in both physiological and pathological conditions. Landgraf et aI. (1991)

reported a downregulation of vasopressin receptors in rat kidneys in response to osmotic

stimuli. Downregulation of vasopressin V2 receptors was also reported in rats after 72­

hour water restriction (Terada et aI., 1993) and in a rat model of chronic renal failure
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(Teitelbaum and McGuinness, 1995). Park et al. (1998) demonstrated that V2 receptor

mRNA was regionally regulated where cortical and outer medullary V2 receptor mRNA

and protein decreased after 48 hours of water restriction, but remained unchanged in the

inner medulla. Klingler et al. (1997) observed an age-related impaired response to

vasopressin of the V2 receptor in female rats but not in male rats.

The importance of vasopressin in the regulation of cardiovascular function and

body fluid homeostasis has long been recognized. However, as Ostrowski and colleagues

(1993) wrote: 'The relationship among the appearance of vasopressin receptors, their

linkage to second message systems, circulating AVP levels, and the ability to concentrate

urine in the kidney is not clear. '

1.2.2 Vasopressin: Cardiovascular Actions

The vasopressor activity of vasopressin was first discovered by Oliver and

Schafer (1895), who observed a marked increase in blood pressure with intravenous

injection of pituitary extract in dog. Three years later, Howell (1898) confirmed this

vasopressor activity, and associated this activity with the posterior lobe of the pituitary.

Vasopressin derived its name from its vasopressor activity. However, the amounts of

vasopressin required to elicit vasoconstriction were far in excess of those required for

maximal antidiuretic activity as well as systemic circulating concentrations of

vasopressin under normal physiological conditions (Saameli, 1968; Sawyer, 1971;

Nakano, 1974). Therefore, the vasopressor activity of vasopressin was believed to be

only a pharmacological event and the importance of vasopressin in the daily regulation of

cardiovascular functions was not appreciated for many years.
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It was not until the 1950s that the vasopressor activity of vasopressin was re­

evaluated and extensive studies of the role of vasopressin in cardiovascular function were

undertaken. Several important findings arose at this time. Frieden and Keller (1954)

found that dogs with diabetes insipidus were more susceptible to hemorrhage than normal

dogs and giving pitressin, a synthetic vasopressin, reversed this. Goodman and Gilman

(1955) reported a significant increase in vasopressin circulating levels during severe

hemorrhage. Furthermore, Wagner and Braunwald (1956) found that administration of

vasopressin to human subjects with autonomic insufficiency and orthostatic hypotension

had a greater effect on blood pressure than seen in normal subjects. These findings

suggested that endogenous vasopressin plays a role in the daily regulation of

cardiovascular function and contributes to blood pressure control by maintaining normal

vascular tone.

Studies performed in vivo and in vitro have demonstrated that vasopressin is one

of the most powerful vasoconstrictors that has been found (Altura and Altura, 1977). In

animals with an intact baroreflex system, elevation of plasma vasopressin concentration

within the normal daily range of levels can produce a significant vasoconstriction effect

and result in increased total peripheral resistance (Cowley et aI., 1983), however, the

vasopressin vasoconstrictor effect on blood pressure is minimal. Cowleyet al. (1974)

reported that intravenous infusion of exogenous vasopressin, which produced plasma

vasopressin concentrations well within the daily physiological range, resulted in an

increase of arterial blood pressure of only 5 mmHg in intact dogs while an increase of 33

mmHg was seen in baroreceptor-denervated dogs. Similar results were also reported by

Montani et al. (1980). Studies demonstrated that vasopressin could enhance the ability of
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the baroreceptor reflex to buffer blood pressure elevations caused by a rise in total

peripheral resistance by reducing cardiac output and heart rate (Cowley et aI., 1974;

Montani et aI., 1980).

It is also evident that vasopressin has varying vasoconstrictor effects in different

vascular beds. While some organs showed reduced blood flow in response to vasopressin

infusion, other organs do not, in particular, the kidney. This is probably due to a V2

receptor mediated vasodilator effect that offsets the VIa receptor mediated

vasoconstrictor effect of vasopressin. V2 receptor-mediated vasodilatation has been

shown in the kidney of dogs, rats, and rabbits (Naitoh et aI., 1993; Aki et aI., 1994;

Tarnaki et aI., 1996), and in the forearm (Hirsch et aI., 1989; van Lieburg et aI., 1995) and

renal arteries (Medina et aI., 1999) of humans. However, the mechanism by which

vasodilation is produced is not clear. As there is no evidence for V2 receptors within

vascular smooth muscle, this vasodilating effect does not appear to be due to direct action

of the vascular smooth muscle. It is believed that the release of nitric oxide (Aki et aI.,

1994; Lieburg et aI., 1995) or vasodilatory prostaglandins (Medina et aI., 1999) induced

by V2 receptor stimulation of endothelial receptors contributes to the vasodilation effect

of vasopressin.

The role of vasopressin in the regulation of renal hemodynamics is of particular

interest due to the importance of the kidney on body fluid homeostasis and long-term

blood pressure control.

Studies have demonstrated that the vascular effects of vasopressin are different in

the renal cortex and medulla in rats, where the renal medulla seems more sensitive to the

vasoconstrictor effect of vasopressin. Intravenous infusion of vasopressin causing an
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increase in plasma vasopressin concentration still within the physiological range which

had no effect on mean arterial blood pressure, total renal blood flow, and blood flow in

the renal cortex, lowered blood flow in the renal medulla (Franchini and Cowley, 1996;

Franchini et aI., 1997). These results indicate that vasopressin may regulate regional

blood flow shifts within the kidney.

Vasopressin appears to have a dual effect on the renal medullary circulation in

rats, causing vasoconstriction via VI receptors and vasodilatation via V2 receptors

(Nakanishi et aI., 1995). While infusion of a selective VI receptor agonist into the

medullary interstitium reduced medullary blood flow, infusion of a selective V2 agonist

increased medullary blood flow. Furthermore, equimolar doses of vasopressin also

reduced medullary blood flow but to a lesser degree than the effect of a VI agonist. This

study indicated that the vasoconstrictor effect of vasopressin was the predominant effect

in the renal medulla circulation, but stimulation of the V2 receptor could partially

attenuate VI receptor-mediated vasoconstriction. The net effect of vasopressin was to

decrease renal medullary blood flow.

While chronic intravenous or renal medullary infusion of vasopressin failed to

increase blood pressure (Cowley et aI., 1994; Cowley et aI., 1998), infusion of a VI

agonist produced sustained hypertension in rats (Szczepanska-Sadowska et aI., 1994;

Cowleyet aI., 1998). Cowley et ai. (1998) demonstrated that chronic renal medullary

infusion of vasopressin decreased medullary blood flow transiently and insignificantly,

whereas infusion of VI agonist resulted in a significant reduction of renal medullary

blood flow. These results indicated that the VI vasoconstrictor effect of vasopressin

played an important role in the development of hypertension due to a chronic reduction of
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medullary blood pressure. Chronic stimulation of V2 receptors might offset the

vasoconstrictor and hypertensive effects of VI receptors by vasopressin.

VIa receptor mRNA was found in all regions of the renal vasculature, while V2

receptor mRNA was only present in the renal tubule (Park et aI., 1997). This indicated

that V2 receptor mediated renal medullary vasodilation was not a direct effect of

vasopressin in the renal vasculature, but likely an indirect effect of nitric oxide release

through tubular V2 receptor stimulation (Park et aI, 1998). While vasopressin or

vasopressin V2 receptor agonist increased renal medullary nitric oxide concentrations,

vasopressin VI receptor agonist had no effect. On one hand, there was evidence that

stimulation of V2 receptors increased concentration of nitric oxide in the renal medulla,

buffering the hypertensive effects of vasopressin (Szentivanyi et aI., 2000). On the other

hand, administration of the nitric oxide synthase inhibitor, NG-nitro-L-arginine methyl

ester (L-NAME) increased blood pressure by lowering medullary blood flow and

inducing sodium and water retention (Mattson et aI., 1992, 1994, 1997).

Therefore, Cowley (1997) suggested that the renal medullary circulation could

play an important role in determining the level of blood pressure required to achieve

long-term fluid and electrolyte homeostasis by establishing the slope and set point of the

pressure-natriuresis relationship.

1.2.3 Vasopressin: Renal Actions

The antidiuretic action of vasopressin was not known until 1913 when Von den

Velden (1913) reported successful treatment of patients with diabetes insipidus by

injections of posterior pituitary extracts. In 1924, Starling and Verney (1924) localized
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the antidiuretic effect of posterior pituitary extracts to the kidney. Under normal

circumstances, the antidiuretic action is the most prominent action of vasopressin, which

regulates renal collecting duct water reabsorption and plays an important role in body

fluid homeostasis.

The antidiuretic action of vasopressin is mediated by V2 receptors coupled to

stimulatory G proteins (Gs-protein). Without the presence of vasopressin, the entire

collecting duct is impermeable to water. Binding of vasopressin to V2 receptors

stimulates Gs-proteins, which then activate adenylate cyclase to convert ATP to cAMP.

As a second messager, cAMP activates a cAMP-dependent protein kinase, followed by

protein phosphorylation-dephosphorylation. Finally, aquaporin-2 (AQP-2) water

channels are inserted in the luminal membrane of the collecting duct principal cells,

thereby increasing permeability and reabsorption of water. Vasopressin is involved in

both short and long term regulation of collecting duct AQP-2 water channels (Knepper,

1997). In normal rats subjected to water restriction or treated with a vasopressin V2

receptor agonist [deamino-Cysl,D-Arg8]-vasopressin (dDAVP), the expression of AQP-2

was increased (Hayashi et aI., 1994; Terris et aI., 1996).

The antidiuretic action of vasopressin depends upon the generation of the osmotic

gradient across the collecting duct cells (Rector, 1977). Activation of V2 receptors

increases urea permeability in the terminal portions of the medullary collecting duct.

Accumulation of urea in the medullary interstitium contributes to the establishment of the

osmotic gradient, which provides the osmotic driving force for water reabsorption, which

in tum, enhances the ability to form concentrated urine in the collecting ducts. Similar to

regulation of water reabsorption, vasopressin regulates urea reabsorption via a cAMP-
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dependent pathway and activation of a specialized urea transporter UTI located in the

apical membrane (Shayakul, 1996).

It has been shown that V2 receptors were located not only in the basolateral

membrane but also in the luminal membrane of terminal inner medullary collecting ducts

(Nonoguchi et aI., 1995). Luminal vasopressin inhibited basolateral vasopressin­

stimulated water and urea permeability in terminal inner medullary collecting ducts. This

suggests that vasopressin acts on both basolateral and luminal sides to regulate water and

urea transport in terminal inner medullary collecting ducts. Luminal action of

vasopressin serves as a negative feedback system upon basolateral action of vasopressin.

Vasopressin may also enhance NaCI reabsorption in the medullary thick

ascending limbs of Henle's loop (Sasaki and Imi, 1980; Hebert and Andreoli, 1984) via

Na+/K+/2CI- cotransport (Hebert and Andreoli, 1984) driven by Na+/K+-ATPase

(Jorgensen, 1976). Vasopressin or V2 agonist dDAVP have been shown to stimulate

Na+/K+-ATPase (Charlton and Bayliss, 1990) and increased expression of the

Na+/K+I2CI- cotransporter in the medullary thick ascending limbs of Henle's loop (Kim

et aI., 1999).

Apart from its direct tubular actions, vasopressin vascular actions on the renal

hemodynamics discussed in the previous section may also influence sodium and water

excretion. Franchini et ai. (1997) reported that intravenous infusion of vasopressin,

which increased plasma concentration of vasopressin within the physiological range, had

no effect on mean arterial blood pressure, total renal blood flow, and blood flow in the

renal cortex. However, blood flow in the renal medulla was reduced and was

accompanied by decrease in urinary sodium excretion. Renal medullary interstitial
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infusion of a nitric oxide synthase inhibitor, NG-nitro-L-arginine methyl ester (L­

NAME), which inhibited nitric oxide production by stimulation of V2 receptors lowered

medullary blood flow and decreased sodium and water excretion (Mattson et aI., 1992,

1994, 1997). Thus vasopressin-mediated shifts in blood flow within the kidney appear to

alter renal sodium handling.

One of the most important mechanisms by which the kidneys regulate blood

pressure is by altering renal excretion of salt and water. Vasopressin actions on

regulation of renal sodium and water excretion indicate that vasopressin may play an

important role in blood pressure control through its influence on body fluid homeostasis.

2. Kidney and Vasopressin in Hypertension

2.1 Kidney in Hypertension

Guyton et ai. (1974) first proposed that the kidneys are central to the

establishment and maintenance of hypertension. Since then numerous studies conducted

regarding the role of the kidney in blood pressure control and hypertension support their

view. As Abe and Ito (1997) stated 'The kidney is important not only as a target organ of

hypertension but also as an organ that may cause hypertension.'

Renal transplantation studies in rats and humans have provided strong evidence

for a pivotal role of the kidney in the pathogenesis of hypertension. Renal cross­

transplantation has been successfully performed in several rat models of genetic

hypertension and their normotensive controls, including spontaneously hypertensive rats

(Bianchi et aI., 1974; Kawabe et aI., 1978; Patchan et aI., 1997), stroke-prone

spontaneously hypertensive rats (Kopf et aI., 1993), Dahl salt-sensitive rats (Dahl and
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Heine, 1975; Morgan et aI., 1990; Churchill et aI., 1992), Milan hypertensive rats

(Bianchi et aI., 1977), and Prague hypertensive rats (Heller et aI., 1993). It appears that

hypertension "travels with the kidney". Generally, transplantation of a kidney from a

genetically hypertensive rat to a genetically normotensive rat causes the normotensive

recipient to become hypertensive. Conversely, transplantation of a kidney from a

genetically normotensive rat to a genetically hypertensive rat, results in the hypertensive

recipient becoming normotensive. It is particularly interesting that transplantation of a

kidney from an adult SHR which received lifetime antihypertensive treatment with

normalized blood pressure or from a young SHR which has not yet developed

hypertension to an age-matched normotensive rat might still produce hypertension (Rettig

et aI., 1990; Kopf et aI., 1993). These findings indicated that the genetic background of

the kidney determines the development of hypertension.

Similarly, genetic predisposition to hypertension was also transmitted with the

kidney in humans. Curtis et aI. (1983) reported that the blood pressure was completely

normalized in patients with severe hypertension and end-stage hypertensive renal disease

by bilateral nephrectomy and seqsequent transplantation of a kidney from normotensive

donor. Guidi et aI. (1985) demonstrated that mean blood pressure in patients receiving a

kidney from donors with a family history of hypertension was significantly higher than

the mean blood pressure in patients receiving a kidney from donors with a normotensive

family history and required more antihypertensive treatment.

Taken together, renal transplantation studies both in rats and in humans supported

a view that the kidney plays a primary role in the pathogenesis of genetic hypertension

and this is probably due to a genetic defect influencing renal function. However, the
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underlying mechanisms have not yet been identified. Studies have demonstrated that

transplanted SHR kidneys had a decreased capacity to excrete dietary sodium and the

development of post transplantation hypertension in normotensive recipients of a SHR

kidney was shown to be associated with excess renal sodium retention (Graf et aI., 1993;

Frey et aI., 2000).

The most important mechanism by which the kidney contributes to long-term

blood pressure regulation is its ability to excrete sodium and water so that a balance

between sodium and water intake and sodium and water excretion is maintained. This in

tum maintains body fluid volume and blood pressure. According to the pressure­

natriuresis-diuresis theory proposed by Guyton and associates (1974), renal perfusion

pressure is a major determinant of sodium and water excretion. An elevation of renal

perfusion pressure results in increased excretion of sodium and water. In normotensive

subjects, elevation of arterial blood pressure leads to an increase in renal perfusion

pressure, which promotes sodium and water excretion, and consequently reduces blood

volume and returns arterial blood pressure to normal. In hypertensive subjects, however,

the inability of the kidney to excrete sodium and water requires an increased arterial

blood pressure to reestablish and maintain sodium and water balance. Any factor that

impairs the ability of the kidney to excrete sodium and water and shifts the relationship

between sodium excretion and arterial blood pressure toward higher pressures may

induce hypertension.

In fact, all forms of experimental models of hypertension studied to date use some

maneuver to reduce the ability of the kidney to excrete sodium and water. For example,

in DOCA (deoxycorticosterone acetate) salt hypertension, animals were treated with
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deoxycorticosterone acetate at the same time fed on a high sodium diet. Obviously, this

type of experimental hypertension was induced by excess sodium and water retention due

to a high sodium intake and an enhanced renal tubular sodium reabsorption. Impaired

renal excretory function was also found in genetic models of hypertension. Uyehara and

Gellai (1993) demonstrated a reduced renal solute excretion in SHR at 4 weeks of age

preceding the development of hypertension, which appeared to be due to an increased

renal vascular resistance and a decreased glomerular filtration rate. This supports the

theory that an increased blood pressure developed as it was needed to compensate the

impaired renal excretory function in SHR. Results reported by Roman and Kaldunski

(1988) showing that, medullary vascular resistance was elevated even in very young

SHR, also supported Guyton's theory.

Studies have demonstrated that many factors, including neural, hormonal, and

humoral factors, may influence the ability of kidney to excrete sodium and water hence

arterial blood pressure. Furthermore, many of these factors have been shown to playa

role in various forms of hypertension, such as arterial baroreflexes, renin-angiotensin­

aldosterone, vasopressin, adrenal catecholamines, atrial natriuretic peptide, endothelial

and nitric oxide, kallikrein-kinin system, and prostaglandins (Navar, 1997).

It has long been recognized that vasopressin, with its antidiuretic action on renal

tubular system via V2 receptors and its vasoconstrictor effect on renal vasculature via VI

receptors, may influence renal excretion of sodium and water, and participate in body

fluid homeostasis and blood pressure control. In addition, elevated concentrations of

vasopressin have been found in several forms of hypertension. Therefore, it is reasonable
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to believe that vasopressin may be involved in the pathogenesis of hypertension through

its renal actions.

2.2 Vasopressin in Hypertension

A possible role of vasopressin in hypertension was first suggested by Page and

Sweet (1937) who observed a decrease in blood pressure in dogs with Goldblatt

hypertension following hypophysectomy, and thus, presumably removal of vasopressin.

Elevated levels of vasopressin have been found in several animal models of hypertension

as well as in human essential hypertension. The contribution of vasopressin to the

hypertensive process has been examined in animals and in humans to provide evidence

that vasopressin is likely to be involved in the development and/or maintenance of

hypertension, through its pressor effect, or its antidiuretic effect, or a combination of both

effects.

2.2.1 Vasopressin in Animal Models of Hypertension

In DOC-salt hypertension, animals are subjected to unilateral nephrectomy and

treated with deoxycorticosterone (DOC) and salt. Mohring et al. (1977) found plasma

vasopressin concentrations in DOC-salt hypertensive rats increased three-fold in the

benign phase of elevated blood pressure, and ten-fold in the malignant phase of

hypertension compared to vasopressin levels in the control animals. Intravenous

injection of a specific vasopressin antiserum resulted in a transient reduction of blood

pressure to normal or subnormal levels in both phases of hypertension, but especially in

the malignant phase. Based on these findings, the authors proposed that vasopressin
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plays a role as a vasopressor hormone in the pathogenesis of malignant DOC-salt

hypertension. Elevated plasma levels of vasopressin in DOC-salt hypertension were also

reported subsequently by other investigators (Crofton et aI., 1979, 1980; Berecek et aI.,

1981, 1982; Morton et aI., 1982).

In order to determine the role of vasopressin in DOC-salt hypertension, rats with

hereditary diabetes insipidus (DI rats) which were unable to synthesize vasopressin were

studied. While DI rats treated with DOC and salt or with vasopressin alone failed to

develop hypertension (Crofton et aI., 1979; Berecek et aI., 1982; Saito and Yajima,

1982), those treated with DOC and salt together with vasopressin did develop

hypertension (Berecek et aI., 1982; Saito and Yajima, 1982). These findings support a

view that vasopressin is essential in the onset and/or maintenance of DOC-salt

hypertension.

Despite the fact that vasopressin plays a role in the DOC-salt hypertension and it

is a potent vasoconstrictor, the involvement of vasopressin as a pressor hormone in this

form of hypertension is still uncertain. Elevated plasma vasopressin concentrations found

in the animals with DOC-salt hypertension were far below those required to increase

blood pressure. This led to the postulation that there is an increased sensitivity to the

pressor effect of vasopressin in DOC-salt hypertension (Crofton et aI., 1979). Berecek et

aI. (1982) reported that renal vascular reactivity to vasopressin was increased in DOC-salt

hypertensive rats and that the changes occurred as early as 3 days post DOCA treatment

and preceded the rise in blood pressure. However, Morton et aI. (1982) failed to find

enhanced pressor sensitivity to vasopressin.
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Specific vasopressin antagonists which block the pressor effect and/or antidiuretic

activity of vasopressin were also employed to examine the role of vasopressin in DOC­

salt hypertension. Crofton et al. (1979) observed a substantial reduction in blood

pressure in rats with DOC-salt hypertension after intravenous injection of vascular

vasopressin antagonists dPVDAVP or d(CH2)sVDAVP. However, using the same

vasopressin antagonists, Rabito et al. (1981) failed to observe a fall in blood pressure in

DOC-salt hypertensive rats. Okada et al. (1995) administered two orally effective

vasopressin analogs, VI antagonist (OPC-21268) and V2 antagonist (OPC-31260),

separately or combined, to rats treated with DOCA and salt for 10 weeks. The VI

antagonist slightly attenuated the increase in blood pressure, but this attenuation was not

statistically significant. In contrast, the V2 antagonist could significantly attenuate the

increase in blood pressure. Combined administration of VI and V2 antagonist prevented

the increase in blood pressure. In rats treated with DOCA and salt for 3 weeks, VI

antagonist alone did not significantly reduce blood pressure, whereas V2 antagonist alone

or a combined VI and V2 antagonist treatment significantly reduced blood pressure.

Okada et al. (1995) concluded that both VI vascular contraction and V2 volume

expansion effects contributed to the development of DOC-salt hypertension, while the V2

effect was also important in the maintenance of high blood pressure at the established

stage. These results were inconsistent with the findings by Saito and Yajima (1982) who

found that administration of dDAVP, which is a potent antidiuretic agonist of vasopressin

with markedly reduced pressor activity, caused an increase in blood pressure. Although

the height of blood pressure was lower than that in rats infused with vasopressin with

comparable antidiuretic activity, this finding suggested that not only the vasopressor
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action but also the antidiuretic action of vasopressin is involved in the development of

DOCA-salt hypertension.

Pettinger et ai. (1986) has demonstrated an increased cAMP response to

vasopressin in cortical collecting tubules in DOCA-salt hypertensive rats. This increased

response to vasopressin was DOCA dependent and appears to be exaggerated by dietary

NaC!.

The Okamoto-Aoki spontaneously hypertensive rat (SHR) is a genetic model of

hypertension resembling human essential hypertension.

Elevated levels of plasma vasopressin concentration, urinary excretion of

vasopressin, and pituitary vasopressin content have been found in the young SHR during

the early developmental phase of hypertension at 33-75 days of age, compared to the

Wistar-Kyoto (WKY) normotensive control rats (Crofton et aI., 1978). Morhing et ai.

(1979) also reported that plasma vasopressin concentrations were elevated in a SHR

stroke-prone strain (SHRSP) with established hypertension (22-28 weeks of age). They

found that the elevation of arterial pressure was correlated with elevated plasma

vasopressin concentrations. Plasma vasopressin concentrations in SHR with benign

hypertension were elevated twofold, and in SHR with severe or malignant hypertension

fourfold, compared to normotensive WKY rats. In addition, intravenous injection of a

specific vasopressin antiserum lowered or normalized blood pressure transiently in SHR.

The authors concluded that in SHR with established hypertension, plasma vasopressin

plays an important role in the maintenance of high blood pressure. However, using the

same model of SHRSP as by Mohring, Rascher et ai. (1981) reported that vasopressin

concentrations were higher than normal only if the rats were more than 24 weeks of age.
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In 6-, 9-, 12-week-old rats, plasma vasopressin levels were lower than that of age-match

normotensive WKY rats. Due to the contradictory results, altered vasopressin levels in

blood pressure regulation and fluid homeostasis during hypertension in SHR is unclear.

Specific vasopressin VI and V2 receptor antagonists were employed to examine

the role of endogenous vasopressin in spontaneous hypertension. Based on the finding

that injection of vascular vasopressin antagonists in SHR failed to produce a significant

fall in blood pressure, Crofton et al (1978) questioned the role of vasopressin in the

pathogenesis of genetic hypertension. Similar result was also reported by Rascher et al

(1982) who did not observe a fall in blood pressure or peripheral resistance in 40-week­

old SHRSP after administration of a vascular vasopressin antagonist d(CHz)sAVP. In

addition, chronic administration of a VI antagonist, alone or combined with V2

antagonist for 10 weeks failed to significantly reduce the increases in blood pressure of

SHR rats (Okada et aI., 1994). In contrast, Sladek et ai. (1988) reported that while

administration of a vasopressin antagonist selective for the VI receptor alone did not alter

the course of hypertension, administration of a vasopressin antagonist with both VI and

V2 antagonist properties could attenuate the development of hypertension in SHR.

Results from this experiment also indicated a difference in water balance between SHR

and WKY. SHR exhibited a larger water intake and urine output than WKY at 6 weeks

of age; baseline plasma osmolality was greater in SHR than WKY at 12 weeks of age;

and administration of VIN2 antagonist resulted in a greater increase in plasma

osmolality in SHR than in WKY. Further study by Hosoya et ai. (1996) showed that the

binding capacity for V2 receptors was significantly increased in 12-week-old SHR rats

but not significantly different in 3- and 7- week-old compared with age-matched control
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WKY rats. This finding suggested that V2 receptors in the kidney changed with

development and played a role in maintaining fluid homeostasis in SHR with established

hypertension.

To determine whether the vasopressor and antidiuretic actions of vasopressin may

participate in the development of salt-induced hypertension, Hashimoto et aI. (1995)

examined the long-term effcts of vasopressin VI and V2 receptor antagonists on blood

pressure in Dahl-salt sensitive and salt-resistant rats. Neither the VI nor V2 receptor

antagonists (OPC-21268 or OPC-31260) altered the course of hypertension in DS rats.

Mohring et aI. (1978) found that plasma vasopressin concentrations in rats with

malignant two-kidney, one-clip Goldblatt hypertension were 4- to 5- fold higher than

vasopressin levels in normotensive control rats. Intravenous injection of a special

vasopressin antiserum lowered blood pressure transiently in some, but not all of the rats.

In contrast, injection of a specific angiotensin II antiserum always induced a transient fall

in blood pressure. The authors concluded that the increased release of vasopressin in the

hypertensive rats was simply a consequence of sodium and water depletion and activation

of the renin-angiotensin system, and they proposed that vasopressin may contribute to the

development of malignant renal hypertension via enhanced systemic vasoconstriction.

However, administration of antagonists (dDVDAVP or cyclo dDVDAVP) of the

vasopressor effect of vasopressin failed to reduce blood pressure in malignant two­

kidney, one clip Goldblatt hypertension, and provided evidence against a role of

vasopressin-mediated vasoconstriction in the maintenance of high blood pressure in

renovascular hypertension (Rabito et aI., 1981). Woods and Johnston (1982) also

reported elevated levels of plasma vasopressin concentrations in two-kidney, one-clip and
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one-kidney, one-clip hypertension rats. It was interesting that two-kidney, one clip

hypertension and one-kidney, one clip hypertension may be induced in homozygous

Brattleboro rats with hereditary hypothalamic diabetes insipidus (Woods and Johnston,

1982). While DI rats developed two-kidney, one-clip hypertension at the same rate and

to the same degree as control Long-Evans rats, DI rats with one-kidney, one-clip

hypertension had lower blood pressure than that of control Long-Evans rats. However,

administration of dDAVP, a V2 selective agonist with high antidiuretic but low pressor

activity, elevated the blood pressure in the DI rats to the same level as that seen in the

control rats. These findings indicate that the vasopressor effect of vasopressin is not

essential for the development of renal hypertension, but that the antidiuretic action of

vasopressin, via its effects on body fluid volume, may be important in determining the

long-term hypertensive level of blood pressure regulation.

2.2.2 Vasopressin in Human Essential Hypertension

The role of vasopressin in human essential hypertension is not yet clear.

Ellis and GroHman in 1949 first reported that patients with hypertension had

increased antidiuretic activity in their urine. Khokhar et al. (1976) found increased

urinary excretion of vasopressin in patients with mild essential hypertension. Padfield et

al. (1976) found plasma concentration of vasopressin was significantly lower in patients

with benign hypertension than in normal subjects, whereas, it was significantly higher in

those with malignant hypertension. However, the increased levels of plasma vasopressin

in malignant hypertension had no correlation with the blood pressure. Since intravenous

infusion of vasopressin in normal subjects which increased plasma vasopressin
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concentration to a level greater than those seen in malignant hypertension had no effect

on blood pressure, it appeared unlikely that vasopressin was involved in the pathogenesis

of human essential hypertension by a direct vasoconstrictor effect. Therefore, an

increased sensitivity to the vasoconstrictor effects of vasopressin in patients with

essential hypertension was proposed and examined by Padfield et al. (1981). Intravenous

infusion of vasopressin in patients with mild-moderate essential hypertension to a level in

excess of those seen in malignant hypertension produced only minor changes in blood

pressure. Based on their findings, and the fact that patients with the syndrome of

inappropriate antidiuretic hormone secretion (SIADH) have extremely high plasma

vasopressin levels without hypertension, Padfield et al. (1981) concluded that the direct

vasoconstrictor action of vasopressin was an unlikely cause of malignant hypertension. It

appeared that the raised plasma vasopressin concentrations found in patients with

malignant hypertension were a result of volume depletion following salt and water loss,

rather than a cause. In contrast to the findings of Padfield and colleagues, Cowley et al.

(1981) found that the plasma vasopressin concentration was significantly higher in

human subjects with moderate essential hypertension than vasopressin levels of

normotensive subjects, and that there was a significant correlation between diastolic

pressure and changes in plasma vasopressin, as well as urine sodium concentration.

Despite elevated plasma vasopressin concentration, renal concentrating ability appeared

to be diminished in hypertensive subjects.
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3. Gender and Vasopressin

3.1 Sexual Dimorphism in Vasopressin Secretion and Excretion

Dai et ai. (1996) demonstrated a gender difference in the basal hypothalamic

AVP-mRNA level in Sprague-Dawley rats which was 45% higher in intact males than in

intact females. While the hypothalamic AVP-mRNA level tended to be lower (but not

statistically significant) in castrated males than in intact males, the hypothalamic AVP­

mRNA level in ovariectomized rats was 30% higher than that in intact females.

Gender-related differences in the osmotic control of vasopressin secretion have

been reported. Infusion of hypertonic saline (2.5%) in normal human subjects resulted in

a greater increase in the urinary excretion of vasopressin in women than in men

(Merkelbach et ai. 1975). Pretreating men with estrogen for 4 days reduced this

difference (Vallotton et aI., 1983). Baylis et ai. (1985) found a reduction of basal plasma

osmolality in the luteal phase of the human menstrual cycle, which was caused by a

lowering of the osmotic threshold for the release of vasopressin and for thirst. The

sensitivity of the osmoreceptor-vasopressin-releasing unit was also found to be lowered

in the luteal phase. However, Crofton et ai. (1989) did not find a difference in the

sensitivity of the osmotic control of vasopressin release between male and female rats.

Instead, they observed a higher osmotic threshold for vasopressin release in males than in

females in each of the four phases of the estrous cycle.

Skowsky et ai. (1979) found serum vasopressin levels varied during the estrous

cycle in rats. Serum vasopressin levels in adult female Wistar rats were 0.6 !-lV/ml during

diestrous, 4.6 !-lV/ml on the morning of proestrous, 1.3 !-lV/ml on the afternoon of

proestrous, and 1.5 !-lV/ml on the day of estrous, whereas, serum vasopressin levels in
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adult male Wistar rats were only 004 f.lU/ml, which were similar or lower than those in

age-matched females depending upon the phase of the estrous cycle. The serum

vasopressin concentration in adult male Wistar rats increased significantly, from 004

f.lU/ml to 2.6 f.lU/ml after 2 weeks of castration, which was prevented by daily injections

of testosterone. In adult female Wistar rats, however, the serum vasopressin

concentration was 104 f.lU/ml after 2 weeks of ovariectomy. Daily injections of estradiol

resulted in a significant rise in serum vasopressin concentration to 5.0 f.lU/ml. These

authors concluded that the testosterone inhibits vasopressin release in males and estrogen

stimulates vasopressin release in females. In contrast, Crofton et al. (1985) reported that

the plasma vasopressin concentrations were unchanged during the estrous cycle, which

were 0.60 f.lU/ml at diestrus, 0.68 f.lU/ml at proestrus, 0.60 f.lU/ml at estrus, and 0.66

f.lU/ml at metestrus. Also, the plasma vasopressin concentrations were higher in male

rats (1.1 f.lU/ml) than in female Wistar rats (0041 f.lU/ml). Gonadectomy performed at 3

weeks of age reduced plasma vasopressin concentration in males and increased plasma

vasopressin concentration in females at 10-11 weeks of age. Treatment of castrated

males with testosterone increased vasopressin release, whereas treatment of

ovariectomized female rats with estrogen had little effect on the plasma concentration of

vasopressin. Moreover, Crofton et al. (1986) reported that the higher plasma vasopressin

concentration in male than in female rats was due to a higher rate of secretion of the

hormone since the metabolic clearance rate of vasopressin did not differ between male

and female rats.
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Variations in plasma concentrations of vasopressin were also reported in women

with normal menstrual cycles. Vasopressin levels were highest at the time of ovulation

and lowest at the onset of menstruation (Forsling et aI., 1981). Administration of

estradiol augmented vasopressin release in postmenopausal women (Forsling et aI.,

1982).

In rats, the 24-hour urinary excretion of vasopressin was higher in males than in

females (Crofton et aI., 1985). This gender-related difference in urinary excretion of

vasopressin in rats was abolished by gonadectomy as evidenced by a reduction in urinary

vasopressin excretion in castrated males and an increase in that of ovariectomized

females. Treatment of castrated male rats with testosterone and ovariectomized female

rats with progesterone alone or in combination with estradiol restored the gender-related

differences.

In normal human subjects, Merkelbach et aI. (1975) found that the 24-hour

urinary excretion of vasopressin was approximately two times higher in men (70 ng) than

in women (34 ng). Similarly, Crofton et aI. (1986) reported the 24-hour urinary excretion

of vasopressin was higher in black and white men than in black and white women on both

normal and low sodium diets.

Taken together, findings from both animals and humans suggest that gonadal

steroid hormones can modulate the secretion and excretion of vasopressin.
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3.2 Sexual Dimorphism in Vasopressin Biological Actions

3.2.1 Sexual Dimorphism in Vasopressin Cardiovascular Actions

In 1938, Byrom observed an enhanced sensitivity of the rat to vasopressin with

preliminary treatment with estrogen. Later, Lloyd (1959) found that intravenous

administration of vasopressin caused a greater pressor response at the time of estrus than

at other times in female rats. Their studies suggested that the gonadal steroid hormones

could modulate the vascular actions of vasopressin.

In conscious, chronically instrumented hydrated rats, graded intravenous infusion

of vasopressin resulted in a greater pressor response in males and estrous females than in

females in diestrus, proestrus, and metestrus (Crofton et aI., 1986, 1988). This greater

pressor response to vasopressin was due to greater increases in total peripheral resistance

in males and estrous females than in females in the other phases of the estrous cycle,

since there were no gender- or cycle-related differences in the vasopressin-induced

reductions in cardiac output (Toba et aI., 1991). Gonadectomy was without effect on the

pressor response to vasopressin in males, but in gonadectomized females the pressor

response was increased to a level similar to that observed in males. Chronic treatment of

ovariectomized rats with estradiol restored the pressor response to vasopressin to levels

similar to those in nonestrous intact females, whereas, treatment of ovariectomized rats

with progesterone was without effect. Further studies showed that vasopressin has a

greater vasoconstrictor action in the mesenteric vascular beds in male than in female rats

(Wang et aI., 1997).
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3.2.2. Sexual Dimorphism in Vasopressin Renal Actions

A number of studies have indicated that the gonadal steroid hormones modulate

the antidiuretic action of vasopressin. Crofton et ai. (1985) found a higher urine

osmolality and a lower urine volume in intact male rats than in intact female rats with

free access to food and water. In conscious, chronically instrumented hydrated rats,

intravenous infusion of vasopressin at the rates of 3-100 pglkglmin resulted in a dose­

dependent antidiuresis, which was significantly greater in intact male and estrous female

rats than in intact female rats in the other phases of the estrous cycle (Wang et aI., 1993;

1994). Urine volume and free water clearance decreased and urinary osmolality

increased in both male and female rats without significant changes in mean arterial blood

pressure, heart rate, osmolar clearance, and urinary sodium and potassium excretion.

Similar results were also found in rats after 24 h water deprivation, where urine flow was

significantly higher and urine osmolality lower in females than in males. Gonadectomy

was without effect on the antidiuretic response of vasopressin in males, but in

gonadectomized females, the antidiuretic response to vasopressin was enhanced to a level

similar to that observed in intact males (Wang et aI., 1994). Estradiol attenuated and

restored the antidiuretic response of vasopressin in ovariectomized female rats, whereas

progesterone, alone or in combination with estradiol, had no effect (Wang et aI., 1995).

Wang et ai. (1993) reported that the greater antidiuretic action of vasopressin in

male than in female rats was associated with an increased number of vasopressin V2

receptors and a greater ability of vasopressin to stimulate adenylate cyclase in papillary

collecting duct cells in male than in female rats.
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Estrogen receptors have been found in the kidney (Christy et aI., 1974). While

Hatano et ai. (1988) reported that physiological concentrations of estradiol and

progesterone significantly reduced the cAMP response to vasopressin in both rat and

human renal cells, Wang et ai. (1995) reported that it is estrogen, not progesterone that

reduces the antidiuretic response to vasopressin in the female rat. Regardless of whether

progesterone may be involved, both studies suggested that estrogen contributed to the sex

differences of antidiuretic activity of vasopressin. There is evidence that estradiol

stimulates the renal production of prostaglandin E2 that inhibits the antidiuretic activity

of vasopressin by attenuation of vasopressin-stimulated cAMP accumulation. Wang et

ai. (1997) demonstrated that inhibition of prostaglandin synthesis by the cyclooxygenase

inhibitor indomethacin abolished the sexually dimorphic antidiuretic action of

vasopressin by enhancing the antidiuretic action of vasopressin to a greater degree in

nonestrous female rats than in male rats.

4. Sexual Dimorphism in Hypertension

A sexually dimorphic pattern in the development of hypertension is evident in

both laboratory animals and human subjects: high blood pressure develops more rapidly

and/or severely in males than in females. Gonadectomy and/or treatment of gonadal

steroids that could alter the course of hypertension development in both males and

females suggest that the gonadal steroids might playa role.
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4.1 Sexual Dimorphism in Animal Models of Hypertension

Sexual dimorphism in hypertension has been manifested in a number of

experimental animal models of hypertension, including deoxycorticosterone (DOC)-salt

hypertensive rats, Dahl salt hypertensive rats, spontaneously hypertensive rats, and rats

with induced renal hypertension.

In the deoxycorticosterone acetate (DOCA)-salt hypertension model where

animals are subjected to unilateral nephrectomy and treatment with DOCA and salt, both

male and female rats developed hypertension in response to treatment with DOC and salt.

Hypertension development was more rapid in male than in female rats, and the systolic

blood pressure was 20-30 mmHg higher in male than in female rats (Ouchi et aI., 1987,

1988). This sexual dimorphism was abolished by gonadectomy, which attenuated the

development of hypertension in males and exacerbated it in females (Crofton et aI.,

1989). Estrogen attenuated the course of the hypertension in male and in

gonadectomized female rats, whereas, testosterone exacerbated the development of the

hypertension in gonadectomized male rats but had no effect in females (Crofton and

Share, 1997).

In spontaneously hypertensive rats, blood pressure increases progressively with

age. Gonadectomy performed at 30 days of age, when the animals were still

normotensive retarded the development of high blood pressure when they matured (lams

and Wexler, 1977). In both intact and gonadectomized rats, the blood pressure levels

were higher in males than in females. Similar results were reported by Masubuchi et ai.

(1982) where the systolic blood pressure levels in intact SHR were 194-208 in males

versus 163-173 mmHg in females when they were 29-30 weeks old. Gonadectomy
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performed at 17 weeks of age resulted in a significant reduction in blood pressure, to 168­

175 in males versus 158-163 mmHg in females. Treatment with estrodial inhibited the

rise in blood pressure in intact or gonadectomized male and female rats (lams and

Wexler, 1979). Cambotti et aI. (1984) reported that neonatally castrated males showed a

similar blood pressure increase to that of intact females, while neonatally androgenized

females exhibit a pattern of blood pressure similar to intact males. Similar results were

reported by Ganten et aI. (1989). Surgical castration and treatment with testosterone

receptor antagonists reduced blood pressure in young (9 weeks of age) hypertensive rats.

However, these treatments had no effect on high blood pressure in 25-week-old

hypertensive rats.

Androgen receptor antagonists attenuated high blood pressure development when

given for the first 10 days after birth. In spontaneously hypertensive rats on a high salt

diet, males developed high blood pressure more rapidly than females (Blizard et aI.,

1991). In addition, increases in blood pressure were accompanied by increased urinary

protein excretion and increased renal vascular lesions, which were more severe in males

than in females. Chen and Meng (1991) found the systolic blood pressure levels of intact

SHR were 244 ±6 mmHg in males and 205 ±3 mmHg in females in 22 weeks of age.

Orchidectomy at age 4 weeks significantly attenuated the systolic blood pressure

elevation in the males (195 ± 4 mmHg at age 22 weeks), but ovariectomy at age 4 weeks

had no effect on the development of hypertension in the females. Administration of

testosterone to gonadectomized rats of both sexes conferred a male pattern of high blood

pressure development. These results indicated that the sexually dimorphic pattern of

hypertension in the SHR is androgen dependent, rather than estrogen dependent. Plasma
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norepinephrine levels did not differ between the sexes, nor were they altered by

gonadectomy or testosterone replacement, suggesting that the higher blood pressures in

the intact male and androgen treated male and female SHR are not dependent on

increased sympathetic outflow in the established phase of hypertension. Reckelhoff et aI.

(1998) reported that systolic blood pressure in SHR at 12 weeks of age was significantly

higher in males (195 ± 3 mmHg) than in females (168 ± 3 mmHg) and males castrated at

4 weeks of age (173 ± 4 mmHg). Treatment with testosterone to overiectomized females

caused arterial pressure to increase (175 ± 2 mmHg), which was significantly higher than

in intact females, castrated male, or untreated ovariectomized females (158 ± 2 mmHg).

In Dahl salt-sensitive rats fed a high salt diet at 6 weeks of age, the male rats

developed hypertension more rapidly than the age-matched female rats (Dahl et aI.,

1975). The mean systolic blood pressure of the males was 194 ±4.20 mmHg at 10 weeks

of age, while that of the females was only 162.8 ± 8.70 mmHg. It was not until 20 weeks

of age that the mean systolic blood pressure of the females reached the same level (200.9

± 7.66 mmHg) as that of male rats. Similarly, Crofton et aI. (1993) reported that the

systolic blood pressure was approximated 20 mm Hg higher in male than in female Dahl

salt-sensitive rats after 3 weeks of high-salt diet treatment, which was started at 7 weeks

of age. Dahl et aI. (1975) found that gonadectomy performed at 6 week of age had no

influence in the development of hypertension in male rats but enhanced the rate of

hypertension development in female rats to be equivalent to that of male rats. Rowland et

aI. (1992) reported that castration of neonatal male Dahl salt-sensitive rats attenuated the

development of hypertension (in contrast to findings of no influence on hypertension

development reported by Dahl et al (1975)), whereas, neonatal female rats treated with
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testosterone exacerbated the development of hypertension. Administration of estradiol

had no effect on hypertension in either ovariectomized females or intact males. Two

weeks of 8% sodium diet in Dahl salt-sensitive rats caused blood pressure to increase

significantly higher in intact male rats and ovariectomized female rats than in intact

females: 152 ± 4, 154 ± 5, and 141 ± 3 mmHg, respectively (Hinojosa-Labode et aI.,

2000).

Induction of renal hypertension in male and female Sprague-Dawley rats using

the Goldblatt two-kidney, one-clip (2KIC) model, Okuniewski et aI. (1998) found that

the success rate of induction of hypertension was higher in males (83%) and

overiectomized females (78%) than in intact females (53%). Blood pressure increased

more rapidly in male and ovariectomized female hypertensive rats, although no

difference was found in the severity of hypertension in male and female rats.

4.2 Sexual Dimorphism in Human Essential Hypertension

Longitudinal and epidemiological studies have shown that blood pressure

increases with age and a sexual dimorphism exits in the development of hypertension.

Generally, men have higher blood pressures and a higher prevalence of hypertension.

According to the Community Hypertension Evaluation Clinic Program, which

screened more than 1 million Americans between 1973 and 1975, found mean diastolic

blood pressure (DBP) was higher in men than in women at all ages, whereas mean

systolic blood pressure (SBP) was higher in men than in women until age 50 for blacks

and until age 65 for whites, and was higher in women thereafter (Stamler et aI., 1976).

The National Health and Nutrition Examination Survey II examined the blood pressure of
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16,204 Americans aged 6-74 years between 1976 and 1980, and found mean DBP was

higher in adult men than in women at all ages, whereas mean SBP was higher in men

until the age of 54 years, but was higher in women in the oldest (post-menopausal) age

group (Rowland and Roberts, 1982). Similar results were also reported by Kotchen and

his colleagues (1982) who found that SBP of males was higher than that of females

between ages 16 and 40 years, whereas above age 60, females had higher SBP. The

Hypertension Detection and Follow-up Program Cooperative Group (1977) screened

158,906 persons, aged 30 to 69 years, in 14 communities between 1973 and 1974 to

identify those with a DBP of 95 mmHg or higher, and found that hypertension was more

prevalent in men than in women both black and white.

Hypertension, defined as SBP ;::: 160 mmHg, DBP ;::: 95 mmHg, was more

common in men in younger age groups, but tended to be more common in women over

the age of 64 than in age-matched men (Comoni-Hhuntley et aI., 1989).

The Dormont High School Follow-up Study examined the changes of blood

pressure over a 30-year period in the Dormont High School cohort of 86 men and 116

women with mean ages of 17 years during high school (1957-1963), 34 years at follow­

up I (1977-1978), and 47 years at follow-up II (1989-1990) (Yang et aI., 1993). There

was relatively little change in mean SBP during the 30-year period, while the increase in

mean DBP was significantly higher in men than in women. Data from phase I of the

Third National Health and Nutrition Examination Survey, collected from 9901

participates 18 years of age and older from 1988 through 1991, indicate that 24%, or an

estimated 43 million of American adults had hypertension (SBP;::: 140 mmHg, DBP;::: 90

mmHg. In all age and racial (non-hispanic blank, non-hispanic white, and Mexican
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American) groups surveyed, men had average SBP and DBP that were 6-7 and 3-5

mmHg higher, respectively, than the average values in women. In each of the gender­

race groups, age was associated not only with an increasing prevalence, but also with an

increasing severity of hypertension. Mean values for SBP were lower in women than

men during early adulthood (18-49 years of age), but the subsequent rate of rise of blood

pressure with age was steeper for women than for men. As a result, average SBP for

women in each of the three racial/ethnic groups was as high as or higher than the

corresponding value for men during and after the seventh decade (Burt et aI., 1995).

These results indicate that any protective effect of gonadal hormone in females before

menopause is gone after menopause.

4.3 Vasopressin Sexual Dimorphism in Hypertension

Despite the fact that vasopressin may contribute to some forms of hypertension

and there are gender differences in the secretion and actions of vasopressin, as well as in

the development of hypertension, the possible role of vasopressin in the gender difference

of hypertension or the influence of gender on vasopressin actions in hypertension has not

yet been fully investigated.

Vasopressin is essential for the development and maintenance of DOC-salt

hypertension contributing via both its antidiuretic action and its vasopressor action

(Morhing et aI., 1977; Saito et aI., 1979; Crofton et aI., 1979, 1980). A gender difference

in the development of DOC-salt hypertension has been demonstrated where male rats

develop hypertension rapidly and to a higher level than female rats (Ouchi et aI., 1987,

1988; Crofton et aI., 1989, 1997; Stallone, 1995). Plasma vasopressin concentration and
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24-hour urinary excretion of vasopressin were significantly higher in DOC-salt

hypertensive rats than in control rats, however, there was no difference between male and

female rats (Ouchi et aI., 1987). Since the metabolic clearance rate of vasopressin did not

differ from male and female DOC-salt hypertensive rats (Ouchi et aI., 1987), it was

unlikely that the gender difference in the development of DOC-salt hypertension was due

to the difference in vasopressin secretion. Ouchi et aI. (1988) reported that there was a

greater pressor responsiveness to graded intravenous infusion of vasopressin in male than

in female DOC-salt hypertensive rats. In addition, a depression of baroreflex sensitivity

was observed in male and female DOC-salt hypertensive rats, which was greater in males

that in females. These authors concluded that the diminished pressor responsiveness to

vasopressin and a smaller impairment of baroreflex sensitivity might contribute to the

reduced development of DOC-salt hypertension in female rats. Although the antidiuretic

action of vasopressin is also a major contributing factor to the DOC-salt hypertension, the

gender effect on the vasopressin antidiuretic action in DOC-salt hypertension has not yet

been reported.

Similar to DOC-salt hypertensive rats, plasma vasopressin levels have been

shown to be increased in Dahl-salt sensitive rats fed on a high salt diet. In this model,

male rats developed hypertension more rapidly than female rats. Vasopressin VI

receptor antagonist in males prevented further increase in systolic blood pressure during

the first week of treatment, but systolic blood pressure rose thereafter towards the levels

found in the untreated males. In females, VI receptor antagonist had no effect (Crofton

et aI., 1993).

36



Elevated levels of vasopressin have been reported in SHR, with male rats

developing hypertension more rapidly than female rats. Burrell et ai. (1995)

demonstrated a gender difference in the efficacy of a nonpeptide vasopressin VIa

receptor antagonist OPC-21268 to lower blood pressure, which is greater in male than in

female SHR.

In human patients with essential hypertension, plasma vasopressin levels were

significantly higher in hypertensive men than in normal men (Cowley et aI., 1985). In

addition, there was a significantly positive correlation between plasma vasopressin levels

and both systolic and diastolic blood pressure in men. However, in women with

comparable age and similar levels of hypertension as men (men, 146/100; women,

153/102 mmHg), elevated levels of plasma vasopressin were not found. This suggested

that there is a gender difference in the development of hypertension and vasopressin may

contribute to this gender difference.

5. Summary

Vasopressin is important in the regulation of body fluid volume and the

maintenance of blood pressure. Studies have shown that vasopressin may play an

important role in the development and maintenance of hypertension in several animal

models and further, that its antidiuretic action may be involved. Recent studies found

that the release and excretion of vasopressin, as well as the cardiovascular action and

antidiuretic action of vasopressin, are greater in males than in females, but the

physiological and pathological consequences of these gender differences are not clear.

Gender difference has also been found in the development of hypertension in several
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animal models where high blood pressure develops more rapidly and to a higher level in

males than in females. In clinical studies, the prevalence of hypertension and the

mortality due to cardiovascular disease is greater in men than in women. However,

whether vasopressin gender differences are involved in the gender difference of

hypertension has not yet been determined.

This dissertation will test the hypothesis that a gender effect on vasopressin renal

action contributes to gender differences in hypertension. If antidiuretic action of

vasopressin indeed is involved in hypertension, altered fluid handling by the kidney in

hypertensive rats compared with normotensive control rats should be evident. Further, if

the gender effect on vasopressin action contributes to a difference in the degree of

hypertension development, a difference in the magnitude of a gender effect in

normotensive vs hypertensive rats may by evident.

In this study, the effect of gender on the antidiuretic activity of vasopressin in the

spontaneously hypertensive rat (SHR) was examined. Specifically, the followings were

compared in male SHR and WKY and female SHR and WKY during the estrous and

nonestrous phases of the estrous cycle:

1) Renal function as measured by renal clearance studies.

2) The antidiuretic activity of exogenous vasopressin to determine possible

hypertension-induced changes in renal sensitivity.

3) The contribution of endogenous vasopressin to hypertension-induced

differences in renal fluid handling.

In addition, vasopressin V2 receptors play an important role in mediating the

development of hypertension via altered antidiuretic action of vasopressin on the kidneys

of hypertensive animals. If antidiuretic action of vasopressin indeed is involved in

38



hypertension, altered renal fluid handling due to an alteration of V2 receptor expression

in the kidney as well as their intracellular responses may also be possible. Thus,

expression of V2 receptors in the kidney of male SHR and WKY were also compared.
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CHAPTER II

MATERIALS AND METHODS

1. Animals

Age-matched adult male and female Spontaneously hypertensive rats (SHR) and

their normotensive counterpart, Wistar-Kyoto (WKY) rats were used in this study.

SHR is a genetic model of hypertension resembling human essential hypertension.

High blood pressure develops spontaneously in SHR with age. According to the study by

Uyehara and Gellai (1993), SHR has normal mean arterial blood pressure at 4 weeks of

age. Mean arterial blood pressure then increases progressively and hypertension is fully

developed approximately at 12 weeks of age. In this study, WKY rats served as

normotensive controls.

The reason for choosing this animal model is that the effect of gender on the renal

actions of vasopressin could be studied in a model where hypertension develops in intact

animals without artificial manipulation of the renal arteries and the kidneys. In addition,

there was no additional salt required for the development of hypertension. This avoided

complications of varied contributions of degree of salt loading or other effects on renal

function that might occur in other animal models of hypertension, in which the animals

are subjected to nephrectomy and/or constriction of the renal artery, as well as being fed a

high salt diet, such as in DOCA-salt hypertension, Goldblatt hypertension, and Dahl salt­

sensitive hypertension.

Adult female SHR (Okamoto strain, Taconic Farms) and WKY rats (Okamoto

strain, Taconic Farms) were bred in-house for timed pregnancies to ensure precise birth
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dates. Rat pups were weaned 18-21 days after delivery and segregated in groups by sex.

Both male and female rats were used for the subsequent in vivo studies. Surgical

implantation of vascular and stomach catheters as well as bladder cannula in rats for in

vivo studies was performed when the rats were 11 to 15 weeks of age. In vivo

experiments were conducted one week after surgery, when the rats were 12 to 16 weeks

of age, and when they were fully recovered from surgery. By this age, hypertension was

also fully established. Only male rats at 4 weeks and 12 to 16 weeks of age were used

for the in vitro study examining renal V2 receptor expression.

The stage of the estrous cycle in female rats was determined by daily microscopic

examination of vaginal smears previously described by Hafez (1970). At lease one

complete estrous cycle (4-6 days in length) was followed before a rat was used in an

experiment. In addition, vaginal smears were always obtained immediately before and

after each experiment.

Animals were housed in a room with controlled temperature and lighting (lights

on from 0600 to 1800) and allowed free access to food and tap water.

All surgical and experimental procedures performed in this study were reviewed

and approved by the TripIer Army Medical Center Animal Care and Use Committee and

procedures were done in accordance with National Institutes of Health Guidelines for the

care and use of animals.
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2. Surgical Preparation

Eleven to 15-week-old age-matched male and female SHR and WKY rats were

surgically prepared as described previously by Uyehara and Gellai (1993), and Gellai and

Valtin (1979).

With the use of sterile surgical procedures, rats were anesthetized with ketamine

hydrochloride (60 mg/kg body weight, i.m.) and pentobarbital sodium (21 mg/kg body

weight, i.p.) for chronic implantation of vascular and stomach catheters as well as bladder

cannula.

Vascular catheters were made of 0.030 inch O.D. medical grade Tygon Microbore

tubing (S-54-HL, Norton Performance Plastics, Akron, Ohio). One vascular catheter was

implanted in the abdominal aorta via left femoral artery for blood pressure recording and

blood sampling. Another vascular catheter was implanted into the abdominal vena cava

via the femoral vein for solution infusion and drug administration.

The stomach catheter was made of 0.040 inch O.D. medical grade Tygon

Microbore tubing (S-54-HL, Norton Performance Plastics, Akron, Ohio) and implanted

for water loading or replacement of water lost during the experiment.

All of the catheters were tunneled subcutaneously and externalized at the back of

the neck. Vascular catheters were filled with a 25% heparin-25% dextrose solution, while

the stomach catheter was filled with sterile water. Then, all of the catheters were plugged

with stainless steel pins.

The bladder cannula was constructed of a stainless steel tube (14-16 G, 1-1.5 cm

long) covered with a silastic tubing (0.125 inch O.D., Dow Coming, Midland, MI) and
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implanted into the bladder for urine collection through a suprapubic midline incision and

brought directly through the adjacent abdominal wall.

After surgery, rats were housed in individual cages with free assess to food and

water. Every other day after surgery, vascular catheters were maintained by flushing with

sterile saline and filling with a 25% heparin-25% dextrose solution, stomach catheter was

maintained by flushing and filling with sterile water, and bladder cannula was maintained

by flushing with 1% neomycin (Monarch Pharmaceuticals, Bristol, TN) in sterile water.

The animals were allowed at least 4 to 7 days for recovery before any experiment

procedures were conducted. Before surgery and during recovery, each rat was trained 2 to

3 times to rest quietly in a plastic experiment cage designed specifically for renal

clearance studies (Braintree Scientific, Inc., Braintree, MA) for the duration of an

experiment.

3. Experimental Procedures: In vivo Studies

3.1 Experimental Preparation

On the day of the experiment, a rat with indwelling vascular catheters and bladder

cannula was weighed and placed in a plastic experiment cage designed specifically for

renal clearance studies. The arterial catheter was connected to a pressure transducer

(model 5900, Gould Inc., Valley View, Ohio) and recorder (model RS 3800, Gould Inc.,

Valley View, Ohio) for measurement of mean arterial pressure and collection of blood

samples. The venous catheter was connected to a syringe pump (model 355, Sage

Instruments, Cambridge, MA) for infusion of fluid and administration of drugs. The

stomach catheter was attached to a syringe filled with sterile water for water loading or
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replacement. The bladder cannula was extended with a silastic tube to facilitate urine

collection into pre-weighed tubes. Blood pressure was monitored and urine was collected

throughout the experiment. Urine volume was measured gravimetrically. Body weight

was recorded before and after the experiment to assess maintenance of fluid balance

throughout the experiment.

3.2 Experimental Protocol 1: In vivo Assessment of Maximum Urine Concentrating

Ability of SHR.

Antidiuretic actions of the vasopressin V2 receptor agonist, [deamino-Cys1,D­

Arg8]-vasopressin (dDAVP) in adult SHR males (n=7) and SHR females (n=9) were

compared to the antidiuretic actions in age-matched WKY males (n=6) and WKY females

(n=8). Antidiuretic actions of dDAVP were also compared in female rats during estrous

(SHR n=7, WKY n=5) and nonestrous (SHR n=9, WKY n=8) phases of the estrous cycle.

The experimental protocol was modified from that previously described by Wang

et al. (1993) and is shown in figure 1. At the beginning of the experiment, sterile water in

the amount of 2% body weight was slowly administered intragastrically over 5 min. This

was followed by a constant intragastric infusion of sterile water at a rate of 80 J,t1/100 g

body weight/min for an equilibration period of 90-120 minutes. This hydration procedure

might suppress endogenous vasopressin secretion and created a high but constant urine

flow rate that exogenous vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) could act on, which was approximately equivalent to the fluid

infusion rate. Simultaneously, para-aminohippurate sodium (PAR, 1%) and polyfructosan

(Inutest, 10%) in 0.45% sodium chloride solution was infused intravenously at a rate of 10
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,.d/100 g body weight/min during the experiment for assessment of renal blood flow and

glomerular filtration rate. After the hydration procedure, two IS-min control urine samples

were collected. A blood sample (0.2-0.4 ml) was taken between the two control urine

collections. At the same time, a small amount of blood was also taken into microcapillary

tubes for measurement of hemotocrit. Then, the blood sample was centrifuged and plasma

was separated for analysis of osmolality and concentrations of sodium, potassium, PAH,

and polyfructosan. The red blood cells were returned in an equivalent volume of 0.9%

sodium chloride within 5 min of blood sampling to maintain the constant composition of

the blood. Vasopressin V2 receptor agonist dDAVP (lllg/ml) diluted with 0.45% sodium

chloride solution containing 1% PAH and 10% polyfructosan were then infused

intravenously at increasing doses of 0.3, 1,3, 10,30, 100, and 300 pg/100 g body

weight/min over a 30 min period for each dose. Urine was collected into pre-weighed

tubes for 2 x 15 min and the tubes were kept in ice during the experiment. According to

the preliminary data from Dr. Uyehara's lab, a steady-state response to dDAVP could be

achieved within15 min after intravenous infusion of dDAVP. Therefore, the second 15 min

urine collection in each infusion period was used for measurement of urinary osmolality

and concentrations of sodium, potassium, urea nitrogen, PAH, and polyfructosan after the

experiment. Due to the antidiuretic action of dDAVP, urine flow rate decreased in

response to dDAVP infusions. Therefore, the infusion rate of water into the stomach was

adjusted to equal to urine flow rate after each urine collection, in order to maintain a

constant level of hydration in the rat. At the end of the experiment, a second blood sample

was obtained. A small amount of blood was taken in microcapillary tubes for measurement
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Figure 1. Experimental protocol 1: in vivo assessment of maximum urine
concentrating ability of SHR using vasopressin V2 receptor
agonist [deamino-Cysl,D-Arg8]-vasopressin (dDAVP).
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of hemotocrit. Then, the blood sample (0.2 to 0.4 ml) was centrifuged and plasma was

separated analysis of osmolality and concentrations of sodium, potassium, PAH, and

polyfructosan. The red blood cells were returned in an equivalent volume of 0.9% sodium

chloride within 5 min of blood sampling to maintain the constant composition of the blood.

Vasopressin V2 receptor agonist [deamino-Cys!,D-Arg8]-vasopressin (dDAVP)

was purchased from Sigma Chemical Co. (St. Louis, MO). dDAVP was dissolved in a

solution containing 0.9% sodium chloride and 0.03% Acetic Acid at the concentration of

1 Ilglml and stored in 350-lll aliquots at -20°C for the duration of the study. Prior to use,

an aliquot was thawed and further diluted with 0.45% sodium chloride solution

containing 1% para-aminohippurate and 10% polyfructosan.

Para-aminohippurate sodium (PAH) was purchased from Merck Sharp & Dohme

(West Point, PA). Polyfructosan (lnutest) was purchased from Laevosan Gesellshaft

(Linz-Donau, Austria).

3.3 Experimental Protocol 2: In vivo Assessment of Endogenous Vasopressin on

Renal Water Handling Ability.

Responses to vasopressin V2 receptor antagonist [l-Adamantane acetyl\ D­

Tyr(Et)2, Va14
, Abu6

, Arg9]-arg8-vasopressin in adult SHR males (n=8) and SHR females

(n=8) were compared to the responses in age-match WKY males (n=lO) and females

(n=lO). Responses to vasopressin V2 receptor antagonist [l-Adamantane acetyl!, D­

Tyr(Et)2, Va14
, Abu6

, Arg9]-arg8-vasopressin were also compared in female rats during

estrous (SHR n=5, WKY n=8) and nonestrous (SHR n=8, WKY n=lO) phases of the

estrous cycle.
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The experimental protocol is shown in figure 2. 0.9% sodium chloride solution

was infused intravenously at a rate of 10 Ili/IOO g body weight/min during the experiment

to keep the animal euhydrated. The animal was allowed to equilibrate for 90 to 120 min.

Then, two 15-min control urine samples were collected. A blood sample (0.2-0.4 ml) was

obtained between the two control urine collections. At the same time, a small amount of

blood was also taken into microcapillary tubes for measurement of hemotocrit. Then, the

blood sample was centrifuged and the plasma was separated for analysis of osmolality and

sodium and potassium concentration. The red blood cells were returned in an equivalent

volume of 0.9% sodium chloride within 5 min of blood sampling. V2receptor antagonist

[1-Adamantane acetyl!, D-Tyr(Et)2, Va14
, Abu6

, Arg9]-arg8-Vasopressin in 5% dextrose in

water at doses of 0.3, 1,3, 10,30, and 100 Ilglkg body weight was injected intravenously

in a bolus volume of 50 Ili/IOO g body weight. Each bolus dose of V2 receptor antagonist

injected intravenously was followed by several 5 min urine collections until the maximum

urine flow in response to the dose was reached. Then, the next higher dose was

administered. Urine loss was replaced with an equivalent volume of water via the

stomach catheter to maintain adequate hydration. After the last urine collection, a blood

sample was obtained. A small amount of blood was also taken into microcapillary tubes

for measurement of hemotocrit. Then, the blood sample (0.2-0.4 ml) was centrifuged and

the plasma was separated for analysis of osmolality and sodium and potassium

concentration. The red blood cells were returned in an equivalent volume of 0.9% sodium

chloride within 5 min of blood sampling.
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Figure 2. Experimental protocol 2: in vivo assessment of endogenous vasopressin renal
action of SHR using vasopressin V2receptor antagonist [l-Adamantane
acetyll, D-Tyr(Et)2, Val4

, Abu6
, Arg9]-arg8-vasopressin
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Vasopressin V2receptor antagonist [l-Adamantane acetyl!, D-Tyr(Et)2, Val4
,

Abu6
, Arg9]-arg8-vasopressin was purchased from Sigma Chemical Co. (St. Louis, MO).

It was dissolved in a solution containing 0.9% sodium chloride and 0.03% Acetic Acid at

the concentration of 1 mg/ml and stored in 200-I.d aliquots at -20°C for the duration of

the study. Prior to use, an aliquot was thawed and further diluted with 5% dextrose in

sterile water.

3.4 Sample Analysis

3.4.1 Hematocrit, Osmolality and Electrolytes

Blood samples collected into microcapillary tube were analyzed for hematocrit

immediately after experiment. Blood hematocrit was measured with a microhematocrit

centrifuge.

Plasma and urine samples for osmolality and electrolytes were kept in ice or 4°C

refrigerator and analyzed within 24 to 48 hours after experiment. Plasma samples were

analyzed for osmolality, and concentrations of sodium and potassium. Urine samples

were analyzed for osmolality, concentrations of sodium, potassium, and urea nitrogen.

Plasma and urine osmolalities were determined by the method of depression of freezing

point (The Advanced Micro-Osmometer, Model 3MO, Advanced Instruments, Inc.,

Needham Heights, MA). Plasma concentrations of sodium and potassium were measured

using 614 ISE NA+/K+ Analyzer (Giba Coming Diagnostics Corp., Medfield, MA).

Urine concentrations of sodium, potassium and urea nitrogen were measured using

SYNCHRON CX3 Delta Clinical System (Beckman Instruments, Inc., Fullerton, CA).
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3.4.2 Para-aminohipurate (PAH) and Polyfructosan

Plasma and urine samples from experimental protocol 1 were also analyzed for

concentrations of para-aminohipurate (PAH) and polyfructosan. Samples were diluted

and deproteinized on the day of the experiment. Plasma samples for PAH assay were

diluted and deproteinized by adding 1 ml of 3.2% Trichloroacetic acid (TCA) to 30 III of

each plasma sample. Plasma samples for polyfructosan assay were diluted and

deproteinized by adding 200 III of 3.2% TCA to 20 III of each plasma sample. Urine

samples were diluted by adding 1 ml of 3.2% TCA to 10 III of each urine sample for both

PAH and polyfructosan assays. Diluted plasma and urine samples were stored in 4 DC

refrigerator and analyzed within one week of sampling.

Plasma and urine concentrations of PAH were measured using the method of

Smith et al. (1945). On the day of assay, a second dilution of urine sample was made

according to urine flow rate during the period in which the urine was collected, so that

the estimated PAH concentration would fall within the range of the standard curve.

PAH at concentrations of 0, 1, 2, 4, 6, andlO mg% were prepared for the standard

curve. Two aliquots of 0.5 ml from each standard or sample were dispensed into 12x75

borosilicate tubes. 100 III of 1.2 N HCI and 50 III of 0.1 % sodium nitrite were added to

each tube. The tubes were vortexed and stood at room temperature for 3 to 5 min. 0.5%

ammonium sulfamate was then added to each tube and the tubes were vortexed. After 3

to 5 min, 50 III of 0.1 % N-(l-naphthyl)-ethylenediamine dihydrochloride (N-ED) was

added to each tube and the tubes were vortexed. The tubes were let stand at room

temperature for at least 1 hour. The absorbency of each sample was then measured at
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540 nm on a spectrophotometer (spectronic 21, Milton Roy, Rochester, NY). Plasma and

urine concentrations of PAH were used to calculate effective renal blood flow rates.

Plasma and urine concentrations of polyfructosan were measured using the

anthrone method (Ftihr et aI., 1955). On the day of assay, a second dilution of urine

sample was made according to urine flow rate during the period in which the urine was

collected, so that the estimated polyfructosan concentration would fall within the range of

the standard curve.

Polyfructosan at concentrations of 0, 25, 50, 100, 200, and 300 mg% were

prepared for the standard curve. Two aliquots of 40 III from each standard or sample

were dispensed into 12 x 75 borosilicate tubes. 2.0 ml of anthrone reagent (0.2%

anthrone in 70% H2S04) was added to each tube. After well vortex, all sample tubes

were tightly covered with parafilm. The samples were then incubated at 56°C for 10 min,

and cool in room temperature. The absorbency of each sample was then measured at 620

nm on a spectrophotometer (spectronic 21, Milton Roy, Rochester, NY). Plasma and

urine concentrations of polyfructosan were used to calculate glomerular filtration rates.

3.5 Calculations

3.5.1 Renal Function Parameters

Osmolar clearance (Cosm), free water clearance (CHZO), excretion of sodium,

excretion of potassium, excretion of urea, glomerular filtration rate (GFR), effective renal

plasma flow (ERPF), effective renal blood flow (ERBF), and renal vascular resistance

(RVR) were calculated by standard renal clearance equations as follows:

Cosm =(Urine flow x Urine osmolality)/Plasma osmolality
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CH20 = Urine flow - Cosm

Excretion of solute =(Urine flow) x (Urine solute concentration)

GFR = (Urine flow x Urine polyfructosan)/Plasma polyfructosan

ERPF = (Urine flow x Urine PAH)/Plasma PAH

ERBF = (ERPF)/(l-Hct)

RVR = Mean arterial pressure/ERBF

3.5.2 Dose-response Curves

Dose response curves for the effects of V2 receptor agonist and antagonist were

generated by curve fitting the data with the following equation using GraphPad Prism

package (GraphPad Software, Inc., San Diego, CA):

RESPONSE ={(A-D)/ [1+(DOSE/C)AB] }+D

where A represents the minimum response, B is the slope, C represents the ED50

response, and D represents the maximum response.

4. Experimental Procedures: In vitro Study

Expression of vasopressin V2 receptor mRNA in renal medulla collecting ducts in

male SHR at 4 weeks and 12 to 16 weeks of age was measured and compared to that of

age-matched male WKY. Impairment of renal function has been demonstrated in young

SHR preceding the establishment of hypertension where 4-week-old SHR was still

normotensive, hypertension had been fully established in 12- to 16-week-old SHR

(Uyehara and Gellai, 1993). Determination of V2 receptor expression in the kidney in

different stages of hypertension development in SHR might provide useful information to
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unmask whether alteration of V2 receptor expression in the kidney was related to the

altered renal function during the development of hypertension.

The relative quantitation of V2 receptor mRNA level of renal inner medulla was

measured using a combination of reverse transcription and polymerase chain reaction

method. This method is one of the most sensitive and specific methods that have been

developed to date to investigate the gene expression at the transcription level. It may be

used to identify specific mRNA in a small amount of sample source such as V2 receptor

mRNA in renal medullary collecting ducts.

4.1 Tissue Preparation

Male WKY and SHR at 4 weeks (WKY n=3, SHR n=5) and 12 to 16 weeks of

age (WKY n=9, SHR n=9) were killed by intraperitoneal administration of overdose of

pentobarbital sodium. The kidneys were rapidly removed and placed on ice. Inner

medulla was dissected and stored in -70°C for later total RNA extraction and quantitation

of V2 receptor mRNA level.

4.2 Total RNA Extraction

The total RNA from renal papilla was isolated using a TRIzol Reagent (Life

Technologies, Inc., Grand Island, NY) following the protocol provide by the

manufacturer.

In polypropylene tubes, tissue samples were homogenized in 1 ml of TRIzol

Reagent per 50-100 mg of tissue using a power homogenizer (Omni International, Inc.,

Warrenton, VA). Homogenized samples then were incubated for 5 min at room
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temperature, and 0.2 ml of chloroform per 1 ml of TRlzol Reagent was added. Sample

tubes were capped securely and shaken vigorously by hand for 15 second. Tubes were

incubated at room temperature for 3 min, and then centrifuged at no more than 12,000 x g

for 15 min at 4 Dc. The colorless upper aqueous phase was transferred to a fresh tube.

0.5 ml of isopropyl alcohol per 1 ml of TRIzol Reagent was added to precipitate the RNA

from the aqueous phase. Samples were incubated at room temperature for 10 min and

centrifuged at no more than 12,000 x g for 10 min at 4 DC. The supernatant was removed

and the RNA pellet was washed once with 75% ethanol, then centrifuged at no more than

7,500 x g for 5 min at 4 DC. After briefly dried the RNA pellet (air-dry), the RNA was

dissolved in 50 III RNase-free water (DEPC (diethylpyrocarbonate)-treated, autoclaved

water). The quality of the extracted RNA were confirmed by the A2601A28o ratio using a

spectrophotometer and the concentration of RNA was calculated with absorbance at 260

nm (A26o):

[RNA] = (A26o) x (0.04 Ilgllll) x D

where D represents dilution factor. The total RNA samples were stored at -70 DC until

use.

4.3 Treatment of Total RNA with DNase I

To eliminate contaminating genomic DNA, total RNA samples were treated with

RNase-free DNase I (10 units/ill, Boehringer Mannheim Corporation, Indianapolis, IN).

10 Ilg of total RNA sample were incubated at 37 DC for 30 min with 30 units of DNase I
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in DNase buffer (40 mM Tris-HCI, pH 7.5,2 mM CaCh, 5 mM MgCh) in a 20 J.d

volume. The reaction was stopped by heating the sample to 90°C for 5 min.

4.4 Reverse Transcription (RT)

The reverse transcription was performed using a cDNA cycle kit (Invitrogen

Corporation, San Diego, CA). 5 ~g total RNA was used for each reaction and the volume

was adjusted to 11.5 ~l with sterile water. Then, the following RT reagents were added

to the reaction tubes: 1 ~l random primers, 1 ~l RNase inhibitor, 4 ~l 5X RT buffer, 1 ~l

100 mM dNTPs (dATP, dTTP, dGTP, dCTP), 1 ~180 mM sodium pyrophosphate, and

0.5 ~l AMV (avian myoblastosis virus) reverse transcriptase. Therefore, the final

reaction volume was 20 ~I. Reaction tubes were incubated at 42°C for 60 min in the

GeneAmp PCR System 9600 (Perkin Elmer, Foster City, CA). At the end of the

incubation, the reactions were stopped by heating at 95°C for 2 min to denature the

RNA-cDNA hybrids and inactivate the reverse transcriptase. Then the reaction tubes

were placed on ice until the addition of PCR reagents or stored at -70°C.

4.5 Polymerase Chain Reaction (PCR)

PCR were carried out using PCR Master (Boehringer Mannheim Corporation,

Indianapolis, IN) with specific primers for V2 receptor.

The sequences of primers for V2 receptor were as described in Chou et ai. (1993).

V2 sense was 5'-ATC CGG AAG CTC CTC TGG AAA GAC C-3' corresponding to

bases 931-935 of the cloned full length sequence of cDNA (Lolait et aI., 1992). V2
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antisense was 5'-TGA GGC ATC TGT CCC AGT TGC TIC C-3'corresponding to bases

1355-1379. The expected size of the PCR product was 449 base pairs in length. A third

oligonucleotide (sense) including bases 1052-1073 of the cDNA was served as an

amplification product-specific probe. The sequence of this oligonucleotide was 5'-TCC

TCA AGA TGA ATC CTG TGC-3'.

PCR of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an

endogenous internal standard to control for variations due to differences in individual RT

and PCR reaction efficiencies. The sequences of GAPDH primers were as described in

Terada et aI. (1993). GAPDH sense was 5'- TCC CTC AAG ATT GTC AGC AA-3'

corresponding to bases 506-525 of the cloned full length sequence of cDNA (Fort et aI.,

1985). GAPDH antisense, was 5'-AGA TCC ACA ACG GAT ACA TI-3'

corresponding to bases 794-813. The expected size of the PCR product was 309 base

pairs in length. A third oligonucleotide (sense) including bases 629-648 was served as an

amplification product-specific probe. The sequence of this oligonucleotide was 5' -ACT

CAG AAG ACT GTG GAT GG-3'.

After reverse transcription, 5 III of RT products was transferred to fresh tube and

used as template DNA for amplification. Total PCR reaction volume was 50 III

containing 0.5 IlM of each primer, 0.2 mM of each dNTP (dATP, dCTP, dGTP, dTTP),

10 mM Tris-HCI (pH 8.3), 1.5 mM MgCh, 50 mM KCI, and 2.5 U of Taq DNA

polymerase.

The reaction mixture was incubated in the GeneAmp PCR System 9600 (Perkin

Elmer) at 94°C for 3 min. Then, 30 cycles of amplification consisted of: denaturation,

94°C for 1 min; annealing, 60°C for 1 min; and elongation, 72°C for 3 min. A final
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elongation was done at 72 DC for 7 min after last cycle. Then samples were kept at 4 DC

until further analysis.

4.6 Southern Blot and PCR Product Analysis

10 f.ll of PCR products were separated by electrophoresis in 1.8% agarose gel

(Sigma Chemical Co., St. Louis, MO) at 107 mV for 2 to 3 h using a horizontal gel

apparatus. After electrophoresis and ethidium bromide staining, DNA bands were

visualized with an ultraviolet transilluminator and photographed.

For Southern blot analysis, gels were denatured, neutralized and blotted onto

positively charge nylon membrane (Boehringer Mannheim Corporation, Indianapolis, IN)

according to the procedures described by Maniatis et al. (1989), with 20X SSC buffer

containing 3M NaCl and 0.3 M sodium citrate, pH 7.0 as the transfer buffer. UV-cross

linking was performed to bind the DNA to the membranes. Membranes were placed in

hybridization bottles containing 20 ml prehybridization solution per 100 cm2 of

membrane surface area, and prehybridized at 68 DC for at least 1 h in a hybridization

oven/shaker (Amersham Life Science Inc., Cleveland, Ohio). Then, the prehybridization

solution was discarded and 20 ml hybridization solution containing 1-10 pmol/ml DIG­

labeled oligonucleotide probes was added. The DIG-labeled oligonucleotide probes were

prepared using DIG oligonucleotide 3' -end labeling kit (Boehringer Mannheim

Corporation, Indianapolis, IN). The hybridization was performed at 54 DC for 6 h. After

hybridization, membranes were washed 2 x 5 min at 54 DC with at least 50 ml 2X SSC,

0.1 % SDS, per 100 cm2 membrane and 2 x 5 min at 54 DC with 50 ml O.lX SSC, 0.1 %
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SDS. Membranes might be used directly for detection of hybridized oligonucleotide or

stored air-dried for later detection.

The detection of hybridized oligonucleotide was performed using DIG

luminescent detection kit (Boehringer Mannheim Corporation, Indianapolis, IN).

Membranes were rinsed briefly in washing buffer containing 0.1 M maleic acid, 0.15 M

NaCl; pH 7.5; and 0.3% (v/v) Tween 20. Incubated membranes for 30 min in blocking

solution containing 0.1 M maleic acid, 0.15 M NaCI; pH 7.5; and 1% blocking reagent

followed by 30 min in blocking solution with 1:10,000 Anti-DIG-alkaline phosphatase.

Discarded the antibody solution. Gently washed the membrane 2 x 15 min in washing

buffer. Poured off washing buffer and equilibrated the membrane in detection buffer

containing 100 mM Tris-HCI, 100 mM NaCI; pH 9.5 for 2 min. Diluted CSPD

(disodium 3-(4-methoxyspiro{ 1,2-dioxetane3,2'-(5' -chloro) tricyclo[3.3.1.1 3
•
7]decan}-4­

yl)phenyl phosphate) 1:100 in detection buffer. Incubated membranes in CSPD solution

for 5 min. Then, the membrane was placed between two sheets of plastic page protectors

and exposed to Lumi-Film Chemiluminescent Detection Film (Boehringer Mannheim

Corporation, Indianapolis, IN) for various periods.

4.7 Relative Quantitation of V2 Receptor mRNA Levels

Lumi-Film Chemiluminescent Detection Films with bands were scanned by a

laser densitometer and ImageQuaNT software (Molecular Dynamics, In., San Jose, CA).

Expression of V2 receptor mRNA was relatively quantitated by comparing the

densitometry value of the V2 receptor band with the densitometry value of the GAPDH

band.
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5. Statistical Analysis

All results presented in the text and in tables and figures were expressed as means

± standard error of the mean (SEM). Significance of differences between strains and

between gender groups within strains were assessed by Student's paired t-test or by

analysis of variance (ANOVA) using the JMP package (SAS Institute Inc., Cary, NC). A

P level of less than 0.05 was considered significant.
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CHAPTERllI

RESULTS

1. In vivo Assessment of Maximum Urine Concentrating Ability of SHR

1.1 Antidiuretic Actions of Vasopressin V2 Receptor Agonist, [deamino-Cysl,D­

Arg8]-Vasopressin (dDAVP) in Adult SHR Males (n=7) and SHR Females (n=9)

and in WKY Males (n=6) and WKY Females (n=8).

Basal mean arterial blood pressure (figure 3A) in SHR male rats was significantly

higher than that of WKY male rats. Likewise, basal mean arterial blood pressure in SHR

female rats was significantly higher than that of WKY female rats. These results

indicated a strain difference in the mean arterial blood pressure, which was higher in

SHR rats than WKY rats. Basal mean arterial blood pressure was similar in WKY males

and females, while basal mean arterial blood pressure was significantly higher in SHR

males than in SHR females (ANOVA orthogonal contrasts, p<O.05). Mean arterial

blood pressure remained stable throughout the experiment in all groups, indicating that

water load and administration of dDAVP did not affect mean arterial blood pressure, nor

disturb the resting state of the rats.

Basal heart rate (figure 3B) was not different among groups and remained stable

throughout the experiment in all groups, indicating a smooth experimental course.
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Figure 3A.

Figure 3B.

Effect of vasopressin V2 receptor agonist [deamino-Cys l,D-Arg8
]­

vasopressin (dDAVP) on mean arterial blood pressure in male and
female WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on heart rate in male and female WKY and
SHR rats.
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Basal values of body weight, hematocrit, plasma osmolality, and plasma

concentrations of sodium and potassium after 90-120 min water load and before

administration of dDAVP are shown in Table 1. Body weight, hematocrit, plasma

osmolality, and plasma concentrations of sodium and potassium at the end of the

experiment are also shown in Table 1.

The body weights of SHR rats were lower than that of WKY rats for both males

and females. Males of both strains were heavier than females. Body weight remained

stable throughout the experiment in all groups, indicating a stable fluid balance.

Basal hematocrits in SHR male rats were similar to that of WKY male rats. Basal

hematocrits in SHR female rats were similar to that of WKY female rats. A gender

difference existed in the hematocrits, which was higher in males than in females in both

WKY and SHR rats. Hematocrits were stable throughout the experiment in all groups,

indicating that a stable fluid balance and constant blood volume were maintained.

Basal plasma osmolality was similar among all groups, indicating that the effect

of hydration procedure was similar among all groups. Plasma osmolality decreased

significantly at the end of the experiment in all groups, however, there was no strain or

gender difference.

Basal plasma concentration of sodium was similar among all groups, indicating

that the effect of the hydration procedure was similar among all groups. Plasma

concentration of sodium decreased significantly at the end of the experiment in all

groups.
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Table 1. Basal Values After Water Load: Male and Female. Body weight, hematocrit, plasma osmolality, plasma
s~dium concentration, and plasma potassium concentration before and after infusion ofV2 agonist in male and female
rats.

WKY SHR
Males Females Males Females
n=6 n=8 n=7 n=9

Body weight (g)
Beginning 411.2 ± 13.2 254.5 ± 8.7t 275.9 ± 11.6* 175.1 ±3.4t*
End 416.5 ± 14.1 254.8 ± 8.1 t 276.3 ± 11.5* 175.9 ± 3.2t*

Hematocrit (%)
Beginning 45.4 ± 0.5 42.0 ± 0.5t 45.9 ±0.7 40.8 ± 2.1 t
End 43.5 ± 0.7 41.1 ± 0.5 44.5 ± 0.8 40.0 ± 1.6t

Posm(mOsm/kg H2O)
0\ Beginning 284.3 ± 2.1 284.0 ± 1.2 284.5 ± 0.9 283.2 ± 1.2-..J

End 273.3 ± 2.0# 273.5 ± 1.3# 273.7 ±0.8# 275.3 ± 2.3#

PNa (mEq/L)
Beginning 138.8 ± 0.8 139.4 ± 0.3 139.0 ±0.5 137.7 ± 0.9
End 133.3 ± 1.0# 133.9 ± 0.7# 132.2 ± 0.5# 132.8 ± 1.5#

PdmEq/L)
Beginning 3.9 ± 0.1 3.7±0.1 3.8 ± 0.1 3.7 ± 0.1
End 3.7±0.1 3.4 ± 0.1# 3.6 ± 0.1 3.5±0.1

Data are means ± SE; n, number of rats. Posm, plasma osmolality; PNa, plasma sodium concentration; PK, plasma
potassium concentration. tP<0.05 YS. males of same strain; *P< 0.05 YS. WKY; #P<0.05 YS. beginning.



Basal plasma concentration of potassium was similar among all groups, indicating

that the effect of hydration procedure was similar among all groups. Unlike plasma

concentration of sodium, plasma concentration of potassium decreased slightly but

without statistic significance. This indicated a stable potassium balance in the plasma

during the experiment.

According to the above results, strain differences between WKY and SHR rats

were shown in mean arterial blood pressure and body weight. Gender differences

between male and female WKY and SHR rats were shown in body weight and

hematocrit. No strain or gender difference was found in basal plasma osmolality, or

plasma concentrations of sodium and potassium.

Basal urine flow rate (figure 4A) in SHR male rats was higher than that of WKY

male rats. In contrast, basal urine flow rate in SHR female rats was lower than that of

WKY female rats. Basal urine flow rate in WKY males was lower than that of WKY

females. Basal urine flow rate in SHR males tended to be higher than that of SHR

females although this difference was not statistically significant. These results indicated

that with the suppression of endogenous vasopressin release and its antidiuretic activity in

the kidney, the renal concentrating ability was lower in SHR males than in WKY males,

which was opposite from that observed when comparing SHR and WKY females. The

renal concentrating ability was also greater in WKY males compared to WKY females,

which was not shown in SHR.

Basal free water clearance (CHZo) (figure 4B) in SHR male rats was similar to that

of WKY male rats. Basal free water clearance in SHR female rats was lower than that of
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Figure 4A.

Figure 4B.

Figure 4C.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) on urine flow rate in male and female WKY
and SHR rats.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) on free water clearance in male and female
WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on urine osmolality in male and female
WKY and SHR rats.
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WKY female rats. No difference was found between WKY males and females, whereas

basal free water clearance in SHR males was higher than that of SHR females.

Basal urine osmolality (Uosm) (figure 4C) was not significantly different among all

groups.

Basal osmolar clearance (Cosm) (figure 5) in SHR male rats was significantly

higher than that of WKY male rats. Basal osmolar clearance in SHR female rats was

similar to that of WKY female rats. Basal osmolar clearance in WKY males was

significantly lower than that of WKY females. Basal osmolar clearance in SHR male and

female rats was similar.

Basal urinary sodium excretion (figure 6A) in all groups could not be compared

due to lack of data, since the urine concentration of sodium was not detectable using the

current equipment available in the laboratory.

Basal urinary potassium excretion (figure 6B) in SHR male rats was significantly

higher than that of WKY male rats. Basal urinary potassium excretion in SHR female

rats was similar to that of WKY female rats. Basal urinary potassium excretion in WKY

males was significantly lower than that of WKY females. Basal urinary potassium

excretion in SHR males was similar to that of SHR females.

Basal urinary urea nitrogen excretion (figure 6C) in SHR male rats was higher

than that of WKY male rats. Basal urinary urea nitrogen excretion in SHR female rats
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Figure 5. Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) on osmolar clearance in male and female
WKY and SHR rats.
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Figure 6A.

Figure 6B.

Figure 6C.

Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on urinary sodium excretion in male and
female WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on urinary potassium excretion in male and
female WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on urea nitrogen excretion in male and
female WKY and SHR rats.

74



2.0 ..... WKY Mele (n=") A-0- WKY Female ("=8)
...... SHR Mele (n=7)
-1Jr- SHR Female (n:::9)

C g 1.5
0

! 0...
~cw·-
E:§ 1.0
:I 0
.- E'8 ::l. ~!Il~

0.5 :i-'t=:::- "'---2""-0. ... ....
0.0

control 1 10 100 1000

dDAVP (pg/min/100g)

2.0
..... WKY Mel. (n=6)
- 0- WKY Femele (n=")
...... SHR Mel. (n=7)
-I!r- SHR Female (n:::9)

B
1.5

1.0

0.5

O.O...L--...--r-..,.---,.----,,---r---.---....-...,
control 1 10

dDAVP (pg/min/100g)

100 1000

c

10001001 10

dDAVP (pg/min/100g)

control

175
..... WKY Mele (n=")
- 0- WKY Female ("=8)

150 -lIIir- SHR Mel. (n=7)
C -/::r- SHR Fern ale (n:=9)
0

i 125u"6i
><0
Wo

5i~ 100

8'E
~"Cl 75
.- ::l.
z~

III
l!! 50
:;)

25

0

75



was similar to that of WKY female rats. Basal urinary urea nitrogen in WKY males was

similar to that of WKY females. Basal urinary urea nitrogen in SHR males was also

similar to that of SHR females.

Basal glomerular filtration rate (GFR) (figure 7A) was similar among all groups.

Although there was a tendency that basal effective renal blood flow (ERBF)

(figure 7B) in SHR male and female rat was lower than that of WKY male and female

rats, no significant difference was found.

Basal renal vascular resistance (RVR) (figure 7C) was significantly higher in

SHR male rats than that of WKY male rats. Basal renal vascular resistance was

significantly higher in SHR female rats than that of WKY female rats. No differences

were found between WKY males and females as well as SHR males and females.

According to the above results, strain differences were shown between SHR and

WKY rats. SHR male rats had higher basal urine flow rate and free water clearance,

which were accompanied by higher osmolar clearance due to higher urinary potassium

excretion and urea nitrogen excretion. In contrast, strain difference between female SHR

and WKY rats were shown where SHR female rats had lower basal urine flow rate and

free water clearance, which were not accompanied by changes of osmolar clearance,

urinary sodium excretion and urea nitrogen excretion. Gender difference were shown

between WKY male and female rats where WKY male rats had lower basal urine flow

rate, which were accompanied by lower osmolar clearance due to lower urinary

potassium excretion. Gender difference was not shown between SHR male and female

rats. Strain difference was also shown between SHR and WKY rats that basal renal

vascular resistance in SHR rats was higher than that of WKY rats.
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Figure 7A.

Figure 7B.

Figure 7C.

Effect of vasopressin V2 receptor agonist [dearnino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on glomerular filtration rate in male and
female WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [dearnino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on effective renal blood flow in male and
female WKY and SHR rats.

Effect of vasopressin V2 receptor agonist [dearnino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on effective renal vascular resistant in male
and female WKY and SHR rats.
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Following diuresis induced by intragastric water loading and infusion, intravenous

infusion of vasopressin V2 receptor agonist dDAVP at increasing doses resulted in a

significant dose-dependent antidiuresis in all groups of rats: decreasing urine flow rate

and free water clearance, at the same time, increasing urine osmolality. The dose­

response curves of urine flow rate, free water clearance, and urine osmolality are shown

in figure 4A, 4B, and 4C.

dDAVP induced dose-dependent decrease in urine flow rate (figure 4A) was

similar among all groups where EDso and the minimum urine flow rate achieved was

similar among all groups.

Similar to urine flow rate, dDAVP induced dose-dependent free water clearance

(figure 4B) was not significantly different among all groups as indicated by similar EDso

and the minimum free water clearances achieved.

dDAVP induced dose-dependent increase in urine osmolality (figure 4C) was

similar among all groups at low infusion rates of dDAVP (0.3-30 pg/min/100 g).

However, high infusion rates of dDAVP (100-300 pg/min/100 g) resulted in a higher

maximum urine osmolality in SHR rats than in WKY rats. No gender difference was

observed in both WKY and SHR rats.

Low infusion rates of dDAVP (0.3-10 pg/min/100 g) decreased osmolar clearance

(figure 5) gradually and to a minimum level at the infusion rate of 10 pg/min/100 g in all

groups, which was significantly lower than their corresponding basal values. Osmolar

clearance then rose gradually when dDAVP infused continuously at higher rates (30-300

pg/min/100 g). There was a tendency that osmolar clearance was higher in SHR male

rats than in WKY male rats at all infusion rates. Osmolar clearance in SHR female rats
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was not different from that in WKY female rats throughout the experiment, except in the

highest infusion rate (300 pglmin/100 g) where osmolar clearance in SHR females was

significantly higher than that of WKY females. No gender difference was found in both

WKYandSHR.

Data was not available for the comparison of urinary sodium excretion (figure

6A) in low infusion rates of dDAVP (0.3-3 pglmin/100 g) since the urine concentrations

of sodium was not detectable using the current equipment available in the laboratory. In

high infusion rates of dDAVP (10-300 pglmin/100 g), urinary sodium excretion was

significantly higher in SHR male rats than that of WKY male rats. Urinary sodium

excretion was higher in SHR female rats than that of WKY female rats in the highest

infusion rate of dDAVP (300 pglmin/100 g). No gender deference was found in urinary

sodium excretion in WKY rats as well as in SHR rats.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) decreased urinary potassium

excretion (figure 6B) gradually and to a minimum level at the infusion rate of 10

pglmin/100 g in all groups, which was significantly lower than their corresponding basal

values. Urinary potassium excretion then rose gradually when dDAVP infused

continuously at high rates (30-300 pgl100 glmin). Urinary potassium excretion was

significantly higher in SHR male rats than in WKY male rats in low infusion rates of

vasopressin (0.3-10 pglmin/100 g). No difference was found between SHR females and

WKY females. No gender difference was found in both WKY and SHR rats.

Similar to urinary potassium excretion, low infusion rates of dDAVP (0.3-10

pglmin/100 g) decreased urinary urea nitrogen excretion (figure 6C) gradually and to a
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minimum level at the infusion rate of 10 pg/min/100 g in all groups, which was

significantly lower than their corresponding basal values. Urinary urea nitrogen

excretion then rose gradually when dDAVP infused continuously at high rates (30-300

pg/min/100 g). Urinary urea nitrogen excretion was higher in SHR male rats than in

WKY male rats at all infusion rats. Urinary urea nitrogen excretion was higher in SHR

female rats than in WKY female rats at all infusion rats. No gender difference was found

in both WKY and SHR rats throughout the experiment.

Low infusion rates of dDAVP (0.3-10 pg/min/100 g) decreased glomerular

filtration rate (figure 7A) gradually and to a minimum level at the infusion rate of 10

pg/min/100 g in all groups, which was significantly lower than their corresponding basal

values. Glomerular filtration rate then rose gradually when dDAVP infused continuously

at high rates (30-300 pg/min/100 g). No strain or gender difference was found in all

groups throughout the experiment.

Low infusion rates of dDAVP (0.3-10 pg/min/100 g) decreased effective renal

blood flow (figure 7B) gradually and to a minimum level at the infusion rate of 10

pg/min/100 g in all groups, which was significantly lower than their corresponding basal

values. Effective renal blood flow then rose gradually when dDAVP infused

continuously at high rates (30-300 pg/min/100 g). No strain or gender difference was

found in all groups throughout the experiment.

Low infusion rates of dDAVP (0.3-10 pg/min/100 g) increased renal vascular

resistance (figure 7C) gradually and to a maximum level at the infusion rate of 10

pg/min/100 g in all groups, which was significantly higher than their corresponding basal

values. Renal vascular resistance then decreased gradually when dDAVP infused
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continuously at high rates (30-300 pglmin/IOO g). Renal vascular resistance was higher

in SHR male and female rats than in WKY male and female rats. No gender difference

was found in both WKY and SHR throughout the experiment.

Taken together, the above findings showed that there was no gender difference in

renal functions in response to dDAVP treatment. A strain difference was found between

SHR and WKY rats where SHR had higher concentrating ability in response to dDAVP

in the highest dose (300 pglmin/IOO g). This was indicated by a higher osmolality, which

was accompanied by higher osmolar clearance due to higher urinary sodium and urea

nitrogen excretion.

1.2 Antidiuretic Actions of dDAVP in Female Rats during Estrous (SHR n=7, WKY

n=5) and Nonestrous (SHR n=9, WKY n=8) Phases of the Estrous Cycle.

Basal mean arterial blood pressure (MABP) (figure 8A) in SHR estrous female

rats was significantly higher than that of WKY estrous female rats. Likewise, basal mean

arterial blood pressure in SHR nonestrous female rats was also significantly higher than

that of WKY nonestrous female rats. These results indicated a strain different in mean

arterial blood pressure, which was higher in SHR female rats than WKY female rats.

Basal mean arterial blood pressure was not different between WKY estrous and

nonestrous females as well as SHR estrous and nonestrous females, indicating no phase

difference was found in both WKY and SHR female rats. Mean arterial blood pressure
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Figure 8A.

Figure 8B.

Effect of vasopressin V2 receptor agonist [dearnino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on mean arterial blood pressure in female
WKY and SHR rats during estrous and nonestrous phases of the
estrous cycle.

Effect of vasopressin V2 receptor agonist [dearnino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on heart rate in female WKY and SHR rats
during estrous and nonestrous phases of the estrous cycle.
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remained stable throughout the experiment in all groups, indicating that water load and

administration of dDAVP did not affect blood pressure, nor disturb the resting of the rats.

Basal heart rate (figure 8B) was similar among all groups and remained stable

throughout the experiment, indicating a smooth experimental course.

Basal values of body weight, hematocrit, plasma osmolality, and plasma

concentrations of sodium and potassium after 90-120 min water load and before

administration of dDAVP are shown in Table 2. Body weight, hematocrit, plasma

osmolality, and plasma concentrations of sodium and potassium at the end of the

experiment are also shown in Table 2.

The body weights of SHR estrous female rats were lower than that of WKY

estrous female rats. The body weights of SHR nonestrous female rats were lower than

that of WKY nonestrous female rats. The body weight between WKY estrous and

nonestrous females was not different. Similarly, the body weight between SHR estrous

and nonestrous females was not different. These results indicated a strain difference in

the body weight, which was lower in SHR female rats than in WKY female rats. No

phase difference was shown in both WKY and SHR female rats. Body weight remained

stable throughout the experiment in all groups, indicating a stable fluid balance.

Basal hematocrits were similar among all groups, indicating that the effect of

hydration procedure was the same in all groups. Hematocrits were stable throughout the

experiment in all groups, indicating that a stable fluid balance and constant blood volume

were maintained.
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Table 2. Basal Values After Water Load: Estrous and Nonestrous. Body weight, hematocrit, plasma osmolality,
plasma sodium concentration, and plasma potassium concentration before and after infusion of V2 agonist in female
rats during the non-estrousap.d e_strom;j)~asesotestrous cycle.

WKY SHR

Body weight (g)
Beginning
End

Hematocrit (%)
Beginning
End

~ Posm(mOsmollkg H20)
Beginning
End

Females Females Females Females
Nonestrous phase Estrous phase Nonestrous phase Estrous phase

n=8 n=5 n=9 n=7

261.5 ± 8.4 249.2 ± 11.4 174.3 ± 2.9* 176.2 ± 3.8*
261.4 ± 9.0 250.6 ± 11.1 175.7 ± 2.9* 177.3 ± 3.6*

41.6 ± 1.5 41.8 ± 0.6 41.4 ± 2.0 43.4 ± 2.0
40.5 ± 1.2 40.5 ± 0.9 40.1±1.3 40.9 ± 2.1

285.4 ± 1.0 281.8 ± 1.2 284.9 ± 0.9 284.6 ± 1.1
277.1 ± 2.5# 276.1 ± 2.5 280.7 ± 3.5 276.8 ± 1.2#

PNa (mEq/L)
Beginning
End

PK(mEq/L)
Beginning
End

139.9 ± 0.4
135.1 ± 0.7#

3.7±0.1
3.3 ± 0.1

139.1 ± 0.3
132.7 ± 1.0#

3.7 ± 0.1
3.6 ±0.3

138.4 ± 0.6
134.4 ± 0.7#

3.7±0.1
3.7 ± 0.2

137.9 ± 1.0
133.5 ± 1.3#

3.9±O.1
3.6±O.1

Data are means ± SE; n, number of rats. Posm, plasma osmolality; PNa, plasma sodium concentration; PK, plasma
potassium concentration. *P< 0.05 vs. WKY; #P<0.05 vs. beginning.



Basal plasma osmolality was similar among all groups, indicating that the effect

of hydration procedure among all groups was similar among all groups. Plasma

osmolality decreased significantly at the end of the experiment in all groups, however,

there was no strain or phase difference. Since hematocrit was stable in all groups

throughout the experiment indicating a stable blood volume, the decrease of plasma

osmolality was probably due to loss of osmotic molecules from the plasma during the

experiment and the loss of osmotic molecules was similar among all groups.

Basal plasma concentration of sodium was similar among all groups, indicating

that the effect of hydration procedure was similar among all groups. Plasma

concentration of sodium decreased significantly at the end of the experiment in all

groups. This decrease was probably due to the effect of water retention by the

antidiuretic action of dDAVP, which diluted the plasma concentration of sodium at the

end of the experiment.

Basal plasma concentration of potassium was similar among all groups, indicating

that the effect of hydration procedure was similar among all groups. Unlike plasma

concentration of sodium, plasma concentration of potassium decreased slightly without

statistic significance. This indicated a stable potassium balance in the plasma during the

experiment.

According to the above results, strain difference were shown between SHR and

WKY female rats in basal mean arterial blood pressure, body weight. None phase

difference was found between nonestrous and estrous female rats in both WKY and SHR

rats.

Basal urine flow rate (figure 9A) was similar among all groups.
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Basal free water clearance (figure 9B) was similar among all groups.

Basal urine osmolality (figure 9C) was similar among all groups.

Basal osmolar clearance (figure 10) was similar among all groups.

Basal urinary sodium excretion (figure IIA) in all groups was not comparable due

to lack of data since the urine concentration of sodium using the current equipment

available in the laboratory.

Basal urinary potassium excretion (figure lIB) was similar among all groups.

Basal urinary urea nitrogen excretion (figure IIC) was not significantly different

among all groups.

Basal glomerular filtration rate (figure 12A) was similar among all groups.

Basal effective renal blood flow (figure 12B) was similar among all groups.

Basal renal vascular resistance (figure 12C) was similar among all groups.

After a steady state diuresis was induced by intragastric water loading and

infusion, intravenous infusion of vasopressin V2 receptor agonist dDAVP at increasing

doses caused a significant dose-dependent antidiuresis in all groups of rats. V2 receptor

agonist dDAVP decreased urine flow rate and free water clearance, while at the same

time, increased urine osmolality. The dose-response curves of urine flow rate, free water

clearance, and urine osmolality are shown in figure 9A, 9B, and 9C.

dDAVP induced dose-dependent decrease in urine flow rate (figure 9A) was

similar among all groups where EDso and the minimum urine flow rate achieved was

similar among all groups.
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Figure 9A.

Figure 9B.

Figure 9C.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on urine flow rate in female WKY and SHR
rats during estrous and nonestrous phases of the estrous cycle.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) on free water clearance in female WKY and
SHR rats during estrous and nonestrous phases of the estrous
cycle.

Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]_

vasopressin (dDAVP) on urine osmolality in female WKY and
SHR rats during estrous and nonestrous phases of the estrous
cycle.
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Figure 10. Effect of vasopressin V2 receptor agonist [deamino-Cys l,D-Arg8
]­

vasopressin (dDAVP) on osmolar clearance in female WKY and
SHR rats during estrous and nonestrous phases of the estrous
cycle.
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Figure llA. Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on urinary sodium excretion in female WKY
and SHR rats during estrous and nonestrous phases of the estrous
cycle.

Figure lIB. Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on urinary potassium excretion in female
WKY and SHR rats during estrous and nonestrous phases of the
estrous cycle.

Figure 11C. Effect of vasopressin V2 receptor agonist [deamino-Cys1,D-Arg8
]­

vasopressin (dDAVP) on urea nitrogen excretion in female WKY
and SHR rats during estrous and nonestrous phases of the estrous
cycle.
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Figure 12A. Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on glomerular filtration rate in female WKY
and SHR rats during estrous and nonestrous phases of the estrous
cycle.

Figure 12B. Effect of vasopressin V2 receptor agonist [deamino-Cys!,D-Arg8
]­

vasopressin (dDAVP) on effective renal blood flow in female
WKY and SHR rats during estrous and nonestrous phases of the
estrous cycle.

Figure 12C. Effect of vasopressin V2 receptor agonist [deamino-Cysl,D-Arg8
]­

vasopressin (dDAVP) on renal vascular resistance in female WKY
and SHR rats during estrous and nonestrous phases of the estrous
cycle.
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Similar to urine flow rate, dDAVP induced dose-dependent free water clearance

(figure 9B) was not significantly different among all groups as indicated by similar EDso

and minimum free water clearances achieved.

dDAVP induced dose-dependent increase in urine osmolality (figure 9C) was

similar among all groups at low infusion rates of dDAVP (0.3-30 pglmin/100 g).

However, high infusion rates of dDAVP (100-300 pglmin/100 g) resulted in a higher

maximum urine osmolality in SHR estrous female rats than in WKY estrous female rats

as well as in SHR nonestrous female rats than in WKY nonestrous female rats. No phase

difference was observed in both WKY and SHR female rats.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) decreased osmolar clearance

(figure 10) gradually and to a minimum level at the infusion rate of 10 pglmin/100 g in

all groups, which was significantly lower than their corresponding basal values. Osmolar

clearance then rose gradually when dDAVP infused continuously at high rates (30-300

pglmin/100 g). Osmolar clearance in SHR female rats was not different from that in

WKY female rats throughout the experiment, except in the highest infusion rate (300

pglmin/100 g) where osmolar clearance in SHR estrous female rats was significantly

higher than that of WKY estrous female rats. Similarly, in the highest infusion rate (300

pglmin/I00 g), osmolar clearance in SHR nonestrous female rats was significantly higher

than that of WKY nonestrous female rats. No phase difference was shown in both WKY

and SHR female rats.

Data was not available for the comparison of urinary sodium excretion (figure

IIA) in low infusion rates of dDAVP (0.3-3 pglmin/100 g) since the urine concentrations

of sodium was not detectable «10 mEq/l) using the current equipment available in the
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laboratory. In high infusion rates of dDAVP (10-300 pglmin/100 g), urinary sodium

excretion was similar among all groups.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) decreased urinary potassium

excretion (figure lIB) gradually and to a minimum level at the rate of 10 pglmin/100 gin

all groups, which was significantly lower than their corresponding basal values. Urinary

potassium excretion then rose gradually when dDAVP infused continuously at high rates

(30-300 pglmin/100 g). Urinary potassium excretion was similar among all groups.

Similar to urinary potassium excretion, low infusion rates of dDAVP (0.3-10

pglmin/100 g) decreased urinary urea nitrogen excretion (figure lie) gradually and to a

minimum level at the infusion rate of 10 pg/min/100 g in all groups, which was

significantly lower than their corresponding basal values. Urinary urea nitrogen

excretion then rose gradually when dDAVP infused continuously at high rates (30-300

pglmin/100 g). Urinary urea nitrogen excretion was similar among all groups.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) decreased glomerular

filtration rate (figure 12A) gradually and to a minimum level at the infusion rate of 10

pglmin/100 g in all groups, which was significantly lower than their corresponding basal

values. Glomerular filtration rate then rose gradually when dDAVP infused continuously

at high rates (30-300 pglmin/100 g). No strain or phase difference was found in all

groups throughout the experiment.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) decreased effective renal

blood flow (figure 12B) gradually and to a minimum level at the rate of 10 pglmin/100 g

in all groups, which was significantly lower than their corresponding basal values.

Effective renal blood flow then rose gradually when dDAVP infused continuously at high
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rates (30-300 pglmin/100 g). No strain or phase difference was found in all groups

throughout the experiment.

Low infusion rates of dDAVP (0.3-10 pglmin/100 g) increased renal vascular

resistance (figure 12C) increased gradually and to a maximum level at the infusion rate of

10 pglmin/100 g in all groups, which was significantly higher than their corresponding

basal values. Renal vascular resistance then decreased gradually when dDAVP infused

continuously at high rates (30-300 pglmin/100 g). Renal vascular resistance was higher

in SHR estrous female rats than in WKY estrous female rats as well as in SHR

nonestrous female rats than in WKY nonestrous female rats. No phase difference was

found in both WKY and SHR female rats throughout the experiment.

Taken together, the above results indicated a strain difference in the antidiuretic

activity of dDAVP, which was enhanced in SHR female rats than in WKY female rats.

No phase difference in the antidiuretic activity was shown in the estrous and nonestrous

phases during the estrous cycle in WKY and SHR female rats.

2. In vivo Assessment of Endogenous Vasopressin Renal Action in SHR

2.1 Renal Responses to Vasopressin V2 Receptor Antagonist [l-Adamantane acetyl!,

D-Tyr(Eti, Va14
, Abu6

, Arg9]-arg8-Vasopressin in Adult SHR Males (n=8) and

SHR Females (n=8) and in WKY Males (n=lO) and Females (n=IO).

Basal mean arterial blood pressure (figure 13A) in SHR male rats was

significantly higher than that of WKY male rats. Likewise, basal mean arterial blood

pressure in SHR female rats was significantly higher than that of WKY female rats.

These results indicated a strain difference in the mean arterial blood pressure, which was
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higher in SHR rats than WKY rats. Basal mean arterial blood pressure was similar in

WKY males and females, while basal mean arterial blood pressure was significantly

higher in SHR males than in SHR females. Basal mean arterial blood pressure was not

different between SHR males and females, although there was a tendency that SHR males

had a higher mean arterial blood pressure than that of SHR females. Mean arterial blood

pressure remained stable throughout the experiment in all groups, indicating that a stable

fluid balance was maintained.

Basal heart rate (figure 13B) was not different among groups and remained stable

throughout the experiment in all groups, indicating a smooth experimental course.

Basal values of body weight, hematocrit, plasma osmolality, and plasma

concentrations of sodium and potassium after 90-120 min equilibration period and before

administration of vasopressin V2 receptor antagonist [1-Adamantane acetyl!, D-Tyr(Et)2,

Va14
, Abu6

, Arg9]-arg8-vasopressin are shown in Table 3. Body weight, hematocrit,

plasma osmolality, and plasma concentrations of sodium and potassium at the end of the

experiment are also shown in Table 3.

The body weights of SHR rats were lower than that of WKY rats for both males

and females. Males of both strains were heavier than females. Body weight remained

stable throughout the experiment in all groups, indicating a stable fluid balance.

Basal hematocrits in SHR male rats were not different to that of WKY male rats.

Basal hematocrits in SHR female rats were similar to that of WKY female rats. A gender

difference existed in the hematocrits, which was higher in males than in females in both

WKY and SHR rats. Hematocrit was stable throughout the experiment in all groups,

indicating that a stable fluid balance and constant blood volume were maintained.
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Figure 13A.

Figure 13B.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl1, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on mean arterial

blood pressure in male and female WKY and SHR rats.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl1, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]_arg8-vasopressin on heart rate in male

and female WKY and SHR rats.
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Table 3. Basal Values in Euhydrated State: Male and Female. Body weight, hematocrit, plasma osmolality, plasma
sodium concentration, and plasma potassium concentration before and after injection of V2 antagonist in male and
female rats.

WKY SHR
Males Females Males Females
n = 10 n= 10 n=8 n=8

Body weight (g)
Beginning 434.5 ± 10.2 248.7 ± 7.1t 283.8 ± 6.2* 168.6 ± 2.7t*
End 429.5 ± 9.6 246.3 ± 6.7t 278.5 ±4.1 * 168.5 ± 2.8t*

Hematocrit (%)
Beginning 44.8 ± 0.5 41.4 ± 0.7t 46.6 ± 1.0 41.9 ± 1.7t
End 46.7 ±0.6# 42.7 ±0.8t 46.5 ± 0.7 41.6± 1.2t

- Posm (mOsmol/kg H2O)
0 Beginning 290.8 ± 1.2 286.9 ± 0.9t 293.5 ± 0.7 289.2 ± 0.5tw

End 297.9 ± 1.9# 296.6±2.8# 298.4 ± 3.1 292.6 ±1.0#

PNa (mEq/L)
Beginning 143.4 ±0.6 141.3 ± O.2t 144.1 ±0.4 142.1 ± O.3t
End 147.3 ±1.0# 145.5 ± 1.7# 149.1 ± 1.6# 143.5 ±0.7

PK(mEq/L)
Beginning 4.0 ± 0.1 3.7 ±0.1 3.9 ±0.1 3.8 ±0.1
End 3.9 ±0.1 3.9 ±0.1 3.8 ±0.1 3.9 ±0.1

Data are means ±SE; n, number of rats. Posm, plasma osmolality; PNa, plasma sodium concentration; PK,plasma
potassium concentration. tP<0.05 vs. males of same strain; *P< 0.05 vs. WKY; #P<O.05 vs. beginning.



Basal plasma osmolality in SHR male rats was similar to that of WKY male rats.

Basal plasma osmolality in SHR female rats was similar to that of WKY female rats.

Basal plasma osmolality was higher in WKY males than in WKY females. Basal plasma

osmolality was higher in SHR males than in SHR females. Therefore, a gender

difference was evidenced in the plasma osmolality in both WKY and SHR rats, which

was higher in males than in females. Plasma osmolality increased significantly at the end

of the experiment in all groups, however, there was no strain or gender difference. Since

hematocrits were stable in all groups throughout the experiment indicating a stable blood

volume, the increase of plasma osmolality was probably due to increase of osmotic

molecules in the plasma during the experiment.

Basal plasma concentration of sodium in SHR male rats was not different from

that of WKY male rats. Basal plasma concentration of sodium in SHR female rats was

not different from that of WKY female rats. Basal plasma concentration of sodium in

WKY males was higher than that of WKY females. Basal plasma concentration of

sodium in SHR males was higher than that of SHR females. Therefore, a gender

difference was evident in the plasma concentration of sodium in both WKY and SHR

rats, which was higher in males than in females. Plasma concentration of sodium

increased at the end of the experiment in all groups. This is probably due to the loss of

water from the urine. Basal plasma concentration of potassium was not different from all

groups. Plasma concentration of potassium was stable throughout the experiment,

indicating a stable potassium balance in the plasma during the experiment.
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According to the above results, strain differences were shown between SHR and

WKY rats in basal mean arterial blood pressure and body weight. Gender differences

were shown between male and female rats in WKY and SHR rats in body weight,

hematocrit, plasma osmolality and plasma concentration of sodium.

Basal urine flow rate (figure 14A) was similar among all groups.

Basal free water clearance (CHZo) (figure 14B) was similar among all groups.

Basal urine osmolality (Uosm) (figure 14C) in SHR male rats was not different

from that of WKY male rats. Basal urine osmolality in SHR female rats was significantly

higher than that of WKY female rats. This indicated that a strain difference in the urine

osmolality existed in female rats but not in male rats. Basal urine osmolality in WKY

males was higher than that of WKY females. Basal urine osmolality in SHR males was

similar to that of SHR females. This indicated that a gender difference in the urine

osmolality existed in WKY rats but not in SHR rats.

Basal osmolar clearance (figure 15) was similar among all groups.

Basal urinary sodium excretion (figure 16A) was similar among all groups.

Basal urinary potassium excretion (figure 16B) was not different among groups,

however, SHR tended to have a higher urinary potassium excretion than WKY rats.

It was not possible to compare basal urinary urea nitrogen excretion (figure 16C)

between SHR male rats and WKY male rats since urinary urea nitrogen was measured in

only one WKY male rat. Basal urinary urea nitrogen excretion in SHR female rats was

higher than that of WKY female rats, but no significant difference. Basal urinary urea

nitrogen excretion in WKY males was not possible to compare to that of WKY females
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since lack of data in WKY males. Basal urinary urea nitrogen excretion in SHR males

was similar to that of SHR females.

Intravenous injection of vasopressin V2 receptor antagonist [l-Adamantane

acetyl!, D-Tyr(Et)2, Va14
, Abu6

, Arg9]-arg8-vasopressin at increasing doses resulted in a

significant dose-dependent diuresis: increasing urine flow rate and free water clearance,

at the same time, decreasing urine osmolality. The dose-response curves of urine flow

rate, free water clearance, and urine osmolality are shown in figure 14A, 14B, and 14C.

V2 antagonist induced dose-dependent increase in urine flow rate (figure 14A)

was significantly lower in SHR male rats than in WKY male rats. V2 antagonist induced

dose-dependent increase in urine flow rate was also significantly lower in SHR female

rats than in WKY female rats. V2 antagonist induced dose-dependent increase in urine

flow rate was significantly lower in WKY male rats than in WKY female rats in the

higher doses (30-100 /-lglkg). V2 antagonist induced dose-dependent increase in urine

flow rate was also significantly lower in SHR male rats than in SHR female rats in doses

of 30-100 /-lg/kg. These results indicated that there was not only a strain difference in

urine flow rate, which was lower in SHR rats than in WKY rats, but also a gender

difference in the urine flow rate, which was lower in male rats than in female rats.

Similar to urine flow rate, V2 antagonist induced dose-dependent free water

clearance (figure 14B) was significantly lower in SHR male rats than in WKY male rats.

V2 antagonist induced dose-dependent increase in free water clearance was also

significantly lower in SHR female rats than in WKY female rats. V2 antagonist induced

dose-dependent increase in free water clearance was significantly lower in WKY male
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Figure 14A.

Figure 14B.

Figure 14C.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Eti, Va14

, Abu6
, Arg9]-arg8-vasopressin on urine flow rate in

male and female WKY and SHR rats.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on free water

clearance in male and female WKY and SHR rats.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urine osmolality in

male and female WKY and SHR rats.
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rats than in WKY female rats in the higher doses (30-100 J,tg/kg). V2 antagonist

induced dose-dependent increase in free water clearance was also significantly

lower in SHR male rats than in SHR female rats in doses of 30-100 J,tg/kg. These

results indicated that there was not only a strain difference in free water clearance,

which was lower in SHR rats than in WKY rats, but also a gender difference in

free water clearance, which was lower in male rats than in female rats.

V2 antagonist induced dose-dependent decrease in urine osmolality (figure

14C) was significantly different among groups at the lower doses (0.3-3 J,tg/kg).

However, higher doses (10-100 J,tglkg) resulted in similar minimum urine

osmolality in all groups.

Osmolar clearance (figure 15) was similar among all groups during the

experiment.

Urinary sodium excretion (figure 16A) was similar among all groups.

Urinary potassium excretion (figure 16B) was not different among groups,

however, SHR tended to have a higher urinary potassium excretion than WKY

rats.

It was not possible to compare urinary urea nitrogen excretion (figure

16C) between SHR male rats and WKY male rats since urinary urea nitrogen was

measured in only one male WKY rat. Urinary urea nitrogen excretion in SHR

female rats was significantly higher than that of WKY female rats. Urinary urea

nitrogen excretion in WKY males was not possible to compare to that of WKY
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Figure 15. Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]_arg8-vasopressin on osmolar clearance

in male and female WKY and SHR rats.
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Figure 16A.

Figure 16B.

Figure 16C.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urinary sodium

excretion in male and female WKY and SHR rats.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urinary potassium

excretion in male and female WKY and SHR rats.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urea nitrogen

excretion in male and female WKY and SHR rats.
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females since lack of data in WKY males. Urinary urea nitrogen excretion in SHR males

was similar to that of SHR females.

From the results above, strain and gender differences were shown in urine flow

rate and free water clearance. These differences were not accompanied by changes of

osmolar clearance and excretion of sodium, potassium.

2.2 Renal Responses to Vasopressin V2 Receptor Antagonist [l-Adamantane acetyl!,

D-Tyr(Et)2, Va14
, Abu6

, Arg9]-arg8-Vasopressin in Female Rats during Estrous

(SHR n=5, WKY n=8) and Nonestrous (SHR n=8, WKY n=lO) Phases of the

Estrous Cycle

Basal mean arterial blood pressure (figure 17A) in SHR estrous female rats was

significantly higher than that of WKY estrous female rats. Likewise, basal mean arterial

blood pressure in SHR nonestrous female rats was significantly higher than that of WKY

nonestrous female rats. These results indicated a strain difference in the mean arterial

blood pressure, which was higher in SHR female rats than in WKY female rats. Basal

mean blood pressure was not different between WKY estrous and nonestrous females as

well as SHR estrous and nonestrous females. Therefore, no phase difference existed in

both WKY and SHR female rats. Mean arterial blood pressure remained stable

throughout the experiment in all groups, indicating that a stable fluid balance was

maintained.

Basal heart rate (figure 17B) was similar among all groups and remained stable

throughout the experiment, indicating a smooth experimental course.
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Figure 17A.

Figure 17B.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl!, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on mean arterial

blood pressure in female WKY and SHR rats during estrous and
nonestrous phases of the estrous cycle.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl!, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]_arg8-vasopressin on heart rate in

female WKY and SHR rats during estrous and nonestrous phases
of the estrous cycle.
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Basal values of body weight, hematocrit, plasma osmolality, and plasma

concentrations of sodium and potassium after 90-120 min equilibration period and before

administration of vasopressin V2 receptor antagonist [1-Adarnantane acetyl!, D-Tyr(Et)2,

Va14
, Abu6

, Arg9]_arg8-vasopressin are shown in Table 4. Body weight, hematocrit,

plasma osmolality, and plasma concentrations of sodium and potassium at the end of the

experiment are also shown in Table 4.

The body weights of SHR estrous female rats were lower than that of WKY

estrous female rats. The body weights of SHR nonestrous female rats were lower than

that of WKY nonestrous female rats. The body weight between WKY eatrous and

nonestrous females was not different. Similarly, the body weight between SHR estrous

and nonestrous females was not different. These results indicated a strain difference in

the body weights, which was lower in SHR female rats than in WKY female rats. There

was no phase difference in the body weight in both WKY and SHR female rats. Body

weight remained stable throughout the experiment in all groups, indicating a stable fluid

balance.

Basal hematocrits were similar among all groups and stable throughout the

experiment in all groups, indicating that a stable fluid balance and constant blood volume

were maintained.

Basal plasma osmolality was similar among all groups. Plasma osmolality

increased at the end of the experiment in all groups, however, there was no strain or

phase difference in both WKY and SHR rats. Since hematocrits were stable in all groups

throughout the experiment indicating a stable blood volume, the increase of plasma
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Table 4. Basal Values in Euhydrated State: Estrous and Nonestrous. Body weight, hematocrit, plasma osmolality,
plasma sodium concentration, and plasma potassium concentration before and after injection of V2 antagonist in female
rats during the non-estrous and estrous phases of estrous cycle.

WKY SHR
Females Females Females Females

Nonestrous phase Estrous phase Nonestrous phase Estrous phase
n= 10 n=8 n=8 n=5

Body weight (g)
Beginning 250.5 ± 7.2 251.7 ± 9.4 171.4 ± 3.4* 171.4 ± 2.4*
End 247.7 ± 7.1 250.9 ± 9.4 170.9 ± 3.4* 171.7 ± 2.2*

Hematocrit (%)
Beginning 40.9 ± 0.7 41.8± 1.3 41.1 ± 1.8 42.7 ± 0.7
End 41.6 ± 0.7 43.7±1.4 40.9 ± 1.3 42.0 ± 0.4

- Posm (mOsm/kg H2O)-00
Beginning 287.2 ± 0.9 286.4 ± 1.2 288.3 ± 0.3 288.3 ± 1.4
End 293.0 ± 1.7# 296.1 ± 3.5# 291.2 ± 1.0# 293.7 ± 1.5#

PNa (mEq/L)
Beginning 141.3 ± 0.2 141.1 ± 0.6 140.7 ± 0.4 141.5± 1.0
End 145.5 ± 2.1 147.2 ± 2.1# 142.3 ± 0.5# 144.4 ± 1.1

PdmEq/L)
Beginning 3.7 ± 0.1 3.7 ± 0.1 3.9 ± 0.1 3.8 ± 0.1
End 3.9 ± 0.1 3.8 ± 0.1 3.9 ± 0.1 3.8 ± 0.1

Data are means ± SE; n, number of rats. Posm, plasma osmolality; PNa, plasma sodium concentration; PK, plasma
potassium concentration. *P< 0.05 vs. WKY; #P<0.05 vs. beginning.



osmolality was probably due to increase of osmotic molecules in the plasma during the

experiment.

Basal plasma concentration of sodium was similar among all groups. Plasma

concentration of sodium increased significantly at the end of the experiment in all groups

however, there was no strain or phase difference. Since hematocrit was stable in all

groups throughout the experiment indicating a stable blood volume, the increase of

plasma concentration of sodium was probably due to conservation of sodium rather than

loss of water, which might account for the increase of plasma osmolality.

Basal plasma concentration of potassium was similar among all groups. Plasma

concentration of potassium was stable throughout the experiment in all groups, indicating

a stable potassium balance in the plasma during the experiment.

According to the above results, strain differences were shown in basal mean

arterial blood pressure and body weight. None of phase difference was found between

nonestrous and estrous female rats in both WKY and SHR rats.

Basal urine flow rate (figure 18A) was similar among all groups.

Basal urine osmolality (Uosm) (figure 18B) was higher in SHR estrous female rats

than in WKY estrous female. Basal urine osmolality was higher in SHR nonestrous

female rats than in WKY nonestrous female rats. Basal osmolality in WKY estrous

females was lower than that in WKY nonestrous females. Basal osmolality in SHR

estrous females was not different from that in SHR nonestrous females. These results

indicated that there was a strain difference in urine osmolality, which was higher in SHR
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Figure 18A.

Figure 18H.

Figure 18C.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl!, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urine flow rate in

female WKY and SHR rats during estrous and nonestrous phases
of the estrous cycle.

Effect of vasopressin V2 antagonist [1-Adamantane acetyl! , D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on free water

clearance in female WKY and SHR rats during estrous and
nonestrous phases of the estrous cycle.

Effect of vasopressin V2 antagonist [l-Adamantane acetylt, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urine osmolality in

female WKY and SHR rats during estrous and nonestrous phases
of the estrous cycle.
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female rats than in WKY female rats. There was also a phase difference in urine

osmolality in WKY female rats, but not in SHR female rats.

Basal free water clearance (CHZO) (figure 18C) was similar among all groups.

Basal osmolar clearance (figure 19) was similar among all groups.

Basal urinary sodium excretion (figure 20A) was similar among all groups.

Basal urinary potassium excretion (figure 20B) was similar among all groups.

Basal urinary urea nitrogen excretion (figure 20C) was not significantly different

among all groups.

According to the above results, strain and phase differences were found in basal

urine osmolality. No other strain and phase difference was found.

Intravenous injection of vasopressin V2 receptor antagonist [l-Adamantane

acetyl!, D-Tyr(Et)2, Va14
, Abu6

, Arg9]_arg8-vasopressin at increasing doses resulted in a

significant dose-dependent diuresis: increasing urine flow rate and free water clearance,

at the same time, decreasing urine osmolality. The dose-response curves of urine flow

rate, free water clearance, and urine osmolality are shown in figure 18a, 18b, and 18c.

Low doses of V2 receptor antagonist (0.3-10 J..lglkg) induced increase in urine

flow rate (figure 18A) was not different between SHR estrous female rats and WKY

estrous female rats. However, high doses of V2 receptor antagonist (30-100 J..lglkg)

induced increase in urine flow rate was significantly lower in SHR estrous female rats

than in WKY estrous female rats. Similarly, low doses of V2 receptor antagonist (0.3-10

J..lglkg) induced increase in urine flow rate was not different between SHR nonestrous

female rats and WKY nonestrous female rats. In contrast, high doses of V2 receptor
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Figure 19. Effect of vasopressin V2 antagonist [l-Adamantane acetyl!, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on osmolar clearance

in female WKY and SHR rats during estrous and nonestrous
phases of the estrous cycle.
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Figure 20A.

Figure 20B.

Figure 20C.

Effect of vasopressin V2 antagonist [l-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urinary sodium

excretion in female WKY and SHR rats during estrous and
nonestrous phases of the estrous cycle.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urinary potassium

excretion in female WKY and SHR rats during estrous and
nonestrous phases of the estrous cycle.

Effect of vasopressin V2 antagonist [1-Adamantane acetyll, D­
Tyr(Et)2, Va14

, Abu6
, Arg9]-arg8-vasopressin on urea nitrogen

excretion in female WKY and SHR rats during estrous and
nonestrous phases of the estrous cycle.
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antagonist (30-100 J..lg/kg) induced increase in urine flow rate was significantly lower in

SHR nonestrous female rats than in WKY nonestrous female rats. V2 receptor antagonist

induced dose-dependent increase in urine flow rate was not different between WKY

estrous and nonestrous females. V2 receptor antagonist induced dose-dependent increase

in urine flow rate was significantly higher in SHR estrous females than that of SHR

nonestraous females in high doses (30-100 J..lg/kg).

Similar to urine flow rate, V2 antagonist induced dose-dependent free water

clearance (figure 18B) was significantly lower in SHR estrous female rats than in WKY

estrous female rats. V2 antagonist induced dose-dependent increase in free water

clearance was also significantly lower in SHR nonestrous female rats than in WKY

nonestrous female rats. V2 antagonist induced dose-dependent increase in free water

clearance was not different between WKY estrous female rats than in WKY nonestrous

female rats. V2 antagonist induced dose-dependent increase in free water clearance was

significantly higher in SHR estrous female rats than in SHR nonestrous female rats.

V2 antagonist induced dose-dependent decrease in urine osmolality (figure 18C)

was significantly different among groups in low doses (0.3-3 J..lg/kg). However, higher

doses (10-100 J..lg/kg) resulted in similar minimum urine osmolality in all groups.

Osmolar clearance (figure 19) was similar among all groups during the

experiment.
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Urinary sodium excretion (figure 20A) was similar among all groups.

Urinary potassium excretion (figure 20B) was not different among groups,

however, SHR female rats tended to have a higher urinary potassium excretion than

WKY female rats.

Urinary urea nitrogen excretion (figure 20C) in SHR female rats was significantly

higher than that of WKY female rats. No phase difference was shown in both SHR and

WKY females.

From the above results, strain difference was shown in V2 receptor induced

increase in urine flow rate and free water clearance. No phase difference was shown in

WKY females in urine flow rate and free water clearance, whereas phase difference was

shown in SHR females.

3. V2 Receptor mRNA Expression in Renal Medullary Collecting Ducts

Relative quantitation of V2 receptor mRNA level in renal medullary collecting

duct was shown in figure 21. V2 receptor mRNA level was not different between WKY

and SHR rats at 4 weeks of age. V2 receptor mRNA level was significantly decreased in

SHR rats at 12 to 16 weeks of age, which was also lower than that of WKY rats at 12 to

16 weeks of age.
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Figure 21. V2 receptor mRNA from renal inner medulla of 4-week-old and adult
(12- to 16-week-old) male WKY and SHR rats, normalized to mRNA
levels of a housekeeper gene, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). (Data are means ± SEM. *P<O.05 vs. 4­
week-old. tP<O.05 between age-matched WKY and SHR.)
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CHAPTER IV

DISCUSSION

1. Comparison of Responses to Vasopressin V2 receptor Stimulation between SHR

andWKY

1.1 Gender Differences

Gender and estrous cycle phase differences in the antidiuretic response to

vasopressin were first reported by Toba et al. (1991) in ethanol-anesthetized rats that the

reduction of urine volume in response to intravenous infusion of vasopressin was similar

in males and estrus females but less in non-estrous females. Wang and colleagues

extended the study in conscious, chronically instrumented hydrated Sprague-Dawley rats.

Wang et al. (1993) demonstrated that the antidiuretic activity of vasopressin was three­

fold greater in male than in female rats. They suggested that the greater antidiuretic

activity of male rats was due to a greater number of vasopressin V2 receptors and an

enhanced activity of adenylate cyclase in male rats. Further study by Wang and

colleagues (1994) demonstrated that the antidiuretic activity of vasopressin in estrous

female rats was similar to that in male rats but greater than that in nonestrous female rats.

However, using the similar experimental protocol described by Wang et al. (1993, 1995,

1996), we could not demonstrate either a gender or a phase difference in the V2 receptor

mediated antidiuretic activity of vasopressin in WKY and SHR rats.

The experimental protocol used in the present study was adapted from Wang et al.

(1993, 1995, 1996) with slight modifications. Instead of Sprague-Dawley rats used by
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Wang and colleagues, we used spontaneously hypertensive rats (SHR) and their

normotensive counterpart Wistar-Kyoto rats (WKY) in the present study. This allowed

us to study the gender difference in the antidiuretic response to vasopressin in not only

normal rats but also hypertensive rats, and therefore, the possible effect of gender

difference in blood pressure control in hypertension. Furthermore, a specific V2 receptor

agonist, [deamino-Cysl,D-Arg8]-vasopressin (dDAVP) was used in the present study,

instead of vasopressin which had both VI and V2 effects used by Wang and colleagues.

This allowed us to examine specifically whether vasopressin V2 renal action contributed

to the gender difference in the antidiuretic response to vasopressin previously reported by

Wang et aI. (1993).

Our results differed from the results of Wang and colleagues may be due to two

possibilities: First, the different genetic background of the rats that we used. Second, the

different effects of vasopressin and dDAVP.

It is well known that vasopressin is a peptide hormone with both vasopressor and

antidiuretic activities. Its antidiuretic to vasopressor ratio is approximately 1 (Manning et

aI., 1973). In contrast, dDAVP is a selective V2 receptor agonist with marked increased

antidiuretic activity and reduced vasopressor activity. The antidiuretic to vasopressor

ratio of dDAVP is approximately 3000-fold greater than that of vasopressin. Thus,

application of dDAVP may result in the maximum stimulation of vasopressin V2 renal

activity with minimum effect of vasopressin VI vascular activity. If a gender or a phase

difference in the antidiuretic response to vasopressin as previously shown in normal

Sprague-Dawley rats is indeed due to a gender or phase difference in vasopressin V2
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receptor effects (Wang et aI., 1993, 1994), a gender or a phase difference in the

antidiuretic response to dDAVP should also be evident in the present study.

In our study, V2 agonist dDAVP administered in an amount equivalent to the

amount of vasopressin that Wang and colleagues used in their studies showed neither a

gender difference nor a phase difference in the antidiuretic activity in either WKY or

SHR rats. Under sustained water load (2% body weight, i.g.) to suppressed endogenous

release of vasopressin, intravenous infusion of dDAVP induced similar dose-dependent

decreases in urine flow rate and free water clearance in all groups as indicated by EDso

and minimum levels achieved. It is likely that the gender difference in the antidiuretic

response to vasopressin previously reported by Wang et ai. (1993) was probably due to

the VI (vasopressor) effect of vasopressin in the kidney, rather than its V2 tubular action.

According to the results of Wang et ai. (1993), infusion of AVP (3-1000 pg ·kg-I.

min-I) resulted in a significant dose-dependent antidiuresis, indicated by a decrease in

urine flow and free water clearance and an increase in urine osmolality. The differences

in the antidiuretic activity of vasopressin between male and female rats were observed at

lower infusion rates of AVP (3-100 pg ·kg-I. min-I), which was greater in male than in

female rats, while there had no significant changes on mean arterial blood pressure

(MABP) in both sexes. Accompanied with the significant decreases of urine flow and

free water clearance, osmolar clearance decreased significantly in male rats while it

remained unchanged in female rats. Their results suggested that not only water excretion

but also solute excretion were affected in male rats. At high infusion rates of AVP (300­

1000 pg ·kg-I. min-I), however, no differences in the antidiuretic activity of vasopressin
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between male and female rats were observed. MABP pressure increased in both sexes,

which was statistically significant in male rats. Osmolar clearance increased in both

sexes without significant difference. It appears that high concentrations of circulating

AVP at high infusion rates of AVP increased systemic blood pressure. Due to the effect

of pressure-natriuresis-diuresis, water and solute excretion were increased. Since male

rats had higher blood pressure than female rats did, higher renal perfusion pressure

resulted in greater free water and osmolar clearance of the kidney in male rats, which

would offset the greater reductions of free water and osmolar clearance of male rats

observed at lower infusion rates of AVP. Therefore, at high infusion rates of AVP, the

differences in the free water and osmolar clearance of the kidney between male and

female rats no longer existed.

The reason responsible for the decreased osmolar clearance in male rats but not in

female rats at low infusion rate of AVP in the study by Wang and colleagues (1993) was

not clear. While vasopressin V2 receptors are expressed in the renal tubule system,

vasopressin VIa receptors are expressed in not only the renal tubule system but also the

renal vasculature. Studies have demonstrated that vasopressin vascular actions in the

renal hemodynamics may also influence water and sodium excretion. In rats, the

vascular effects of vasopressin are different in the renal cortex and medulla, where the

renal medulla seems more sensitive to the vasoconstrictor effect of vasopressin.

Franchini et al. (1997) reported that intravenous infusion of vasopressin, which increased

plasma concentration of vasopressin within the physiological range, had no effect on

mean arterial blood pressure, total renal blood flow, and blood flow in the renal cortex.
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However, blood flow in the renal medulla was reduced and was accompanied by decrease

in urinary sodium excretion. Since there is a greater pressor responsiveness to

vasopressin in male rats than in female rats (Crofton et aI., 1986, 1988). It is reasonable

to believe that a gender difference in the vasoconstrictive effects of vasopressin in the

renal hemodynamics via VIa receptors may result in differences in renal excretion of

water and solute between male and female rats. However, whether a greater pressor

responsiveness to vasopressin in male rats than in female rats is due to a greater number

of VI receptors or an enhanced sensitivity in the kidney is unclear.

1.2 Strain differences

Although the results from the present study did not support a significant role of

gender in the V2 receptor-mediated regulation of renal water handling in both WKY and

SHR rats, we confirmed our previous observation that there is an enhanced maximum

concentrating ability in SHR compared to WKY (Ye et aI., 1999). In response to the

vasopressin V2 agonist dDAVP, urine flow rate and free water clearance were similar in

all groups. However, SHR achieved a higher maximum urine osmolality than WKY rats,

which was largely due to the higher excretion rates of sodium and urea nitrogen in SHR

than in WKY rats at the higher dose of V2 stimulation. This result suggested that the

maximal concentrating ability was different between SHR and WKY. While renal

tubular water handling in SHR and WKY may not be different when all V2 receptors are

maximally stimulated, the interstitial concentration gradient against which water can be
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reabsorbed may be higher in SHR than in WKY as indicated by the increased ability to

the concentrate urine.

2. Comparison of Responses to Vasopressin V2 receptor Inhibition Between SHR

andWKY

Although previous studies reported that exogenous vasopressin resulted in a

greater antidiuretic action in male rats than in female rats (Wang et aI., 1993, 1994), this

present study failed to demonstrate such a difference in SHR and WKY rats, in response

to a specific vasopressin V2 receptor agonist dDAVP. If a gender difference in the

secretion of vasopressin does occur as reported by Crofton et aI. (1985, 1986), one may

expect that gender differences in its renal actions may also exist. To examine the gender

effect of endogenous AVP in renal fluid handling in SHR, compared to WKY, a selective

vasopressin V2 receptor antagonist, [l-Adamantane acetyll, D-Tyr(Eti, Va14
, Abu6

,

Arg9]-arg8-vasopressin was used to inhibit the V2 action of endogenous vasopressin.

Vasopressin exerts its antidiuretic action through stimulation of vasopressin V2

receptors in the collecting ducts of the kidney. Without the presence of vasopressin, the

entire collecting duct is impermeable to water. Binding of vasopressin to the V2

receptors trigger a series of intracellular responses in the collecting duct cells, which lead

to the insert of aquaporin-2 (AQP-2) water channels in the apical membrane of the

collecting duct cells, thereby increasing permeability and reabsorption of water.

Vasopressin V2 receptor antagonist binds to the V2 receptors and inhibits the antidiuretic

action of vasopressin, in tum, induces water diuresis. In the present study, we
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demonstrated a lower water diuresis in males than in females in both SHR and WKY.

Meanwhile, a lower water diuresis in SHR was also observed, compared to WKY rats.

2.1 Gender Differences

Intravenous injection of vasopressin V2 receptor antagonist (0.1-100 J,.lglkg body

weight) resulted in a significant dose-dependent water diuresis in all groups (SHR male,

SHR female, WKY male, and WKY female). Urine flow and free water clearance were

similar in male and female rats in both strains at low doses of V2 antagonist (0.1-10

J,.lglkg). However, at higher doses of V2 antagonist (30-100 J,.lglkg), urine flow and free

water clearance were greater in female rats than in male rats in SHR and WKY. These

gender differences were not due to a direct vasopressin renal V2 effect on solute

excretion, since urine osmolality, osmolar clearance, sodium, potassium, and urea

excretion were similar in male and female SHR as well as in male and female WKY rats.

The reduced response in water diuresis in male rats following administration of

V2 antagonist indicates an enhanced antidiuretic activity of the kidney. Although not

measured in the present study, the plasma concentrations of vasopressin have been found

to be higher in male rats than in female rats, due to a higher rate of secretion from the

pituitary (Crofton et aI., 1985, 1986). Higher levels of plasma circulating vasopressin in

male rats are likely to contribute to greater antidiuretic actions of the kidneys. Therefore,

blockade of vasopressin V2 antidiuretic actions in male rats requires higher plasma

concentrations of V2 antagonist than in female rats. In other words, administration of

equal doses of V2 antagonist to male and female rats will lead to less inhibition of
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vasopressin V2 antidiuretic actions in male rats, and therefore, produce a lower water

diuresis response. In addition, vasopressin vascular actions on renal hemodynamics may

also influence renal excretion function. It has been demonstrated that there was a greater

pressor responsiveness to vasopressin in male rats than in female rats (Crofton et al.,

1986, 1988; Laszlo et a1., 1993), due to a greater increase in total peripheral resistance in

male rats (Crofton et a1., 1988). Laszlo et a1. (1993) reported a greater number of

vasopressin binding sites in the aorta membrance in male rats. It is not known whether a

greater number of vasopressin binding site exits in the renal vasculature in male rats.

Parekh et a1. (1993) found that both cortical and outer medullary blood flows were auto­

regulated in male rats. However, in female rats, cortical blood flow but not outer

medullary blood flow was auto-regulated, due to a higher level of vasodilator

prostaglandins in the medulla which interfere with blood flow autoregulation in the

female rats. Therefore, reduced renal perfusion pressure and/or medullary blood flow

may also contribute to the reduced renal water excretion in male rats.

The initial urine osmolality before the administration of V2 antagonist was higher

in male WKY than in female WKY. This result suggested that in physiological

condition, vasopressin responsiveness in the kidney is different between male and female

WKY, probably due to a higher concentration of circulating vasopressin or a higher

medullary concentrating ability in male WKY rats. This gender difference was not

shown in SHR indicated that the development of hypertension might blunt the difference

in vasopressin responsiveness in the kidney between male and female SHR.
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There was a significant difference in the maximum increase in urine flow rate and

free water clearance between estrous and non-estrous females in SHR, which was greater

in estrous than in non-estrous females. This estrous cycle phase difference was not

shown in WKY. The mechanism responsible for this difference in SHR and WKY was

not clear.

2.2 Strain Differences

The ability of the V2 antagonist to induce water diuresis was less in SHR than

that in WKY rats. Urine flow and free water clearance were significantly lower in male

and female SHR after V2 antagonist treatment compared to male and female WKY rats,

indicating that the ability of the V2 antagonist to induce water diuresis was less in SHR

than in WKY rats. This result was similar with the previous findings by Li et ai. (1993),

who also reported a lower renal response in SHR than in WKY rats after administration

of a V2 receptor antagonist ([d(CHz)s,D-Ilez,Ile4]-arginine vasopressin). As mentioned

earlier, a reduced response in water diuresis following administration of V2 receptor

antagonist might indicate an enhanced antidiuretic activity of the kidney. Elevated levels

of vasopressin have been found in SHR compared with those in WKY rats (Crofton et aI.,

1978; Morhing et aI., 1979). Higher levels of plasma circulating vasopressin in SHR are

likely to contribute to greater antidiuretic actions in the kidney, and lead to lower water

diuresis in response to a V2 antagonist. The reduced response in SHR might be also due

to an alteration of renal hemodynamics where renal medullary vascular resistance was

elevated in SHR (Roman and Kaldunski, 1988; Gebremedhin et aI., 1990). In addition,
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an enhanced medullary concentrating ability in SHR might also contribute to the reduced

response to the V2 antagonist in SHR (Ye et aI., 1999).

3. Comparison of Blood Pressure and Renal Hemodynamics Between SHR and

WKY

In the present studies, the mean arterial blood pressures (MABP) of both SHR and

WKY remained stable throughout the experiments, indicating that acute, short-term

administration of vasopressin V2 receptor agonist dDAVP and antagonist [1-Adamantane

acetyl!, D-Tyr(Eti, Va14
, Abu6

, Arg9]-arg8-vasopressin had no effect on blood pressure in

both SHR and WKY rats.

3.1 Gender Differences

While the MABP was similar in male and female WKY rats, the MABP was 10 ­

15 mrnHg higher in male SHR than in female SHR. Our results are in agreement with the

findings by others that male SHR develop higher blood pressure than female SHR (lams

and Wexler, 1977; Masubuchi et aI., 1982; Cambotti et aI, 1984; Chen and Meng, 1991;

Reckelhoff et aI., 1998,2000). Reckelhoff et aI. (1998) reported that the blood pressure

in male SHR became significantly higher than that in females at 12 weeks of age.

The mechanism responsible for higher blood pressure in male SHR is not clear.

A number of studies have provided evidence that the gonadal hormones are important in

the development of hypertension in SHR. Gonadectomy as well as treatment of gonadal

hormones alter the natural course of hypertension development (lams and Wexler, 1977;
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Masubuchi et aI., 1982; Cambotti et aI, 1984; Chen and Meng, 1991; Reckelhoff et aI.,

1998,2000). However, the mechanisms whereby gonadal hormones may increase blood

pressure remain uncertain. It is particularly interesting that gonadectomy performed at 4

weeks of age when the rats were still normotensive attenuated the development of

hypertension when they matured (lams and Wexler, 1977, 1979). In contrast,

gonadectomy performed at 6 weeks of age when the blood pressures of the rats had

already increased had no effect (Aoki, 1963; Dahl et aI., 1975).

These results suggest that the age of the rat at the time of gonadectomy is of great

importance in the development of hypertension in SHR, where the gonadal hormones

may be involved, particularly, between 4 and 6 weeks of age or younger. Experiments

conducted by Cambotti et ai. (1984) demonstrated that the neonatal gonadal hormone

environment is a major determinant to the sexually dimorphic pattern of hypertension

development in the SHR. Results from Uyehara and Gellai (1993) also support the

importance of age in the development of hypertension in SHR. The blood pressure of

SHR at 4 weeks of age was still within the normal range but then increased significantly

at 6 weeks of age.

Reckelhoff et ai. (1998; 2000) have demonstrated a shift in the renal pressure­

natriuresis relationship in male and female SHR, with males excreting less sodium than

females at similar renal perfusion pressures. Castration of the males resulted in the

restoration of the pressure-natriuresis relationship and lowered blood pressure levels

similar to those in the females. These results suggested a possible relationship between

141



the excretion function of the kidneys and blood pressure where gonadal hormones may be

involved, especially in the early stage of hypertension development in SHR.

In the present study with vasopressin V2 receptor antagonist, there was a gender

difference in the excretion of osmoles, shown in the urine osmolality dose response

curves, with female SHR exhibiting a much steeper slope than male SHR, which was not

exhibited in the WKY. Reduced vasopressin responsiveness in SHR females, along with

the maintenance of lower blood pressure in SHR females, indicate that perhaps because

SHR females are able to excrete a more concentrated urine than males, the shift of the

pressure natriuresis curve does not have to be as great, and blood pressure can be

maintained at a lower level than males.

3.2 Strain Differences

The basal MABP was significantly higher in SHR than in WKY rats and tended to

be higher in male SHR compared to female SHR. Although renal vascular resistance

(RVR) was significantly higher in SHR, glomerular filtration rate (GFR) and effective

renal blood flow (ERBF) were not different among groups. Results from Uyehara and

Gellai (1993) have shown that GFR and ERBF were reduced as early as 4 weeks of age

in SHR, preceding a sharp increase in blood pressure between 4 and 6 weeks of age.

GFR and ERBF returned to normal at 6 weeks of age and remained unchanged thereafter.

In contrast, RVR was already increased at 4 weeks of age and stayed elevated. Their

results suggested that the renal function is impaired preceding the development of

hypertension in SHR and that an increased blood pressure was needed to increase GFR
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and RBF and compensate for impaired renal function. Thus it is not surprising that in the

adult rats studied, GFR and ERBF already appeared to be corrected by the elevated blood

pressures in the SHR.

Actually, it was nearly 30 years ago, in 1974, when for the first time, Guyton and

associates proposed the kidneys are central to the establishment and maintenance of

hypertension. Since then, numerous studies conducted regarding the role of the kidney in

blood pressure control and hypertension support their view. Renal transplantation studies

in rats and humans have provided strong evidence for a pivotal role of the kidney in the

pathogenesis of hypertension and this is probably due to a genetic defect influencing

renal function.

The most important mechanism by which the kidney contributes to long-term

blood pressure regulation is its ability to excrete sodium and water so that a balance

between sodium and water intake and sodium and water excretion is maintained. This in

tum maintains body fluid volume and blood pressure (Guyton et aI., 1974). According to

the pressure-natriuresis-diuresis theory proposed by Guyton and associates, renal

perfusion pressure is a major determinant of sodium and water excretion. An elevation of

renal perfusion pressure results in increased excretion of sodium and water. In

normotensive subjects, elevation of arterial blood pressure leads to an increase in renal

perfusion pressure, which promotes sodium and water excretion, and consequently

reduces blood volume and returns arterial blood pressure to normal. In hypertensive

subjects, however, the inability of kidney to excrete sodium and water requires an

increased arterial blood pressure to reestablish and maintain sodium and water balance.
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Any factor that impairs the ability of the kidney to excrete sodium and water and shifts

the relationship between sodium excretion and arterial blood pressure toward higher

pressures may induce hypertension.

In fact, all forms of experimental models of hypertension studied to date use some

maneuver to reduce the ability of the kidney to excrete sodium and water. Studies have

demonstrated that many factors, including neural, hormonal, and humoral factors, may

influence the ability of kidney to excrete sodium and water hence arterial blood pressure.

Furthermore, many of these factors have been shown to playa role in various forms of

hypertension, such as arterial baroreflexes, renin-angiotensin-aldosterone, vasopressin,

adrenal catecholamines, atrial natriuretic peptide, endothelial and nitric oxide, kallikrein

kinin system, and prostaglandins (Navar, 1997).

It has long been recognized that vasopressin, with its antidiuretic action on renal

tubular system via V2 receptors and its vasoconstrictor effect on renal vasculature via VI

receptors, may influence renal excretion of sodium and water, and participate in body fluid

homeostasis and blood pressure control. Elevated levels of vasopressin have been found

in SHR (Crofton et al., 1978; Morhing et al., 1979). Intravenous injection of vasopressin

antiserum lowered blood pressure in SHR indicated that vasopressin plays a role in this

model of hypertension. Furthermore, studies using specific antagonists which block the

vascular or renal action of vasopressin, alone or combined, lowered blood pressure in SHR

indicated that both the vascular and renal actions of vasopressin are involved in the

development and maintenance of hypertension.
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Thus, in this study renal responsiveness to vasopressin, specifically the V2

mediated effects of vasopressin, was examined. Acute short-term administration of

vasopressin V2 receptor agonist and antagonist had no effect on blood pressure in adult

SHR with established hypertension, however, no difference would be expected because

the role of V2 mediated influence on blood pressure would be via long-term regulation of

fluid and electrolyte handling by the kidney working to reset the set point for blood

pressure regulation, and not via immediate short-term vasoconstriction effects. Thus,

instead, we demonstrated an enhanced antidiuretic activity in SHR, probably due to higher

level of endogenous circulation vasopressin and/or greater medullary concentrating ability

in SHR. Indeed, the V2 agonist experiments demonstrated that while there was no

difference in renal sensitivity to V2 stimulation, there was a difference in maximal urine

concentrating ability as exhibited by higher V2 agonist efficacy in increasing urine

osmolality in SHR compared to WKY.

We also found that, the relative levels of renal inner medullary V2 receptor mRNA

were lower in adult SHR than in WKY, indicating a lower expression of V2 receptors in

the kidney of SHR once hypertension was established. These findings suggest that

established high blood pressure in SHR is associated with an increased stimulation and

down-regulation of renal V2 receptors.

Taken together, all forms of hypertension studied to date have shown to be

caused by an inability of the kidneys to excrete sodium and water. Vasopressin, with its

antidiuretic action on renal tubular system via V2 receptors and its vasoconstrictor effect

on renal vasculature via VI receptors, may influences renal excretion of sodium and

145



water, and participate in body fluid homeostasis and blood pressure control. There are

gender differences in the release and excretion of vasopressin, as well as the

cardiovascular action and antidiuretic action of vasopressin. Gender difference has also

been found in the development of hypertension in SHR where high blood pressure

develops more rapidly and to a higher level in males than in females. It is likely that the

gender differences of vasopressin indeed contribute to the gender difference of

hypertension development in SHR.

In conclusion, vasopressin influence on renal fluid handling appears to be altered

in established hypertension. Pharmacological stimulation of V2 receptors revealed an

enhanced maximal antidiuretic activity in male and female SHR rats compared to WKY

rats. This difference may be largely due to the higher level of endogenous circulating

vasopressin and/or higher medullary concentrating ability in SHR compared to WKY

rats. While there were differences in endogenous vasopressin renal action between males

and females in both strains, there were no significant differences in the gender effect of

endogenous vasopressin between normotensive rats and hypertensive rats. Thus, whether

gender differences in fluid handling contribute to gender differences in hypertension

development remains to be determined.

If gender differences in vasopressin mediated renal fluid handling do contribute to

the lesser development of hypertension in females than males, it may be that effect may

be evident before hypertension is fully established, and further study of prehypertensive

animals is warranted.
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