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ABSTRACT

Using the rat as a model we tested the hypothesis that pregnancy might lead to an

attenuation of the diuretic/natriuretic effects of atrial natriuretic factor (ANF) to allow

physiologically required fluid expansion. Our studies revealed that this was indeed the

case. Effects of ANF on fluid and sodium excretion as well as on glomerular filtration

rate were significantly reduced during pregnancy. This decrease in the renal effects of

ANf during pregnancy was not associated with any changes in the phannacokinetics or

renal metabolism of ANF. However~ binding studies demonstrated a significant decrease

in guanylyl cyclase (GC)-linked ANF receptors and a decrease in ANF stimulated cGMP

production in glomeroli and papillae of pregnant rats. The ribonuclease protection assay

and Western blot analysis revealed that pregnancy caused.a significant decrease in GC­

A-linked ANF receptors in renal papillae. It is concluded that pregnancy is associated

with attenuation of the renal effects of ANF and this is due to a downregulation of GC-A­

linked ANF receptors which might ref1ect physiological adjustment to facilitate

fluidlelectrolyte expansion.
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ABRÉGÉ

Nous avons vérifié rhypothèse que la grossesse mène à une diminution des effets

natriurétiques et diurétiques de r ANF (facteur natriurétique auriculaire) qui résulte en

une augmentation des fluides corporels. Nos recherches chez le rat ont démontré que

l'action de l'ANF sur l'excrétion de l'eau et du sodium ainsi que sur la filtration

glomérulaire est diminuée de manière significative pendant la grossesse. Cette diminution

n'est pas associée à des changements phannacocinétiques ou du métabolisme rénal de

l'ANF. L'analyse des interactions 66ligand-récepteur" a démontré une baisse des

récepteurs de peptides natriurétiques associés à la guanylate cyclase (Ge) du glomérule et

de la papille rénale. De plus, la production de cGMP causée par l'ANF est dimimuée chez

le rat femelle en gestation. Le test de protection aux ribonucléases et l'analyse par

immunobuvardage ont également démontré que la grossesse diminue l'expression des

récepteurs de peptides natriurétiques Ge de type A (GC-A) des papilles rénales. En

conclusion, la grossesse atténue l'action rénale de r ANF en diminuant les récepteurs de

peptides natriurétiques GC-A. Cet ajustement physiologique favorise ainsi l'augmentation

des fluides corporels et des électrolytes pendant la grossesse.
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CHAPTER ONE: LITERATURE REVIEW

1.1 INTRODUCTION

The body maintains fluid and electrolyte homeostasis through a complex interplay

of regulatory mechanisms involving peptide and non peptide hormones as weil as neural

and neuro-humoral systems; the ultimate goal is to achieve a state of homeostasis both

acutely and over a long term, despite variations in the daily input and output of fluid and

electrolytes (1). Most of these regulatory mechanisms such as the renin-angiotensin-

aldosterone axis, antidiuretic honnone (ADH), thirst and the sympathetic nervous system

are directed towards conserving sodium and water within the body (2, 3); they influence

the kidney both directly and indirectly to modify sodium and water excretion (Fig. 1.1).

Moreover, various observations have implicated a counter-regulatory systemes) which is

(are) responsible for increasing renal water and sodium output (4).

1.2 RENAL HEMODYNAMICS AND VOLUME HOMEOSTASIS
DURING PREGNANCY

Pregnancy is accompanied by marked changes in renal hemodynamics.

Gestational increase in GFR has been described in a number of species inc1uding humans,

dogs, rabbits, sheep and rats. (5). Baylis and co-workers (6, 7, 8) have shown that in the

conscious chronically catheterized ra~ GFR stans to rise early in gestation and reaches a

maximum of30% increment above the virgin value by midtenn; this increase is
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maintained until close to term when GFR stans to retum to prepregnant values. Similar

pattern of changes is also observed in pregnant women (9). The rise in GFR is

accompanied by a similar rise in RPF and a falI in renal vascular resistance (RVR) (7).

Micropuncture technique has allowed workers to gain more insight into the

intrarenal mechanisms that regulate GFR and its detenninants during pregnancy; using

this technique, Baylis et al (10, Il, 12) have demonstrated that the increase in a single

nephron GFR and the whole kidney GFR during pregnancy is exclusively due to a rise in

RPF; the other detenninants ofGFR, namely~ filtration pressure gradient (âP), glomerular

capillary hydrostatic pressure (Pœ), oncotie pressure as weIl as the ultrafiltration

coefficient (Kr) remain unchanged at midgestation, implYing that a unifonn vasodilatation

occurs both at the pre and post glomerular resistance vessels during pregnancy (fig. 1.2).

The mechanisms responsible for the changes in renal hemodynamics during pregnancy

have yet to he delineated; it has been clearly established that the fetoplacental unit is not

essentiaI for initiating these changes. The rat readily becomes pseudopregnant (cessation of the

estrous cycle and onset of dioestrus as in pregnancy) when mated with a vasectomized male and

exhibits weight gain, twice daily surge in prolactin, elevated progesterone. aldosterone and renin

as weil as expansion of the extracellular and plasma volumes (13, 14, 15); thus, the

pseudopregnant rat honnonally resembles the pregnant rat in the first 10 days of mating and

exhibits ail the hemodynamic changes seen in pregnancy (16. 17). Furthennore, when either •

progesterone or prolactin are given chronically they produce a state of pseudopregnancy,

accompanied by an increase in GFR and single nephron GFR (l8, 19); other workers (20)

however. did not observe changes in GFR or its determinants

3



•

-~=,

•

-~,
G~u.rp~maftow

(nllmin)

œ=,..=,N=,

-j;

Pressure (nmHg)

=,

Kf (nliS (mmHg) SNGFR (nllmin)

~ = !=
< i = - = w ..

~ -= -= =- , , , , , ,..
ca n •--=

<ca
:f

•



•

•

Fig. 1.2. Changes in RDal bemodynamics in virgin and midterm (12 day) pregnant

Munich-Wistar rats.

a. Single nephron glomemlar filtration rate (SNGFR); b. glomerular plasma flow; c.

glomerular eapillary ultrafiltration coefficient (Kr); d. transglomerolar hydrostatie

pressure difference (AP) and oncotie pressure al the glomerulus(1tAl and mean arteriai

pressure (AP). • Denotes significant difference (P < 0.05) from virgin value. (Taken from

ref. 14).
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in prolactin induced pseudopregnant rats or prolactin injected males. Despite the strong

evidence that maternai factors initiale the changes in renal hemodynamics during

pregnancy, the placenta is essential for maintaining these changes (21). Studies have

revealed thal removal of the fetoplacental W1Ït led to decrease in GFR and RPF whereas

removaI of the fetuses alone did not (21).

1.3 RENAL TUBULAR FUNCTIONS DURING PREGNANCY

The increases in GFR in pregnancy are large enough to increase the filtered load

of solutes which would lead to solute and volume wasting unless they are accompanied

by a parallel change in tubular reabsorption. Net retention of solutes leading to an

expansion of plasma and the extraeellular volumes is a well-known feature of pregnancy

(22). Although there is a general consensus thal whole kidney water and sodium

reabsorption is enhanced during pregnancy, there is controversy as to the stage of

pregnancyat which tbis begins. Enbanced reabsorption bas been reponed as early as 2-3

days after mating (23), while Lindheimer et al. (24) did not observe changes in early

gestation. However, when reabsorption was expressed as a fraction of the filtered load it

was found to he increased throughout gestation in animals infused with saline (23, 24).

Therefore, the general agreement is that absolute renal reabsorption is increased at sorne

ifnot at ail stages ofpregnancy (22).

Micropuncture and lithium clearance studies (25, 26) have shown that there is

increased sodium and water reabsorption in the proximal tubules during midgestation,

although fractional reabsorption remained unchanged. Sodium and water are reabsorbed

in parallel in the proximal tubule but this is not the case along the rernaining segments of

6
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the nephron. ln the descending loop of HenJe. for instance. sodium enters inta whereas

water leaves the nephron; sodium is reabsorbed in the ascending limb. which is virtually

impenneable to water (22). Garland and Green (25. 27) have shawn that less fluid reaches

the distal tubule in pregnant than in virgin rats and its sodium concentration is a1so less in

pregnant rats which would imply enhanced sodium reabsorption in the thick ascending

loop of Henle. It aIso appears that the distal tubule and collecting dUClS show increased

reabsorbtion of sodium during pregnancy (22. 27). aIthough direct proof for this is

lacking.

1.4 BODY FLUID CHANGES:

Pregnancy in bath humans and rodents is characterized by progressive expansion

of the extracellular fluid volume (ECFV); both the interstitial and plasma volumes are

increased (28). Browen el al. (29) have shown that in addition to the increase in ECFV.

there is redistribution of this volume during pregnancy (Fig. 1.3 and 1.4); they reported

that a greater proportion of the ECFV volume lies intravascuJarly in nonnal pregnant

women than in nonpregnant wornen. In human pregnancy the increase in plasma volume

can be demonstrated as early as 6 weeks of amenorrhea (30), reaching 30-40% above

prepregnant values by the third trimester (31). Similar changes have also been

demonstrated in the rat; using the Evan·s blue dye dilution technique. small but

significant increments in plasma volume were observed by day 6 of gestation in both the

Sprague-Dawley and Munich-Wistar rats (16, 32); these fmdings are consistent with the

gestational decrease in hematocrit reponed by Atherton and colleagues (33) on day 6 of

pregnancy. However, differences exist in the temporal profile ofthese changes between

7
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Human and rat pregnancy; maximal increments are observed in early and midgestation in

humans, but 50% of the increase takcs place during the final week of gestation in rats

(34). The mechanisms underlYing the changes in ECFV are poorly understood; however

these changes are essential both to provide adequate perfusion of maternai organs and

fetal beds and to ensure both maternai and fetal weil being. There is a direct correlation

between the degree of plasma volume expansion and fetai growth (35, 36). Pregnancies

that show less than the idea1 plasma volume expansion are complicated by intrauterine

growth retardation (37).

1.5 VOLUME REGULATION IN PREGNANCY

As mentioned earlier, the volume of the eKtracellular fluid space is detennined

primarily by sodium, and there is a net accumulation of about 900 mmoles of sodium

during human pregnancy, which represents a retention of 3-4 mmoVday (28). It was

believed that this volume expansion was secondary to renaI sodium retention; studies.

however, have demonstrated that this might not he the case in early gestatio~ at least in

the rat (38). Rats maintained on a zero sodium diet exhibited plasma volume expansion..

which is nonnally observed at midgestation suggesting that the renaI sodium retention

was not essentiaI for plasma volume expansion (38). However, net sodium retention

appears to he critical ta the massive fluid expansion that occurs later in pregnancy; in Cact

sodium restriction al this stage not ooly prevents volume expansion but also compromises

pregnancy (39). Positive sodium balance bas been docwnented in rats in the second half

of gestation (16, 40).
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The mechanisms responsible for this volume readjustment in pregnancy remain

largely elusive and severa! theories have been put forward. Sorne workers (1,41) consider

pregnancy as an underfill state that triggers warer and sodium retaining systems such as

the increase in plasma renin concentration (PRC), plasma renin activity (PRA) and

aldosterone; other workers (1, 41) proposed pregnancy to he an overfill state because of

the increase in cardiac output, GFR and RPF.

Most workers (42, 43, 44), however, suggest that throughout pregnancy the

plasma volume is sensed as nonnal with constant readjustment of the set point of ail the

regulatory mechanisms. Consistent with this notion are the changes seen in the

osmoregulatory system during pregnancy; there is a resetting of the osmotic threshold for

vasopressin (AVP) release and thirst to a lower point and pregnancy is associated with a

significant fall in plasma osmolality of about 10 mosmollk:g H20 despite normal plasma

AVP and comparable metabolic clearance rate of AVP in the pregnant and non pregnant

states (43). In addition, Baylis et al. (45) have studied the reSPOnse of the sympathetic

nervous system to moderate hemorrhage during pregnancy and found that the blood

pressure and reoal vasoconstrictor responses were similar in virgin, early and late

pregnant rats; these observations led them to conclude that the etTector mechanisms that

sense volume, regulate blood pressure and modify renal vascular resistance are

continually reset to recognize the progressive volume expansion as Donnai.
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1.6 FACTORS INFLUENCING RENAL SODIUM RANDLING

1.6.1 Increased glomerular filtratiOD rate

As described earlier both GFR and RPF increase by approximately 30-50% above

nonpregnant levels which means that the kidneys receive an additional filtered load of

sodium of approximately 5,000-10,000 mEq/day (46); these changes must be

accompanied by a parallel increments in tubular reabsorption to prevent massive

depletion of sodium. The ability of the kidney to adjust tubular reabsorption to match an

increased filtered load (46), a phenomenon known as glomerulotubular balance, is not

peculiar to pregnancy. It occurs wbenever GFR, is acutely or chronically, elevated under a

variety ofmaneuvers. In pregnancy, the adaptive tubular changes not only equal the large

increase in the filtered load but a few additional milliequivalents of sodium are

reabsorbed daily for fetaI and maternai stores; these tubular adjustments to compensate

for the increased filtered load during gestation have been documented in micropuncture

studies in the pregnant rat (7, 47). Furthermore, the length of the proximal tubule

increases early in pregnancy and by the end of the fllSt week it is 20-250/0 longer than that

of virgin control rats (22, 48). This increase in length is associated with increased surface

area available for reabsorption. It is also significant that during rodent gestation the

increase in the filtered load of solute is paralleled by proportionate rise in renal

microsomal Na+- K+ ATPase, suggesting that this enzyme plays a role in the enhanced

sodium reabsorption during pregnancy (24).
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1.6.2 The renin- aalPoteasÎn-aldosteroae asis

The renin-angiotensin-aldosterone axis is a major volume sensing and control

system. Under normal conditions expansion of the ECFV is associated with suppression

of renin release and hence a fall in plasma angiotensin n (ANG fi) and a1dosterone levels.

This in retum leads to increased renal sodium excretion and the restoration of plasma

volLL~e to nonnaI. Conversely., reduction in ECFV is accompanied by an elevation in

ANG II and aldosterone with consequent sodium retention (1., 14).

The activity of the renin-angiotensin system is influenced by the sodium., water

and potassium content of the fluid delivered to the renal tubules. Sodium or fluid

depletion sensed by the macula densa of the juxtaglomemlar apparatus leads to

stimulation of reoin release; renin then acts on angiotensinogen, an a2-globulin produced

by the liver., to fonn angiotensin 1 (ANG I) (2). Angiotensin converting enzyme which is

abundant in the lungs., kidney.,liver and the vascular endothelium (2) converts angiotensin

1 to ANG II. ANG fi through its interaction with specific cell surface receptors increases

aldosterone secretion., produces central and peripheral vasoconstriction, renal sodium

reabsorption and causes feedback inhibition of reoin release (2). These effects of ANG II

are mediated by AT. receptors (49., 50 ) which belong to the family of seven

transmembrane domain G-protein-coupled receptors. Binding of ANG fi to its receptors

activates phospholipase C (PLC) (51.. 52) which then causes the hydrolysis of

phosphatidylinositol and the generation of 1.,2-diacylglycerol (DAG) and 1~45­

inositoltriphosphate (lP3). IP3 mobilizes calcium from intracellular stores (53), while
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DAG activates protein kinase C (PKC) (54); the combined actions of the (Wo leads to

increased a1dosterone secretion (55).

Aldosterone is synthesized in the outer zone of the adrenal cortex. the zona

glomerolosa; il increases reabsorption of sodium and excretion of potassium and

hydrogen by the renal collecting duets (56). Other factors can also increase a1dosterone

secretion. Increase in extraceLlular potassium stimulates aldosterone secretion by altering

the membrane potential of the glomerulosa eeUs (57, 58) and activating voltage

dependent calcium channels. Adrenocorticotrophic hormone (ACTH) also stimulates

aldosterone synthesis through a pathway that involves the generation of cAMP which

activates protein kinase A (59,60).

ANF plays an important role in inhibiting aldosterone release; the exact signal

transduction pathways by which il achieves this are not fully understood. As will he

described in later sections, cGMP mediates the biological activity of ANF; however,

increasing intracellular eGMP, using membrane permeable cGMP analog such as 8­

bromo-cGMP did not result in inhibition of aldosterone secretion (61). Some workers

(62) have suggested that the action of ANF on aldosterone secretion is mediated by

inhibiting adenylate cyclase via an inhibitory guanine nucleotide binding protein (Gi).

However, manipulation of the adenylate cyclase system with forskolin, a potent

stimulator of the catalytic subunit of adenylate cyclase or with pertussis toxin which

ADP-ribosylates the a-subunit of Gi. did not prevent ANF from inhibiting aldosterone

secretion (61, 63).
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In both hwnan and rat gestation~ levels of renin, ANG fi and aldosterone increase

despite an expanded maternai volume (13, 64, 65). Whether the changes in the renin­

ANG U-aldosterone axis result from or cause the changes in volume homeostasis is not

clear. The production of renin and its substrate is markedly elevated during pregnancy

(66). The fonner arises mainly from the maternai kidney while the laner arises from

maternaI liver (67). The fact that women on oral contraceptives or receiving estrogen

replacement therapy bave increased levels of renin substrate (68) led to the suggestion

that placenta! estrogens stimulate the S)nthesis of reoin substrate by the liver during

pregnancy. The increase in renin and renin substrate during gestation invariably leads to

an in increase in plasma renin activity and ANG fi and thus the high circulating

aldosterone levels (66). Others (69, 70) have hypothesized that the increased renin

secretion is secondary to bigh levels of vasodilator prostaglandins during pregnancy and

that the generalized vasodilatation leads to compensatory stimulation of the renin-ANG

II-aldosterone system.

Despite the high circulating levels of the renin-ANG II-aldosterone~ this system

still responds appropriately to a variety of stimuli such as alterations in salt and water

intake (71), diuretic therapy (72), saline infusion and upright posture (73, 74). Therefore,

whether the changes seen in the renin-ANG U-aldosterone-axis during pregnancy result

from or cause the changes in volume homeostasis is not entirely c1ear. Some authorities

have suggested a new set point for the renin-ANG fi-aldosterone-axis during pregnancy

(14, 28). It is of interest that the high levels of ANG II is associated with a refractoriness

to its pressor effects (75), and a downregulation of its receptors at least in platelets (76);

this would pennit the vasodilatation seen in pregnancy.
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1.6.3 Antidiuretic hormone (ADH)

The primary actions of ADH include: an increase in water penneability of cenain

nephron segments (77), increase in urea penneability of the medullary collecting ducts

(78) and an increase in sodium reabsorption in the thick asœnding loop of HenJe (79). In

addition, sorne workers (80) have reponed a natriuretic effect of infused ADH in the rat.

while others ( 81, 82) could not demonstrate this effect. Plasma concentration of ADH

remains unchanged in both the human and rat pregnancy (83). However, there are

conflicting repons on its role in sodium excretion during pregnancy; both a natriuretic

(84) and antinatriuretic (85) effects have been reponed.

There are profound changes in the osmoregulatory system during pregnancy (44).

Normally, plasma osmolality ranges between 280-300 mosmolJkg H20; its maintenance

within this narrow range is due to a tight balance between water excretion determined by

the action of ADH on the collecting duets and water intake govemed by the thirst

mechanism (86, 87). During pregnancy plasma osmolality falls by 8-10 mosmol/kg H20

(88); this faH stans soon after conception and becomes significant by gestational week

five in women. If a decrease in plasma tonicity of sunilar magnitude to that seen in

pregnancy occurs in nonpregnant individuals, ADH release would he suppressed and

prompt diuresis would ensue (44, 89). However, this does not happen in pregnaney and

both pregnant women and rats have normal plasma ADH and are able to maintain their

new plasma osmolality within a narrow range responding to fluid loading or restriction by

appropriate dilution and concentration of the urine ( 44 ). Oua and colleagues (83) have

shown that despite the marked decrease in plasma osmolality during rat pregnancy, basal
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plasma ADH levels and urine osmolaJity were similar in gravid and virgin Sprague­

Dawley rats. Following oral water loading hoth. pregnant and nonpregnant animais

suppressed ADH to undetectable levels and their urine became maximally diluted. These

observations led to the conclusion that the osmotic threshold for ADH release was

lowered during pregnancy. Koehler el al. (89) have shown that the osmotic threshold for

ADH release nonnalizes by the sixth day of lactation in rats.

1.6.4 Nitric Oxide (NO)

NO is a patent vasodilator which is produced by vascular endothelium and other

tissues (89a). In 1980 Furchgott and Zawadzk.i (89b) demonstrated that the vascular

relaxation induced by acetylcholine was dependent on the presence of the endotheliwn

and provided evidence that this effect was mediated by a labile humoral factor~ later

known as endothelium derived relaxing factor (EDRF). Subsequent work identified

EDRF as NO; it is synthesized from the amino acid L..arginine (89a, 89c) by the enzyme

nitric oxide synthase (NOS). NO stimulates cytosolic guany/y/ cyclase leading to

generation of cGMP which is considered to he its second messenger (89a). This is in

contrast to ANF which stimulates particulate guany/y/ cyc/ase. NO has been implicated in

a number of pathophysiological states including pre-eclampsia (89a).

Recently, studies have implicated nitric oxide (NO) as an impottant factor

responsible for the vasodilatation seen in pregnancy. It bas been shown that NO synthesis

is increased in bath pregnant and pseudopregnant rats and acute administration of NO

synthesis blockers such as L-nitro-arginine-methyl-ester (L-NAME) restores both GFR

and blood pressure to prepregnant levels (90, 91 ). lt is aIso known that plasma and
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urinary levels of cGMP (second messenger for NO) are increased in pregnant women and

pregnant and pseudopregnant rats (92. 93); this is believed to reflect increased tissue

production as the metabolic clearance ofcGMP remains unaltered during pregnancy (93).

In addition. Baylis and Angles (94) have reported increased plasma and urinary levels of

the stable NO products NO-2INO-J during pregnancy in rats; chronie NO inhibition in

conscious pregnant rats suppressed the midtenn renal vasodilatation. plasma volume

expansion and the fall in blood pressure; infact9 these rats developed hypertension and

showed poor maternai and fetaI outcome compared to control animais (94). Thus~

collectively these studies show that NO plays an important role in the adaptations

associated with pregnancy.

1.6.5 Progesterone and estrogen

Pregnancy is characterized by graduai increase in plasma progesterone. which

rapidly declines j ust before parturition (13). Estrogen aIso increase but a significant

increase in rats is observed from day 10 onwards (13). It is thus likely that these

honnones. among other factors, aIso play a role in volume homeostasis during pregnancy.

Progesterone: Progesterone produces a natriuretic effect in humans (95) and

inhibits the sodium-retaining effect of exogenous mineralocorticoids in adrenalectomized

animais (95, 96). However. other investigators (18, 97) did not observe a natriuretic

action following administration of progesterone into rats, although increased potassium

retention did occur_Thus. it is not clear whether progesterone might play a direct raie in

renal sodium handling during pregnancy.
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Estrogeas: Chronic estrogen tteaunent is associated with sodium retention in

humans (98 ); its effcct on sodium and water retention in the rat is not clear. While some

workers (99) reported a decrease in sodium excretion in estrogen-treated rats~ others (13)

did not observe any effect. Moreover~ the significance of the mie ofestrogen in the renal

changes that accompany pregnancy in the rat is fw1her c:omplicated by the fact that

estradiol levels do not increase significantly until mid pregnaney when they show a rapid

rise until parturition occurs (13, 100). Thus, it seems unlikely that estrogen contributes to

salt and water retention in early gestation.

1.6.6 Prolactio:

This hormone is involved in volume and osmolality homeostasis in amphibians,

birds and fish (101); its role in mammals however is controversial. It has heen reported

( 102, 103) that acute administration of prolactin to conscious as weil as anesthetized rats

reduced sodium and water excretion; other workers (104, lOS), however, observed a

reduced water and sodium excrction following chronie but oot acute treatrnent with

prolactin. Changes in sodium and water reabsorption were detected in ovariectomized rats

Cl 05), and in hyperprolaetinemic males (106); these effects might he due to a direct action

of prolactin on proximal tubular reabsorption (19). The observations that prolactin levels

rise early in gestation (101) led to suggestions that it might account for some of the renai

functional changes in the pregnant rat (19). However, since prolactin cao act

synergistica1ly with angiotensin as dipsogen (108), its actions could he due to alterations

in ECFV, rather than a direct action on kidney function.
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1.7 NATRIURETIC PEPIIDES:

There is considerable evidence that natriuretic peptides play a role in fluid and

electrolyte homeostasis during pregnancy (4). Since this thesis principally involves atrial

natriuretic factor and pregnancy, these peptides are reviewed below in a greater detail.

The possibility that the heart and in particular the atrium might he an endocrine

organ involved in the regulation ofextraeellular fluid volume (ECFV) was suspected for a

long time (109). It was observed decades ago tha~ the distention of the atrium was

accompanied by an in increase in urine f10w and it caused an inhibition of circulating

levels of renin in anesthetized dogs (110, Ill, 112~ 113). Furthennore, ~~ery small

bodies" were observed on electron microscopie examinations of guinea-pig atrial

myocytes (114); Jamieson and Palade (lIS) provided a more detailed description ofthese

granules, which were found in mammalian (including human) atria but not in the

ventricles. Subsequent work showed that experimentally induced disturbances in water

and sodium balance a1tered atrial granularity; this lead de Bold to suggest ~a relationship

between atrial specific granules' and the regulation ofwater and electrolyte balance (116,

117). A milestone in this regar~ was the discovery by de Bold el al. (118) in 1981 who

demonstrated that the injection of atrial extracts into rats induced prompt and vigorous

diuresis and natriuresis and a fall in blood pressure. Subsequent research lead to the

identification and characterization of a new family of peptides known as the natriuretic

peptides.

The nattiuretic peptides through their action on the vasculature, kidney and
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adrenals serve to lower systemie blood pressure and reduee intravascular volume (119).

The decrease in blood pressure is the result of redueed peripheral vascular resistance~

diminished cardiac output and decreased inttavascular volume (119). Natriuretie peptides

act on specifie receptors in the kidney to increase glomerolar filtration rate (GFR), inhibit

sodium transport and suppress renin release; these eombined eifects are responsible for

diuresis, natriuresis as weil as a reduetion of arteriaI blood pressure (119, 120). The

natriuretic peptides also act to lower blood pressure and intravascular volume by

inhibiting aIdosterone synthesis both directly through their action on adrenal zona

giomeruiosa ceUs and indirectly by suppressing renin release from the renal

juxtaglomerular apparatus (119).

1.8 THE FAMILY OF NATRIURETIC PEPTIDES:

To date four natriuretie peptides have been characterized and their sequence

identified (fig. 1.S); these are atrial natriuretic factor (ANF), brain natriuretic peptide

(BNP), C-type natriuretic peptide (CNP) and urodilatin. AlI of these natriuretic peptides

have a 17 amino acid ring structure that is essential for biological activity and sorne of the

amino acid residues are conserved across the family (119, 121).

21



•

•

Fig. 1.5. Structure of bUDlaD aatriuretic peptide family:
Atrial natriuretic factor (ANP), brain natriuretic peptide (BNP) and C-type natriuretic

peptide (CNP). Filled cirdes are amino acids that are common to the three members of

the human natriuretic peptide family. Urodilatin (not shawn) is identical to ANF except

for four additional amino 3Cids (Thr-Ala-Pro-Arg) at the amino tenninal. (Taken from ref.

121).
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1.8.1 Atrial Datriuretie factor (ANF):

ANF, the first natriuretic peptide to be isolated and identified, is present in high

concentrations in atrial tissues of many species (119, 122, 123). The biologically active

fonn of ANF is a 28 amino 3Cid peptide with a 17 amino 3Cid ring structure closed by a

disulfide bond between two cysteine residues (124); its amino acid sequence is highly

conserved across species such that ail mammals having an identical sequence except for a

single amino acid substitution. Thus , humans, porcine, canine, bovine and ovine ANF

have a Methionine residues at position 110, while rabbits, rats and mice have an

isoleucine residue, instead ofmethionine (119, 125, 126).

A single ANF gene bas been identified in all mammalian species examined to date

(127, 128, 129) and there is a dose homology in the structural organization and

nucleotide sequence of the ANF gene from various species (127, 128, 129). The human

ANF gene transcribes an mRNA that encodes 151 amino acid precW'Sor, prepro-ANF.

The ANF gene contains three exons and two intervening introns with regulatory elements

upstream (5') of the coding sequence. Exon 1 encodes the leader signal peptide and the

flfSt 20 amino acids of pro-ANF; exon n encodes the bulk of pro-ANF peptide except for

the last residue which is encoded by exon ID (127, 130). Immediately upstream from the

transcription initiation site, is a TATAAA sequence (homologous to consensus promoter

sequence for RNA transcription) preceded by a region containing regulatory elements

(127, 131). These regulatory elements are located SOO kb or 2.4 kb upstream from the

transcription initiation site in humans and rats, respectively, and May he involved in

tissues specifie expression of the gene (131, 132). An API-like binding site which May

., ...
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bind the products of c-fos and c·j~ is among the regulatory elements identified in both

the human and rat genes (133). ln addition, the gene a1so contains a cAMP response

element and a region required for glucoc:orticoid responsiveness (134).

As is the case with ail se<:reted peptides. prepro-ANF contains a 25 amino acid

leader sequence essential for translocation of the nascent peptide from the ribosome to the

rough endoplasmic reticulum; subsequent cleavage of the leader sequence gives rise ta

pro-ANF (119).

Severa! factors regulate ANF gene expression; water and sodium deprivatian

decrease ANF mRNA by 30-70% (135), whereas administration of the mineralocorticoid.,

deoxycorticosterone acetate (DOCA) to adrenalectomized animais results in an increase

in ANF mRNA by 70% (136). The direct Mediators of these in vivo effects are not weil

understood but changes in atrial stretch associated with volume shifts may play an

important role in these models. Also. glucocorticoid and thyroid hormones increase ANF

mRNA., both in intact animal models as weIl as in cultured cardiomyocytes (137); these

findings are consistent with the presence of the glucoconicoid receptor binding consensus

response element tbat bas been identified in the second intron of the human gene (134).

Calcium has also heen implicated in the regulation of ANF gene expression; it bas been

shawn that extracellular calcium (137) increases ANF mRNA by 2-3 fold while a

decrease in calcium reduces ANF transeripts. Calcium plays an important role in the

secretion and release process of many secretory proteins, and atrial stretch the major

stimulus for ANF release, is calcium-dependent (138, 140). Thus calcium not ooly

increases ANF gene transcription but also the release of ANF (139, 140).
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It is noteworthy tha~ during fetal lire the main source of ANF are the ventricles,

whereas ANF synthesis switches to atrial tissues saon after birth (141, 142). Conditions

that increase left ventricular wall stress such as ventricular hypertrophy, cardiomyopathy,

long standing hypertension and congestive heart failure lead to increased ANF gene

expression by the ventricles (143, 144). The mechanisms underlying these developmental

and pathophysioiogical shifts in ANF gene expression between the ventricles and atria

have not been clearly delineated, but are probably related to the hemodYDamic alterations

associated with these conditions.

1.8.2 ANF processÎng and release:

cDNA analysis of ANF predict a 151 amino acid peptide which is initially

translated as 151 amino acid residue prepro-ANF (145). Removal of the 25 amino acid

from the amino terminal by signal peptidase yields ANFI-126 or pro-ANF (145, 146, 147).

The first post translational modification is the formation of an interchain disulfide bond

between cysteine 105 and 121 to fonn the 17 amino acid ring that is essential for the

biological activity of ANF(148, 149); another post translational event is the trimming of

two arginine residues at position 127 and 128 by carboxy peptidase E (150), an enzyme

known to remove basic amino acid residues from the C-terminal of many peptide

honnone precursors. However, the most important modification is the fonnation of

ANF99_126 (also designated as ANF._2.), from ANF1- 126 or pro-ANF. ANF,_28 is the major

circulating bioactive farm of the peptide (Fig. 1.6).
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Fig. 1.6. Scbematic diagram of the 5yntbais of atrial natriuredc peptide.
(Taken from reL 210).
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Despite the wealth of information available on ANF, the enzyme responsible for c1eaving

ANF99-126 from ANFI_126• its cellular location and the exact site of formation of ANF99_126 is

still uncertain (119). However, most workers agree that this cleavage occurs during or

soon after the secretion from atrial myocytes. ft is evident that the enzyme responsible for

the cleavage of pro-ANF does not cuculate in plasma as studies from isolated perfused

hearts demonstrated that plasma components were not required to release ANF99- 126 (149,

150). Similarly, cultured atrial cells maintained in a serum free-medium accumulated pro­

ANF but released ANF99-126 only when the glucocorticoid dexamethasone W as added to

the culture medium (150, 151). Moreover, atrial ceUs cultured in the presence of cytosine

arabinoside (which inhibits the growth of ail cell types except atrial myocytes) were able

to release ANF into the culture medium. Collectively these and other observations lead to

the conclusion that the final ANF post-translational event takes place within the heart,

probably following its secretion., on the surface of the myocyte and that the enzyme

responsible for this process is glucocorticoid-inducible (151, 152).

The major stimulus for M'"F release is atrial stretch or distention produced by

increased atrial filling pressure due to an increase in intravascular volume (139).

Physiological manipulations which acutely increase circulating ANF such as volume

expansion, water immersion and vasoconstrictor substances aIso increase atrial wall

tension. Besides atrial stretch, a variety of humerai factors have been identified as ANF

secretagogues; these include among others: ui-adrenergic agonists, glucocorticoids,

endothelin and calcium (150, 151, 153, 155). However, the cellular events and processes

that translate mechanical stretch into ANF release are yet not exactly clear (13 1).
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Protein kinase e (PKC) and calcium are considered to he most imponant

signaiing mechanisms for the of ANF (l55~ 156). Various studies have shown that

stimulation of PKC leads to severa! fold increase in ANF release trom cardiomyocytes

while inhibitors of PKC tended to inhibit ANF release (157). An imponant mechanism in

cellular physiology is the generation of inositol triphosphate (IP3) and diacyl glycerol

(DAG) by the action of phospholipase C (PLe) on phosphoinositides. IP] then stimulates

the release of sequestered calcium from intracellular organelles to the cytoplasmic

compartment while DAG activates PKC; IP] and DAG act synergistically to regulate the

function of many endocrine organs (158). Activators of PKC such as 12-0-tetradeconyl

phorbol 13 acetate (TPA) and phorbol 12~13-dideconate (POO) which are structural

analog of OAG caused severa! fold increase in ANF release both in isolated perfused

heart preparations as weil as in cultured myocytes (156, (57); on the other hand~ 4a­

phorbol 12~ 13-dideconate~a phorbol ester analog that does not bind PKC, was inactive as

ANF secretagogue (156). Il bas also been demonstrated that activators of PLe and

phosphoinositide hydrolysis increase ANF release in a manner similar to that of phorbol

ester activation.

It is of interest that u[-adrenergic agonists such as phenylephrin stimulate ANF

release in different experimental models including isolated perfused hearts, isolated atria

and cultured myocardial ceUs (153, 154, 159); this cao he blocked by the calmodulin

antagonist W-7 , the PKC inhibitor H-7 as weil as by selective al -adrenergic blockers

(160). Another potent ANF secretagogue is endothelin which has been shown to stimulate

ANF release under various experimental senings as mentioned for phenylephrin. On a

molar basis~ endothelin is the most potent ANF secretagogue (154, 161). It is noteworthy
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that both endothelin and QI -adrenergic agonists activate PLC and PKC. On the other

hancL activators of protein kinase A (PKA) have been shown to inhibit ANF release

(156).

Il is well established that calcium is involved in the secretion and release of Many

hormones. However, the role of extrëlcel1ular and inttaeellular calcium in ANF release

varies with the experimental conditions (156). For instance, the calcium ionophor

A23187 increased ANF secretion in isolated spontaneously beating rat hearts and

neonatal cultured atrial myocytes; this effect was inhibited by calcium blockers nifedipine

and verapamil (162, 163). In quiescent cardiomyocytes, atria or heans neither an influx of

calcium nor the release of intracellular calcium was required for constant ANF release

(163).

1.8.3 Brain natriuretic peptide (BNP):

Sudoh el al. (164) reported in 1988 the discovery of a peptide in porcine brain that

exhibited functional and structural bomology to ANF; it is the same peptide that was

identified from rat ventricles as iso-ANF by Flynn et al. (165). Although Sudoh el al

called this peptide BNP due to its isolation from brain tissues, subsequent work revealed

that BNP secretion was not confmed to the brain. lnfac~ the heart was the main source,

although it is synthesized by other tissues (166,167).

The structural organization of the BNP gene is similar to that of ANF (168, 169,

(70); it consists of three exons with two intervening introns; like ANF, the second exon

encodes the bulk of the peptide. A region downstream from the coding sequence contains

an ATITA motif which is believed to confer instability to mRNA and contributes to the
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shorter balf-life to BNP mRNA in the ccII; this sequence is Dot present in the ANF gene

(170).

The human BNP gene encodes a 134 amino acid prepro-BNP; removal of a 26

amino acid signal peptide yields a peptide of 108 amino acid residue, pro-BNP (171,

172); further processing gives rise to the mature, biologically active 32 amino acid

BNP-32.

BNP retains the 17 amine acid ring sttucture of the nattiuretic peptide family.

However, in contrast to ooly one amino acid difference between species within the ANF

ring, there is ooly about S90At identity between equivalent positions in BNP (131). Infact,

there is greater homology between ANF and BNP witbin 5peCies than there is between

BNP molecules from different species (131).

ImmunQCYtochemical and other studies show that BNP is co-Iocalized with ANF

in atrial granules and ventricles; there is a lOO·fold higher concentration of BNP in the

atria than in the ventricles (173, 174). Furthennore, ANF is the dominant hormone with

BNP being 2-5% and 20-40% ofthat of ANF in the atria and the ventricles, respectively

(121, 166, 174). Perfusion studies with rat hearts show that, 60% of BNP secretion was

maintained after removal of the atrium, but ANF release was less than 5% (174),

indicating that ANF is secreted mainly from the atria while MOst BNP originated from the

ventricles; consistent with this are the marked elevations in plasma BNP in certain

pathological conditions such as ventricular hypertrophy, myocardial infarction and

congestive heart failure, where it is known that venuicles release large quantities of ANF
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as weil. These observations have lead to the suggestion that BNP could serve as a marker

of ventricular dysfunction (174).

1.8.4 C-Type natriarede peptide (CNP):

Sudoh et al. (175) in 1990, reponed the identification of a new member of the

natriuretic peptide family from porcine brain, which was designated CNP. The

concentration of CNP in the brain far exceeds that of ANF and BNP (176); it is also

produced by endothelial ceUs and the heart (177). The precursor fonns of CNP are highly

conserved. For instance, there is 97% and 96% homology between the rat and pig, and

human and pig precursors, respectively, making CNP precursors among the most highly

conserved of the natriuretic peptide family (178, 179).

The CNP gene contains two exons and one intton; the region upstream exon 1 in

both humans and pig contains cis-regulatory elements including TATAAA sequence, two

Ge-boxes and an inverted CCAAT (179, ); these latter sequences are neither present in

the ANF nor in the BNP genes, suggesting different regulation of the three genes. The

human genomic sequence of CNP gene predicts a 126 amino acid prepro-CNP that is

cleaved to 103 amino acid pro-CNP sunHar to that of rat and pig gene products ( 180).

The biologically active fonns of CNP (CNP-22 and CNP-53) are contained within the

carboxy-tenninal ofpro-CNP. CNP-53 is cleaved from pro-eNP, it is not clear, however,

whether CNP-22 is cleaved direcdy from pro-CNP or CNPS3.

CNP is thought ta function as a neurouansminer and as a paracrine hormone

(121); it induces vascular smooth muscle relaxation and exhibits antiprolifrative

properties following vascular injury (181 t 182).
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1.8.5 UrodilatiD or NDa. aatriuretie peptide (RNP):

The kidney is not only one of the major target organs of action for the natriuretic

peptide family (119), it also elaborates a natriuretic peptide that closely resembles ANF

(183). RNP was isolated ftom human urine by Schultz-Knappe et a/. (184) in 1988, and

was named urodilatin. Amino acid and sequence analysis revea1ed a peptide identical to

hwnan a-atrial natriuretic factor (ahANF) but with an additional four amino acids at its

NH2-terminal. Schultz-Knappe et al. (184) proposed tbat the peptide was produced within

the kidney from the ANF gene but with ditTerent post-translational proc:essing, yielding

the 32 amino ac:id peptide. Thereafter, Gagelmann et al. (18S) incubated bath urodilatin

and ANF with cortical membrane preparations ftom dog kidney and demonstrated that

urodilatin was resistant to the action of peptidases which degraded ANF; this observation

meant that, unlike ANF, urodilatin is quite resistant to the action of endopeptidases that

are present in abundance in the bNSh border of the renal proximal tubules (186, 187).

These endopeptidases called neutral endopeptidase or encephlinases are knOMl to

degrade Many peptides one ofwhich is ANF.

Further evidence that the kidneys SYDthesize a natriuretic peptide came from the

work of Ritter et al. (188), who demonsttated using an enzyme immunoassay for cardiac

ANF, the existence of a peptide sunHar or identical to ANF in the media of renal cell

cultures as well as in extracts from these cells. In addition, when renal eeUs were

ineubated ovemight with radiolabeled Methionine, labeled ANF-like immunoreactivity

was detected within the medi~ suggesting that the ANF- like immunoreactivity was

synthesized de novo in the renal cells; consistent with these fmdings are
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immunohistochemical and other studies that localized ANF in renal tubules (189).

Although the above evidence is very compelling for a renal origin ofa natriuretic peptide,

conclusive data from nonhem blot analysis or in situ hybridization demonstrating the

localization ofurodilatin mRNA within the kidney is stilliacking (183).

Urodilatin mimics the effects of ANF bath in vivo and in vitro (183). Injection of

urodilatin intravenously or directly into the renal artery produced prompt diuresis and

natriuresis. UrodiJatin bas been rePOrted to he more potent than ANF as a diuretic and

natriuretic agent by some but not all investigators (190, 191). Urodilatin is similar to ANF

in its binding characteristics and in its ability to stimulate cGMP although some workers

found it to he less potent in stimulating guany/y/ cyclase coupled ANF receptors (192).

There is a debate regarding the role of ANF and urodilatin in sodium and water

regulation. The fact tbat urodilatin possesses more potent diuretic and natriuretic and less

vasorelaxant activity than ANF, together with the fact that il is synthesized within the

kidney and is absent from plasma lead sorne investigators to question the physiological

role of ANF in fluid and electrolyte homeostasis (191). This notion was further supported

by the inconsistencies in the diuretic and natriuretic effects of ANF under various

experimental settings (183, 193 ). Thus, some (193, 194) have suggested that the role of

ANF is more as a vasoprotective agent rather than a sodium regulator whereas urodilatin

plays an important role in regulating renal sodium excretioD. The role of ANF regulating

sodium balance was even more challenged by the findings in ttansgenic mice, which

remained in sodium balance despite severa! fold elevatioDS in plasma ANF and the only

persistent change in these transgenic animaIs was a low blood pressure (194).
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1.9 MECHANISM OF ACI10N OF NATRIURETIC PEPtIDES:

Similar to other peptide bonnones., natriuretic peptides interact with specific ccU

surface receptors in order to evoke physiological responses; this ligand receptor

interaction in tum leads to the generation of cGMP (119). cGMP then activates various

intracellular events such as activation ofeGMP dependent protein kinase and lowering of

intracellular calcium; these processes eventually lead to the expression of the

physiological actions of ANF and related peptides (119). In additio~ ANF May affect

target ceUs by modulating adenylate eyelase activity and phosphoinositide hydrolysis

(119, 120, 121).

Specifie ANF binding sites have been revealed in a variety of tissues that have

been studied sucb as, the kidney, adrenalS., smooth muscle ceUs, vascular endothelium,

lungs and many other tissues, (195, 196). lnitially, radioligand binding studies

characterized ANF receptors as belonging to single class of receptors. Later on., however,

affmity cross-linking and photoaffinity labeling studies demonstrated the existence of

severa! distinct ANF binding sites in most tissues and ceUs (197, 198, 199).

Functional classification was made by studying the binding characteristies and the

in vivo effects of a variety of truncated ANF analogs; these studies revea1ed that

biologically active ANF hound to specifie reeeptors and was associated with cGMP

stimulation; the truncated analogs failed to elieit cGMP resPOnse although they a1so

bound with high affinity (199, 200, 201, 202). Moreover, intravenous injection of these

truncated analogs into anesthetized animais lead to increased plasma irANF, diuresis and

natriuresis; these discrepancies between the in vitro and in vivo findings suggested the
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possibility of existence of silent ANF receptors that were not associated with the

expression of ANF function (200, 201).

Thus, a constellation of data suggested, carly on. the presence of al least two

subpopulation of ANF receptors; one class mediated the physiological function of ANF

while another one was biologically inactive (119). The receptors also behaved differently

on SOS-gel electrophoresis; biologically silent receptors migrated to about 130 and

65k.Da under nonreducing and reducing conditions, respectively, indicating disulfide

linked subunits (119, 198, 200, 203); the functional receptor migrated to 130kOa under

both reducing and nonreducing conditions (204). The latter was then shown to copurify

with particulate guany/yl cyclase over several chromatographie steps and interaction of

ANF with this receptor activated particulate guany/y/ cyclase (20S).

Subsequent research lead to the purification and subsequent cloning and

sequencing of three distinct receptors for the natriuretic peptides; two of these are linked

to guanylyl cyclase (Ge) designated Ge-A and GC-B in order oftheir discovery; the third

one which is not linked to guanylyl cyclase is designated ANF-C or clearance receptor.

Ge-A, GC-B and ANf-C receptors have also been designated ANFR., R3 and R2

receptors, respectively (206)

1.9.1 Guanylyl cyciase..A (GC-A) receptors:

Following the reports of ANF stimulation of paniculate guany/yl cyclase and its

copurification with the ANF receptor, Chïnkers et al. (207) in 1989, reponed the cloning

of a novel membrane guany/yl cyclase (Ge-A) from rat brain and human placenta! cDNA

libraries using a cDNA probe based upon the sea urchin clone; these investigators found
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that GC-A bears close homology with particulate guany/y/ cyc/ase from the sea W'Chin; it

is a single polypeptide chain with four domains: an exttaeellular domain. a

transmembrane dom~ a protein kinase like domain and a cyclase catalytic domaine

Expression of the isolated cDNA into Cos·7 cell and cultured endothelial ceUs lead to

increased basal as weil as ANF-stimulated cGMP levels; ANF binding and cross-linking

studies identified it as 130kOa protein (207, 208).

1.9.2 Guanylyl CYCI4S~-B (Ge-D) recepton:

The use of low stringency hybridization screening procedures of the rat brain and

human placenta! cDNA libraries with the OC-A clone led to the isolation of the full

length clone for aC-B receptor (209). GC-B receptors exhibit approximately 72%

homology with Ge-A in the protein kinase like and catalytic domains, whereas, there is

ooly 43% identity within the extracellular domain, perhaps indicative of different ligand

specificities (210). Indeed, when ceUs were transfected with either Ge-A or GC-B and

then stimulated with ANF or BNP the dose response pattern was different with the two

receptors (211). Cos-' ceUs transfected with GC-A responded to bath ANF and BNP in a

dose dependent fashion. However, ANF was more potent than BNP in stimulating cGMP;

EC50 of ANF was 3 nM and that of BNP 25 oM. On the other band, ceUs transfected with

ooly GC-B receptors responded to ANF and BNP al the ~M range; BNP elevated cGMP

levels several fold higher than did ANF (121, 208, 211, 212). Il appeared from these and

other results that ANF was the specific ligand for GC-A receptors.

Although BNP appeared to more specific for Ge-B, it was obvious that it was not

its natural ligand because of the relatively high concentration of BNP needed to elicit a
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response. This suggested the possible existence of a yet unidentified natural ligand for

GC-B. Not very long after this~ CNP was identified as a new member of the natriuretic

family and severa! studies demonsttated that il possessed a very high affmity for Ge-B

and was the MOst potent stimulator of Ge-B receptors (121, 212~ 213~ 214). Therefore~

the currently accepted rank order of selectivity for natriuretic peptides to GC-linked

receptors is as fol1ows (fig. 1.1): ANF > BNP > > CNP for Ge-A; CNP > BNP ~ ANF

for GC-B; ANF> CNP2: BNP for ANF-C (121~ 214).

1.9.3 Other ANF recepton

Another 180-kOa membrane protein with guany/yl cyclase activity was a1so

purified to apparent homogeneity from rat adrenocarcinoma ceUs; it bound ANF with 1: 1

stoichometric ratio suggesting the coexpression of ANF binding site and guany/yl cyclase

activity (215). This 180-kDa protein might represent a distinct ANF receptor; this was

suggested by experiments in renal g10meruli which showed in affinity cross-linking two

ANF binding bands~ one al 130 and another al 180-kOa; similar studies in the inner

medu11a revealed only the 130-kOa. Western blot analysis using antiserum against the

180-kDa from rat adrenocarcinoma ceUs labeled a protein in the g10meruli and the

antibody inhibited ANF stimulated cGMP production (216, 217)~ suggesting its presence

in the glomeroli.
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Fig. 1.7. Scbematic diagram showiag the aatriuretic peptide receptors and their
selectivity for the aatriuretic: peptides.
(Taken from ret: 121).
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However, Identification of the gene encoding the protein will be required to establish

with absolute cenainty whether it represents a distinct ANF receptor or is the same as the

currently known ANF receptors associated with other membrane proteins.

1.10 REGULATION OF GC-LINKED RECEPTORS:

Although the exact regulatory mechanisms of regu1ation of GC-linked receptors

have as yet to he identified, severa! studies (218, 219) cast some light on this aspect. Il

appears that GC-A normally exist as an aggregate of homomer and that unlike other

peptide receptors Ge-A do not need ligand binding to fonn dimers or tetramers; however,

receptor-dimerization is essential for cyclase activity (20S, 220, 221, 222). Mutagenesis

studies revealed that the kinase Iike domain was not required for ANF binding as weil as

cyclase activity; infact mutants which expressed Ge-A that lacked the kinase like domain

showed increased basal cGMP generation than the wild type (223). TItus, the kinase like

domain suppresses basal cyclase activity and acts as a negative regulator and the binding

ofANF or ATP to receptors releases this inhibition (218, 224).

Another possible mechanism by which the GC-linked receptors are regulated is

receptor desensitization by dephosphorelation (219, 225). When mouse fibroblast

NIH3T3 ceU were ttansfected with full length cDNA for GC-A and preincubated with

ANF or PMA, the cGMP resPOose to either 1 !lM ANF or 1 ~M ANF plus PMA was

attenuated; the inactive analog of phorbol ester 4a-PMA was without effect; the effect

was the same with crude membranes from cell extraets showing that the reduced response

was not due to receptor intemalization (225). Potter and Garbers (225), proposed two
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heterologous desensitization through a protein kinase C-dependent mechanism. Pressor

honnones such as arginine vasopressin, angiotensin II and endothelin whicb activate PKC

through stimulation of phospholipase C have been shown to reduce ANF dependent

cGMP generation; similarly, phorbol esters (PMA) which activate PKC attenuate the

ANF-dependent cGMP production (226, 227, 228).

1.11 ANF-C OR CLEARANCE RECEPTORS:

AnaIogs of ANF with amino acid deletions in the carboxy tenninal or within the

ring were found to bind with high affinity to the majority of ANF binding sites in the

kidney cortex, glomeruli, endothelial ceUs and vascular smooth muscle ceUs without

inducing cGMP production; furthermore, these analogs did not elicit any renaI or vascular

effects in the isolated perfused rat kidney, but induced diuresis, natriuresis, and

hyPOtension and raised plasma irANF when given to intact anesthetized animaIs (200,

201, 212, 229 ). Maack et al (200), thus, suggested that the majority of renai glomerulaar

ANF receptors are biologically silent and act as a bonnonal buffer system to modulate

plasma ANF levels; they designated these receptors as clearance receptors.

•

The clearance receptor has been purified to homogeniety; its cDNA has been

cloned and expressed in Xenopus oocyte (230,). ANF-C is a plasma membrane associated

protein composed ofan extracellular ligand biding domain that bears 35% homology with

GC-A and Ge-B receptors and a short cytoplasmic tail with no guanylyl cyclase activity

(230). Nussenzveig el al (231) demonstrated that, ANF-C receptors clear ANF bya

process of intemalization followed by lysosomaI hydrolysis of the peptide; these workers
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suggested that receptor recycling occurs in a manner similar to other clearance receptors

such as the low density lipoprotein receptors (LDL-R). and the proœss was constitutive.

However, the concept that ANF-C receptors function ooly as a clearance receptor

is not universally accepted (232). Several workers (233, 234, 235), have reponed that

ANF inhibits adenylate cyclase and hence cAMP generation by acting on ANF-C

receptors. Both ANF and ANF4-23 (a truncated .ANF anaIog that binds ooly to the

clearance receptors) suppressed adenylate cyclase activity in several tissues including

platelets (which contain only NP-Re), rat aona, b~ anterior pituitary and adrenal

cortical membranes (235, 236). Anand-Srivastava el al (237), reported that the inhibition

of adenylate cyclase by ANF is mediated by ANF-C through an interaction with a

pertussis toxin-sensitive inhibitory guanine nucleotide regulatory protein (Gj).

1.12 TISSUE DISTRIBUTION OF ANF RECEPTORS:

ANF receptors are distributed widely in various tissues (238). Nonhem blotting

and cDNA cloning have demonstrated the expression of GC-A receptors in the kidney,

adrenaI gland vascular and smooth muscle ceUs, brain and other tissues (239). Abundant

expression for GC-B receptors was observed in the brain, adrenal medulla and pituitary

(239). In addition, RT-PCR microlocalization of mRNA for GC-coupled ANF receptors

in rat kidney demonstrated that GC-A receptors are expressed widely along the nephron

(240); however, the highest intensity was detected in the !MCO, the major site of action

of ANF. Although GC-B mRNA are expressed in the renal papillae, ligand binding and

other studies did not detect expression of the protein for GC-B receptors (241 242). The

distribution of GC·linked natriuretic peptide receptors seem to correspond to the central
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and periphera1 effe<:ts of these peptides in body fluid homeostasis; it also suggests

different raies for the two receptors as weil as divergent regulation.

CNPis the specific ligand for GC-B receptors; the distribution of its receptors in

central tissues together with the fact CNP is abondant in central tissues explains the

neuromodulatory raie ofCNP (212).

The peripheral distribution of Ge-A receptors and panicularly in the kidneys

corresponds to the high affinity it exhibits for ANF and to the diuretic and natriuretic

effects ofANF (214).

ANF-C receptors also show wide tissue distribution but the vascular and the renal

glomeruli are rich in this receptor; this pattern distribution is consistent with a major role

of these receptors as a ligand clearance receptors (119, 212).

1.13 ANF METABOLISM:

ANF bas a very shon half-life (119,243,244). The half-life (tll2) of intravenously

injected ANF in animals and humans is about 2-4 min. After incubation of ANF in

various tissue homogenates, Tang et al (245), found the following order of degradation:

kidney > liver >Iung > plasma> heart.

1.13.1Neutral endopeptidases (NEP; 14.11):

Cuneot evidence suggests mat ANF metabolism involves enzymatic degradation

and receptor mediated intemalization and hydrolysis.

The brosh border of the renal proximal tubules is rich in neutral endopeptidase

activity. NEP also known as enkephalinases are membrane associated zinc
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metalloendopeptidases ectoenzymes that degrade many other peptides besides ANF such

as insuli~ kinins and enkephalins (246).

Incubation of ANF with membrane preparations from rat and rabbit kidney cortex

led to a rapid loss of its vasorelaxant activity. HPLC analysis of the degradation product

revealed that ANF was cleaved within the 17 amino acid ring at Cys' -Phe' and this was

completely prevented by phosphoramidon (189, 247, 248 ). Sonnenberg et al (249),

purified the protease from rat kidney cortex and showed that the purified enzyme cleaved

ANF specifically at the Cys' -Phel bond; this activity was inhibited by thiorphan and

phosphoramidon.

In vivo studies, have also shown that infusion of phosphoramidon or thiorphan

(both potent inhibitors of NEP activity) was associated with diuresis, natriuresis,

hypotension and an increase in urinary cGMP excretion ( 250, 251), providing evidence

that besides clearance by C-receptors ANF is also degraded by NEP.

1.13.2 Reeeptor mediated metabolism:

In addition to degradation by NEP, ANF is also removed from circulation by

binding to ANF-C receptors as mentioned earlier.

1.14 BIOLOGICAL EFFECTS OF ANF

ANF produces diverse biological effects. Besides causing diuresis and natriuresis,

ANF relaxes vascular and nonvascular smooth muscles, suppresses aldosterone secretion

and inhibits 0011 proliferation (119).
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1.14.1 Renal actioDs of ANF :

The kidney is a major site of action of ANF. The presence of ANF receptors

coupled to guany/y/ cyclase at multiple site along the nephron raises the possibility that

ANF may exert its effects on various segments along the renal tubule (252). ANF

increases GF~ alters renal hemodynamics, inhibits renin release and increases renal

tubular water and sodium excretion (119).

It has been suggested that ANF increases GFR and filtration fraction by eausing

dilatation of preglomerular (afferent) anerioles and constriction of postglomerular

(efferent) arterioles leading to increased pressure within the glomerular capillaries (253).

Another additional detenninant of GFR and filtration fraction is the glomerular capillary

ultrafiltration coefficient Kr (a function of the surface area available for filtration and

hydraulic penneability of glomerular capillaries); it increased markedly after the addition

of ANF to isolated perfused glomeruli and to glomeruli preconttacted with angiotensin

II~ demonstrating that ANF induces relaxation of the mesengial eeUs (254). Subsequent

work (255) has shown that these ceUs possess specifie high affinity ANF receptors and

respond to ANF with marked elevations in cGMP.

The effects of ANF on the glomendi leads to an increase in the filtered load of

water and solute. Some investigators (256) proposed that the increase in GFR alone could

account for the natriuresis and diuresis induced by ANF. However, several studies (257~

258) have revealed that ANF can produce diuresis and natriuresis without producing

detectable alterations in GFR; in several of these studies~ infusion of ANF at low doses

resulted in diuresis and natriuresis without increasing GFR. Moreover, in the toadfish~
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• which lack glomeruli, ANF induced a striking natriuresis demonstrating that ANF can

produce natriuresis by mechanisms independent of an increase in GFR (259). It should also

be noted that increases in water and sodium delivery to the distal segments of the nephron

following ANF infusion are by themselves insufficient to fully account for the observed

diuresis and natriuresis (257, 260).

Clearance and micropuncture studies (261, 262), have shown that ANF caused

increased lithium and phosphate excretion as well as increased solute delivery out of the

proximal tubule; these observations were interpreted by sorne workers (262) that ANF

inhibited sodium reabsorption a10ng the proximal tubule; it was, however, argued (263) that

these effects were due to increased filtered load rather than a direct action of ANF on the

proximal tubule. In agreement with the latter view are the observations that ANF receptors

were not detectable in microdissected proximal tubule segments and ANF did not stimulate

cGMP production in proximal tubular ceUs (264, 265). However, ANF inhibited ANG Il

stimulated volume reabsorption in the proximal tubules; these data suggest that the ability of

ANF to reduce fluid reabsorption in this segment of the nephron may he dependent on the

basal transport rate and that dopamine plays a permissive role in the action of ANF in this

segment of the nephron (261, 266). Currently, there is no clear evidence that ANF modulates

salt and water transport in the loops of Henle and distal convoluted tubules; these segments

are devoid of ANF receptors and ANF stimulated cGMP production is either absent or far

more less than that observed in glomeruli and inner medullary collecting duets (lMCD) (119,

265).
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There is strong evidenee that ANF produees diuresis and natriuresis by acting on

the colleeting duet eeUs. The renal eollecting duets seem to be the main target of several

ather honnones and they are generally recognized as the renal site where these honnones

interaet to achieve a fine control of renal water and salt excretion (267). Water

reabsorbtion in this segment is principally under vasopressin control, whieh increases

water penneability of the epithelium through its action on adenylate cyclase-linked V2

receptors. Another honnone involved in the regulation of sodium reabsorbtion is

aldosterone whieh inereases sodium transpon across the principai ceUs of the collecting

duct by activation of an apical sodium channel and stimulation of basolateral Na"-K+

ATPase (Na+ pump) activity (267).

1.14.2 Regulation of sodium reabsorbtioD in the eoUectiDg duets by ANF

A fixed fraction of the filtered load of tluid and solute is delivered to the

collecting duet system (268). The constancy of solute delivered, results from two

apposing proeesses. Tubuloglomerular feedhaek is the process that maintains GFR by

sensing the concentration of sodium chloride reaching the distal tubule. Glomerulotubular

balance is the proeess by which proximal fluid and sodium chloride reabsorbtion is

readjusted so that a relatively constant fraction of the glomerular filtrate is reabsorbed.

These two mechanisms act in concen 50 that generally 5-6% of filtered load reaches the

collecting ducts (268). Nonnal sodium homeostasis requires the excretion of less than 1%

of the filtered load (268). Therefore, the changes in sodium exeretion normally take place

as a consequence of the regulation of the transpon of the 5-6% of the filtered load of

sodium reaching the colleeting duets.

46



•

•

ANF regulates sodium reabsorption along the collecting duets through both direct

and indirect meehanisms (119); it acts directly on the collecting duel epithelium and

inhibits sodiwn reabsorbtion. Studies on isolated perfused tubule have demonstrated that

the outer medullary collccting ducts are not a major site of sodium transpon (269) and

almost ail the sodium reabsorbtion takes place in the cortical and IMCO. These are the

same segments that exhibit the highest ANF stimulated cGMP production and the

presence of ooly guanylyl cyclase-linked ANF receptors (228, 265). ANF inhibited

transport dependent oxygen consumption in the IMCO (270); the use of amiloride.

ouabain and omphoteriein in these preparations revealed that ANF inhibited Na+ entry

into these ceUs. Furthermore, application of ANF in whole œil pateh-clamp preparations

from primary cultures of rat IMCn reduced the open time of the amiloride-sensitive

cation (Na') channel, providing direct confumation that ANF acts by inhibiting Na+ flux

across an amiloride-sensitive channel in IMCD cells (271).

The mechanisms by wmch ANF inhibits conduetive Na+ entry aIso have been

characterized (271, 272); ANF binds to GC-coupled receptors and stimulates cGMP

production; ANF inhibits sodiwn reabsorption directly by binding to the cation channel

and indirectly by aetivating cGMP dependent protein kinase (Fig. 1.8). In freshly prepared

!MCO ceUs increasing eGMP by exposure to sodium nittoprusside (which stimulates

soluble guanylyl cyc/ase), inhibition of phosphodiestrase or the addition of the

membrane-penneable cGMP analog 8-bromo-cGMP mimics the inhibitory effects of

ANF on tran5POrt-dependent oxygen consumption and on the uptake of sodium via

conductive sodium channels (273). Also the application of cGMP to cell attached

membrane patches from IMCD cells reduced the open rime of the amiloride-sensitive
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cation channel. Taken together these findings establish that cGMP is the mediator of the

regulation ofNa+- transport in the IMCO by ANF (252., 272).

ANF acts on the zona glomerolosa cells of the adrenal gland to inhibit a1dosterone

secretion (274). Through its action on the macula densa ceUs of the juxtaglomerular

apparatus, ANF inhibits renin releaSe which leads to a suppression of the renin­

angiotensin II-aldosterone-axis (275). ThUS., ANF is indirectly involved in the fine

regulation of collecting duct sodium transpon through its influence on aldosterone

secretion.

ANF is also known to antagonize the action of vasopressin in increasing water

permeability in IM:CO; this action contributes to its diuretic etTect (276). In isolated

perfused rat IMCO, application of ANF to the basolateral, but not to the apical surface

inhibited vasopressin stimulated water reabsorption; ANF did not alter the cAMP

response to vasopressin in this segment, a1though it inhibited the water penneability in

response to cAMP anaIog., suggesting that ANF inhibits vasopressin mediated water

permeability at a site beyond cAMP formation (276).

Another mechanism which contributes to the diuretie and natriuretic effects of

ANF is changes in the transepithelial driving forces in the renal medulla. ft bas been

suggested that ANF increases the hydraulic pressures in the loops of HenIe, collecting

ducts and vasa recta, causing a greater increase in pressure in the vasa recta than within
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Fig. 1.8. Mecbanum olNa+ reabsorption aad ANF action iD IMcn cell.
(Taken from ref. 119).
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the adjacent papillary lumina (277); this effeet alters the pressure gradient favoring net

sodium excretion. In additio~ ANF increases vasa recta blood flow leading to solute washout

and dissipation of the gradient which decreases solute reabsorption in the medullary

interistitium and thence to the capillaries (278). However, it is not clear weather medullary

solute washout is a consequence or the cause of the natriuresis and diuresis induced by ANF.

1.14.3 Actions of ANF on the cardiovascular system:

ANF decreases blood pressure by reducing peripheral vascular resistance and cardiac

output. Studies on the effects of ANF on vascular resistance have yielded conflicting reports.

ANF relaxed precontracted aortie rings but it failed to relax precontracted mesenteric and

cerebral arteries (279). Likewise, ANF did not alter coronary and mesenteric blood flow,

although it reduced renal vascular resistance. However, ANF reduced peripheral vascular

resistance in dogs under sympathetic blockage (280), implying that the response of resistance

vessels to ANF depends on the autonomie tone in the animal.

ANF infusion leads to a decrease in stroke volume and cardiac output while heart rate usually

decreases or fails to rise despite a marked fall in blood pressure; these effects are believed to

result from a modulation of the autonomie nervous system by ANF. Rats infused with atrial

extracts exhibited marked falls in blood pressure, heart rate, stroke volume, and cardiac

output (281,282). However, prior vagotomy and denervation of the carotid sinus in

vagotomized animais was associated with less hypotensive effect, no decrease in heart rate

and an augmentation of the stroke volume (283, 284); this indicates
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that ANF can inhibit sympathetic activity by activating vaga! afferents while al the same

time indirectly stimulate symPathetic activity (vagotomy wunasks this effect) al the

baroreceptor level by reducing blood pressure (119, 282). Additional factors involved in

the reduction of cardiac output by ANF include reduction in preload Le. a decrease in

central venous return and bence right atrial pressure secondary to dilatation of the

capaeitance vems, increased resistance to venous return and increased transduction of

plasma from the intravascular to the extravascular spaces (119,284).

1.15 THE ROLE OF ANF IN PATHOPHYSIOLOGICAL
CONDITIONS

ANF was the first endogenous substance to he identified as an agent that increases

renal sodium excretion. Following its discovery a body of knowledge accumulated

describing ANF as an important hormone that is intimately involved in fluid and

eleetrolyte homeostasis and attempts were made to elucidate the role that ANF might play

in various physiological and pathophysiological conditions (4, 119, 285). At the same

time expectations were raised that phannacological manipulations of the natriuretic

peptide system might have therapeutic potentials in conditions associated with acute or

chronie fluid and eleetrolyte disorders such as congestive heart faiiure (CHF), renal

diseases and hypertension.

1.15.1 Hypertension:

With the development of specifie radioimmunoassay for ANF it became possible

to study the release of the peptide in humans as well as animais. In the spontaneously

hypertensive rats (SHR), plasma ANF levels are higher than in WK.Y control rats (286),
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even before overt hypertension develops; inttaeerebroventricular infusion of ANF

selectively attenuated the exaggerated salt appetite of SHR compared to that of WKY rats

(287). However, the binding of ANF to its receptors in vascular smooth ceUs was similar

between SHR and WK.Y rats although the cGMP response to ANF was blunted in SHR

(288). Similarly, in experimental models of hypertensio~ such as the one-kidney, one­

clip and DOCA-treated rats bath plasma ANF and ANF gene transcription are increased

(136, 289, 290). In humans with hypertension plasma ANF levels vary \\idely (291). The

benefits of ANF in the treatment of hypertension were variable depending on the dose;

lower doses of ANF have linle efIect on blood pressure whereas higher doses produced

intolerable hypotension (292, 293, 294); these studies also demonstrated that ANF bas a

low therapeutic index which might limit the therapeutic potential ofANF.

1.15.2 Heart failure:

Patients with congestive heart failure exhibit high levels of plasma ANF; the

levels of ANF closely correlate with the severity of heart failure, varying directIy with

right atrial pressure and pulmonary wedge pressure (295). Animal models of congestive

heart failure also behave similarly. In addition, ventricular ANF gene expression is noted

in animal models and humans with CHf (143,295).

Despite the elevated circulating ANF levels, patients with CHF show evidence of

volume overloa~ increased preload and increased peripheral vascular resistance (295,

296) suggesting an acquired insensitivity to endogenous ANF. Nevenheless, studies (296,

297) have demonstrated that ANF modulates the renal, hemodynamic and endocrine

effects of CHf; a1so infusion of anti-ANF antibodies to rats with CHF due to myocardial
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infaretion attenuated renal salt and water excretio~ implying that volume overload would

have been worse were it not for the modest diuresis and natriuresis from the high levels of

eirculating ANF (298).

1.15.3 Renal diseases:

End-stage renal disease leads to sodium retention and edema formation (285). In

humans with volume overload secondary to renal failure. pre-dialysis plasma ANF levels

were twiee the post-dialysis levels. Normovolumic individuals with renal disease did Dot

exhibit significant elevations of the peptide (299) thus implicating the natriuretic peptide

in the maintenance of fluid homeostasis in progressive renal failure. Infusion of ANF into

rats with reduced renal mass 100 to diuresis and natriuresis; this effect was abolished with

specifie anti-ANF antibodies (300) suggesting that there might still he a functional

reserve to further augment GFR and sodium excretion. However, in nephrotic syndrome,

whieh also is characterized by sodium retentio~ plasma ANF Ievels are low (301) and

rats with experimental nephrosis exhibited a blunted diuretic and natriuretic response to

infused ANF (302), thus raising questions about the role of ANF in this

pathophysiological state.

There is a wealth of infonnation regarding the role ofANF as a honnone involved

in volume homeostasis; whether it is truly a physiological substance, however, bas not

been resolved (303). This uncertainty arises from the fact that plasma levels of ANF do

not eorrelate with diuresis and natriuresis under ail circwnstances. For example, left atrial

distention in conscious dogs resulted in natriuresis and two-fold increase in plasma ANF;

similar atrial distention following cardiac denervation produced comparable ANF levels

53



•

•

but did Dot result in natriuresis (304), thus dissociating ANF secretion and sodium

excretion.

Currently, there is no known clinkal syndrome of ANF excess or deficiency.

Moreover, experimentally induced ANF deficiency in the autoimmune rat model (303)

and ANF excess in transgenic miee (194) did not lead to penurbations in sodium balance

in these rats. Similarly, the renal response to ANF infusion in cirrbotic dogs exhibiting

ascites and avid sodium retention was variable; ANF produced natriuresis in sorne but not

all eirrhotie dogs (305). The above observations mise important questions about the role

that ANF might play in states of chronie volume expansion and sodium retention. Sorne

workers (303) have suggested that ANF might he important in states of acute volume

expansion but not in chronie states.

1.16 ADRENOMEDULLIN:

Adrenomedullin is a newly discovered hormone that was identified on the basis of

its ability to elevate cAMP levels in a platelet bioassay (306). The peptide consists of 52

and 50 amino acid residue in humans and rats, respectively, with intermolecular disulfide

bond and shows close structural homology with Calcitonin gene-related peptide (CGRP)

(306, 307). Adrenomedullin is widely distributed in several peripheral tissues including

adrenaI medulla, kidney, IllOgs, endotheliUlD, anterior pituitary and central nervous

system (308, 309); the cDNA eneoding the precursor for human and rat adrenomedullin

has been cloned and sequenced (307, 310).

Adrenomedullin bas several important biological effects that seem to he related to

fluid, eleetrolyte and cardiovascular homeostasis; it bas a potent hypotensive effect which
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seems to he due to the generation of nitric oxide by the vasc:u1ar endothelium in response

to the peptide (311). Indee<L it bas been demonstrated chat adrenomedullin decreases

vaseular resistance in the mesenteric, pulmonary and hind limbs in rats and cats; nitrie

oxide synthase inhibitors such as L-NAME decrease this eireet (311, 312).

Adrenomedullin also is a potent natriuretic agent which acts bath by ineteaSing renal

blood flow and direct tubular action. Intra-arterial infusion of adrenomedullin in dogs

resulted in an increase in renal conical and medullary blood flow as weil as in a marked

diuretic and natriuretic responses; these effects were attenuated by nitric oxide synthase

inhibitors (313, 314), suggesting that the renal action of adrenomedullin might he

mediated by nitric oxide. Adrenomedullin also suppressed aldosterone secretion in

response to ANG n and potassium (315). Thus, available evidence indicates that

adrenomedullin resembles ANF in its biological effects and like the latter might have a

role in fluid and electrolyte homeostasis. However, to our knowledge the effects of

adrenomedullin in pregnancy have oot beeo reported.

1.17 ANF AND PREGNANCY

As mentioned earlier, pregnancy is associated with marked volume expansion and

cumulative sodium retention. Under nonnaI conditions eveo a milder state of tluid

expansion would lead to an increase in circulating plasma ANF and suppression of the

renin-angiotensin-a1dosterone-axis (l, 28). However, plasma ANF exhibit linle change

during pregnancy, bath in humans and animal models (316, 317, 318). Steegers et al

(311), investigated control and pregnant wornen. bath in the sitting and left lateraI

position and found no difference in plasma ANF between the two groups; these authors

55



•

•

also found that ANF degradation was not increased during pregnancy. Similarly,

Kristensen et. al. (319) also, did not observe any difference in ANF activity from the

hearts ofvirgin and pregnant rats.

Despite the fact that pregnancy-induced volume expansion does not lead to

changes in circulating ANF levels, maneuvers whieh stimulate ANF release are still

operative during pregnancy. Nadel et al (318) found that acute increase in sodium load by

saline infusion stimulated ANF release in pregnant rats and suppressed the renin­

angiotensin n aldosterone-axis. On the other band, chronie volume expansion by

deoxycorticosterone aœtate (DOCA) in uninephrectomized pregnant rats was not sensed

by the atria and did not lead to ANF release; this OOCA-induced volume expansion was

detected by renal volume sensors and led to suppression of the renin-angiotensin­

aldosterone system (318). Similarly, circulating ANF levels decreased in pregnant women

on a low sodium diet (311).

Given the dramatic increase in the ECFV that accompanies pregnancy, it can he

said that this volume expansion is not sensed as such by the atria probably because the

expansion is accommodated by an enlarged maternai compartment; consistent with this is

the fact that atrial ANF secretory response to appropriate stimuli is still intact (3 18). In

the immediate postpartum peri~ however, following the abrupt decrease in the size of

the maternai vascular companment that results from the expulsion of the placenta and the

autotransfusion of blood from the emptied uterus, plasma ANF levels is markedly

elevated (318, 320). The increase in ANF in the immediate postpartum period is

accompanied by a decrease in plasma renin activity, aldosterone and the increased
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diuresis and natriuresis of the early puerperium; this is associated with a restoration of the

expanded vascular volume to prepregnant levels (318,320, 321).

It should he mentioned that in pregnancy-induced hypenension (pre-eclampsia)

which is characterized by a contraction of the intravascular volume and a lesser increase

in cardiac outpu~ plasma ANF levels are higher than in nonnal pregnancy (320). After

delivery, ANF levels in women with pre-eclampsia decreases significantly as the blood

pressure normalizes (320, 322). Fievet et. al.(323), have found significant positive

correlation between plasma ANF and mean anerial pressure and reported from sequential

data that plasma ANF increases as the patient becomes hypenensive.

The pathophysiology of pre-eclampsia as weil as the mechanisms that lead to high

ANF levels in this state of relative vasoconstriction is poorly understood. There is no over

stimulation of the renin-angiotensin system in pregnancy-induced hypertension as the

renin-angiotensin-aldosterone system is comparable to that in normal pregnancy (316);

however, there is 1055 of the vascular hyporesponsiveness to ANG U, which is

characteristic of normal pregnancy (324). It is postulated that the high ANF levels in pre­

eclampsia might prevent further rise in blood pressure by vinue of the hypotensive action

of ANF as weil as by promoting diuresis, shift plasma volume into the interstitial space

and decrease reniD and aldosterone secretion (316).

1.18 Modulation of the efl'ects of ANF by pregnancy

As described earlier, the major effects of ANF are diuresis, natriuresis,

suppression of aldosterone and renin secretion and a decrease in blood pressure. Neither
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of these efIects of ANF are conducive to the plasma volume expansion and the high

aldosterone levels seen in pregnancy. This suggests that some mecbanisms operate during

gestation to counter the physiological effects of ANf. Studies in our laboratory have

revealed a significant refractoriness to the aldosterone-suppressant (324a) and to the

tocolytic effects (324b ) of ANF by pregnancy. Moreover, our laboratory demonstrated

that bath pregnancy and progesterone downregulated adrenal and myomeuial ANF

receptors.

Based on these and other observations the following hypothesis was fonnulated:

An anenllatioll of III~ nllGl ~ff~cts ofANF ",;gll' M '~qll;,~d 10 IIllow pllysiolog;cally

neededpltlSltUJ WJllllIIe aptIlISion dllrillg p'~g"lIncy.

The study presented in this thesis was designated to test this hypothesis using pregnant

rats as the experimental model.
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CHAPTER TWO: MATERIALS AND METRODS

2.1 CHEMICALS:

Anti-ANF Ge-A and Ge-B receptor antibodies were a gift from Dr. O. L.

Garbers, Howard Hughes Medical Institute and Depanment of Phannacology, University

of Texas Southwestem Medical Center, Dallas, TIC

The following chemicals were purchased: IPTG, L.B. broth base, LB agar, ultra

pure agarose, X-gal, dATP, dCTP, dGTP, dITP, phenol-chloroform-isoamyl alcohol

25:24:11 [v/v), S.O.C. medium ( ameo Burlington, ON); acrylamide, PIPES (1,4­

piperazinediethanesulfonic acid), tris-base {Boehringer Mannhe~ Montreal, Que.);

ampicill~ aprotinin, BSA (bovine serum albumin), creatine phosphate, creatine

phosphokinase, GTP, HEPES (N-[2-bydroxyethyl]-piperazine-N'-[2-ethanesulfonic

acid)), IBMX (1,-3-isobutylmethyIxanthine), leupeptin, MOPS (3-[N­

morpholino]propanesulfonic acid), N-lauroylsarcosine (sarkosyl), estradiol-171J,

pepstatin, PMSF (phenyimethylsulfonylfluoride), progesterone, tris-HCI, DEPC (diethyl

pyrocarbonate), glycerol,

2-mercaptoethanol, nonidet P40 «octylphenoxy)-polyethoxyethanol), triton x­

100 (t-Octylphenoxypolyethoxyethanol), Tween-20 (polyoxyethylene sorbitan

monolaurate) thiorp~ leucine aminopeptidase, phosphoramidon, and N-succinyl-Ala­

Ala-Phe-7-amido-4-metbyl-coumarin (SAMC) (Sigma, St.Louis, MO); ammonium

persulfate, bromophenol blue, bis(N,N'-methylene-bis-acrylamide), glycine, xylene

cyanole FF; TEMED (N,N,N',N'-tetra-methylethylenediamine) (Bio~ Hercules, CA);
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• rat ANF (rANF) rANF1.21, rANF4-23, and anti-ANF antiserum (peninsula, Belmont, CA);

I2SI-labeled ANFl.21 (2000 Cilmmol), guanosine J"S~-cyclic monophosphate (cGMP)

radioimmunoassay (RIA) kits (Amersham., Oakville~ ON); borie acid., EDTA

(ethylenediaminetetraaeetie acid), EGTA (ethylene glyeol-bis(lJ-aminoethyl ether)-

N~N~N ~ ,N'-tetraaeetic: acid), ethidium bromide, guanidine thiocyanate, urea, ehlorofonn~

formaldehyde, formamide, isopropyl alcohol, reagent aleohol and ail other high purity

ehemicals (Fisher, Montreal~ Que.).

2.2 BUFFERS

2.2.1 Electropboretic buffers:

*SXTBE

54.0 g Tris base
27.5 g borie aeid
20.0 ml 0.5 M EDTA (pH 8.0)
added IL H20
Sterilized by autoclaving

*SOXTAE

242 g Tris base
57.1 ml glacial acetie acid
100.0 ml 0.5 M EDTA (pH 8.0)
added IL H20
Sterilized by autoclaving

MOPS
41.2 g MOPS
26.6 ml 3 M Sodium acetate pH 7.0
20.0 ml 0.5 M EDTA (pH 8.0)
Added 800 ml of DEPC-treated
H20, stirred and autoclaved. Then added MOPS and EDTA
and adjusted to pH 7.0 with -1-2 g NaOH pellets
and made to 1 L H20 (DEPC-treated and autoclaved)

*RNase-free buffers prepared by using autoclaved DEPC-treated H20

•
2.2.2 CommoD buffers

0.5 M EDTA (pH 8.0>
186.1 g EDTA
Adjusted pH with -20 g NaOH pellets
added 1 L H20
Sterilized by autoclaving

TE (pH 8.0>
10 mM Tris-HCI (pH 8.0)
1 mM EDTA (pH 8.0)
Sterilized byautoclaving
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• *20X SSC

175.3 g NaCI
88.2 g Sodium citrate
Adjusted pH to 7.0 with 10 N NaOH
Added 1 L HzO
Sterilized byautoclaving

Phosphate buffered saline (PBS)

5.38g NaH2PO.JL HIO
16.35g Na2HPO,./L H20
9.0g NaCl/L H20

*20X SSPE

175.3 g NaCI
27.6 g NaH2PO~-HIO
7.4 g EDTA
Adjusted pH to 7.4 with 10 N NaOH
added IL H20
Sterilized by autoclaving

*RNase-free buffets prepared by using autoclaved DEPC-treated H20

2.2.3 Gel loading bufl'ers

•

6X DNA gelloading buffer

30% Glycerol
0.25% bromophenol blue
0.25% xylene cyanol FF
in TAEorTBE
Sequencing gelloading buffer
98% deionized fonnamide
10 mM EDTA (pH8.0)
0.025% bromophenol blue
0.025% xylene cyanol FF

2.2.4 Otber buffers

ANF receptor assay buffer

50 mM Tris HCI (pH 7.40
5mMMgCh
0.2mMPMSF
0.1 % bacitracin
0.2% BSA

RNA fonnaldehyde gelloading butTer

50% Glycerol
ImMEDTA
0.25% bromophenol blue
0.250/0 xylene cyanol FF
RNase protection assay loading buffer
95% deionized fonnamide
lXTBE
0.025% bromophenol blue
0.025% xylene cyanol blue

cGMP determination buffer

10 mM HEPES (pH 7.4)
5 mMKCI
1 mm Na2HP04
1.2mMMgS04

5.S mM glucose
6 mM L-a1anine
1 mMlBMX
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2.3 ANIMALS:

Sprague .. Dawley rats (Charles Rivers, St. Constant, Quebec) were used for these

studies according to a protocol of the McGili University Animal Care Committee.

Animais were housed at 22 - 24° C, 55 .. 70% humidity, and 12h Iight (07 00 - 19 00) ..

12h clark schedule, and Ced ad libitum rat chow and tap water. Female rats weighing 175 ..

200 g were housed with 250 - 275 g male rats over night and the presence ofsperm in the

vaginal wash the following moming indicated day 0 of pregnancy. A separate group of

225 .. 250 g female rats were used as virgin control to match the weight of 13 - 15 day

pregnant rats. A group of 225 - 250 g virgin rats were injected subcutaneously for tbree

consecutive days with 2 mglkglday progesterone. Sorne of the pregnant rats were allowed

to deliver and were used on postpartum day 2-3.

A separate group of rats were ovariectomized (OVX) under ether anesthesia; 10­

14 days fol1owing the removal ofavaries rats were injected subcutaneously once a day for

three days with peanut oil (vehicle), 0.1 mglkg estradiol-171l or 2 mg/kg progesterone or

a combination of estradiol-17P and progesterone; these group of animais together with

virgin control and pregnant rats were used to study the renal effects of bolus injection of

ANF.

2.4 ANESTHESIA

In preliminary studies, rats were anesthetized with 4S mglkg pentobarbital

sodium; however, the prolonged duration of these studies required supplementation of

the anesthetic in the middle of data collection, and supplementary injections of

pentobarbital sodium altered the blood pressure. An experiments reported in these studies
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with the exception of phannacokinetic studies were therefore done under urethane (1

glkg) anesthesia; with this approach no anesthetic supplementation was needed. Body

temperature of the animal ",-as maintained al 3.,0 C byan overhead lamp.

2.S CANNULATION

The juguiar vein was cannulated with PESO catheter for bolus injection or

infusion. The carotid and femoral arteries were cannuJated with PESO catheters for

monitoring blood pressure (by means of Statham pressure transducer P32) and for

collecting blood samples, resPectively. The urinary bladder was cannulated with PE90

catheter for the collection ofurine.

2.6 DETERMINATION OF PLASMA VOLUME AND INULIN
SPACE:

Plasma volume was detennined by the Evan's blue dye-dilution technique (322).

Briefly, 0.3 ml of 3 mg/ml dye was injected intravenously; aiS minute period was

allowed for equilibration, following which 1 ml of blood was collected. The

concentration of the dye in plasma was determined by measuring absorbance at 620 nID.

To determine inulin space (ECFV), 2 IlCi eH]inulin was injected intravenously,

and blood samples were collected at 2, S, 10, 15, 30, and 60 min. Volume of distribution

cvd) of inulin was estimated from the regression line of log plasma inulin concentration

vs time. The Vd of inulin was the total dose injected divided by the plasma inulin

concentration at time 0 (estimated by extrapolating the concentration/time curve ta tinte

0).

63



•

•

2.7 DETERMINATION OF THE RENAL AND HEMODYNAMIC
EFFECTS OF ANF:

Following the cannulations~ an infusion of 0.9010 saline al a rate of 5.5 mlIKgIh

via thejugular vein cannula was staned by a Harvard infusion pump. After 30 - 40 min of

stabilization period, 0.9% saline containing 2 J,lCi/ml eH]inulin was infused for 90 min

Two 20-min urine samples were collected inta preweighed Eppendorf tubes; al the mid

point of each urine collectio~ 0.2 ml blood was withdrawn from the femoral anery for

measuring glomerular filtration rate (GFR). This was followed by an infusion of ANF at a

rate of 1nmolJkg/h for a 30-min peria<L the infusion rate was increased 10 2 nmollkglh for

the next 30 min and then to 4 nmollkglh for another 30 min. Urine was collected during

the last 20-min of each infusion peria<L and blood samples for the measurement of GFR

and plasma ANF were collected al midpoint ofeaeh urine collection periode

Separate experiments were done to determine the modifications of the renal

response to ANF by truncated ANF...23, a specifie ligand for the clearance receptors

(200), and by thiorphan, an endopeptidase inhibitor (249). In the first set of studies,

ANF4-23 was fU'S1 injected as a bolus dose of 25 nmollkg, followed by an infusion of 36

nrnollkglh for 30-min; at the end of the 30-min infusion was composed of 36 nmollkg/hl

ANF4-23 plus 1 nmollkg/h ANF. In the second set of experiments, thiorphan was infused

at 24 j.lmolJkglh for 30-min, followed by an infusion of thiorphan plus 1 nmol/kglh ANF.

Urine and blood sampies were collected as described above. At the end of experiment rats

were killed by injection ofexeess air.
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2.7.1 CalculatioD ofGFR

GFR was calculated as the clearance of inulin: [(urinary inutin concentration x

urine volume/min)/plasma inulin concentration].

2.7.2 Urinary sodium aad potassium

Urine sodium and potassium were measured by an IL - 443 Flame Photometer.

2.7.3 UriDary cGMP

urinary cGMP was measured by~ using a commercial kit (Amersham); urine

samples were first acetylated and cGMP standard curve was constructed in the range of2­

128 finol/tube. cGMP in urine was detected using high specifie activity [12SI]2~-O­

succinyl-cGMP tyrosine methyl ester together with a highly specifie and sensitive

antibody. Separation of bound from free antibody was achieved with a second antibody,

Amerlex-M.

2.8 ANF ASSAYS:

Blood samples were collected into heparinized tubes containing aprotinin, and

plasma was separated by centrifugation and stored at -70 oC until assayed.. For ANF

assays samples were thawed and extraeted on C l8 Sep-Pak cartridges; the efficieney of

ANF recovery was detennined by 125I_ANF and was > 80%. Immunoreactive ANF

(irANF) was determined by RIA using 125I-labeled ANF and an anti-rANF antisera that

did not reaet with ANF4-23 (225). Briefly, the elutes from the Sep-Pak columns were

drie~ reeonstituted in phosphate saline buffer pH 7.4 and then incubated ovemight al 4
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oc with the tracer and antibody; goat anti-rabbit gamma globulin and nonnal rabbit senun

were added and the incubation continued for another 2 h followed by the addition of

polyethyline glycol and centrifugation to separate the bound from the free ligand.

2.9 ANF PHARMACOKINETICS:

Virgin and 20 ~y pregnant rats were anesthetized by pentobarbital sodium (40

mg/kg ip). The left jugular vein and carotid anery were cannulated for injections and

blood collections, respectively, as described before. IlSI_ANF (lJ.1Ci) was injected as

bolus dose and blood (0.2rnl) was collected iota heparinized syringes at 0.25, 0.5, 1, 2, 3,

5, 7, and 10 min; plasma was separated mixed with aprotinin and stored al _800 C until

assayed.

Initially, we attempted ta separate intact ANF by precipitation with trichlaroacetic

acid (TCA) as utilized by others (229, 326). However, in our bands, TCA precipitate

contained sorne fragmented ANF. Therefore, we used separation of intact 12S[_ANf by

high pressure liquid chromatography (HPLC) and quantified it as previously described

(327). Briefly, plasma samples were passed thraugh Cls Sep-Pak cartridges, and the

material retained in the cartridges was eluted with 3 ml aqueous acetonitrile (80%)

containing 0.1% trifloroacetic acid (TFA). After the removal of the acetonitrile, samples

were mixed with authentic unlabeled rANF and loaded on to a CI. J1Bondapak column

(Waters, Milford MA). Samples were chromatographed by HPLC using a linear gradient

of 10 - 60% aqueaus acetonitrile (80%) containing 0.1 % TFA throughout for 60 min at a

flow rate of 1 mJlmin. ANF was identified by means of an ultraviolet detector at 215 nm,

and the fraction corresponding ta ANF was collected and radioactivity counted.
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Plasma half life, clearance, and volume of distribution were calculated from

plasma concentration versus. lime curve by conventional techniques (325).

2.10 RENAL METABOLISM OF ANF:

Plasma membranes from the renal conex were prepared according to a previously

described method (248). Briefly, rats were decapitated, and the kidneys quickly removed

and placed in ice.cold phosphate buffered saline (pH 7.4). The conica1 portion was

dissected~ minced with scissors, and placed in a homogenization buffer (pH 7.4)

containing 10 mM Na2HP04, 1 mM MgCh, 30 mM NaCl, 1 mM dithiothreitol, 5 J1M

PMSF, 0.02% NaN), and 10 ng/ml DNase. The tissue minces were homogenized by

means of a Polytron homogenizer (Brinkmann, Rexda1e, ON) three times each time for

15 s at a setting of7.

The homogenate was then centrifuged al 1000 g for 5 min, and the supernatant

was layered on top of a 41 % sucrose solution (vol/vol in the homogenization buffer) and

centrifuged at 95,000 g for 1 h. The pellet was washed twice with the buffer to remove

the sucrose and centrifuged at 95,000 g for 30 min. Aliquots of membrane preparations

(1 J.1g protein in 50 J1L) were preincubated at 3-,0 C in a shaking water bath for 10 min,

following which ANF was added to achieve a concentration of 50 J1M. Incubation was

stopped by adding 400 J.1L of 0.1% TFA at different tilDe periods. Samples were then

centrifuged immediately al 13,000 g for 5 min; the supematant was aspirated, dried in a

speed-Vac, and stored at ..800 C until assayed for intact ANF by HPLC as described

previously (327). ANF was quantifled on the basis of peak area using an on-line

integrator (Waters).
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In order ta verify that ANF was metabolized by neutra1 endopeptidase (NEP), 25

flM phosphoramido~a patent NEP inhibitor (328), was added at the beginning in two

experiments from each group of rats; cortical membranes were incubated with 50 J.1M

ANF in the presence or absence of phosphoramidon and the reaction was terminated in l

h and intact ANF assayed by HPLC as described above.

2.11 RENAL NEUTRAL ENDOPEPTIDASE (NEP) ACTIVITY:

Measurement ofNEP activity in renal cortical membrane was done on the basis of

cleavage of the tluorogenic succinyl-amido-methyl-cownarin (SAMC) to phe­

amidomethyl-coumarin (PAMC) as described by other workers (329). Briefly, membrane

preparations were first diluted 1:50 in 6% albumin (WN); this was then diluted 1: lOin

physiological saline, which was again diluted 1:300 ID 50 mM

tris(hydroxymethyl)aminomethane-HCI buffer (pH 7.6) containing 1% Triton X.

Membrane samples (1.2 J1g protein/ml) were incubated with 8.3 JJM of the substrate

SAMC at 3,0 C for 1 h. For the blanks, the mixture was incubated with 25 JJM

phosphoramidon. The reaction was terminated by adding phosphoramidon and heating

the samples at 950 C for 15 min. The reaction mixture was then incubated with 5 f.lglml

leucine aminopeptidase al 560 C for 1 h.

The intensity of the amidomethyl-coumarin fluorescence was measured by means

of a Perkin-Elmer LS 30 fluorometer at wavelengths of 367 nm and 440 Dm, respectively.

NEP activity was estimated from the difference between the fluorescence of samples and

corresponding blanks. To quantify NEP activity, a standard curve was constructed by

incubating seriai dilutions of PAMC with 5 J,lglml leucine aminopeptidase at 560 C for 1
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h and recording the fluorescence as above. NEP 3Ctivity was therefore expressed as the

rate of fonnation of PAMC (nmollminl).lg protein).

2.12 ASSAY OF ANF RECEPTORS SV RADIOLIGAND BINDING:

For each experimen~ kidneys fram 3-4 rats were placed in ice-cold phosphate

buffered saline (PBS pH 7.4) and were bisected longitudinally; conex and papillae were

dissected and pooled separately. Glomeruli were prepared by the graded sieving technique

(330). Briefly, the cortex was finely minced with scissors; the suspension was then passed

through stacked sieves and washed with ice-cold PBS. Glomeruli were harvested from the

top of a 75 ).lm sieve and centrifuged al 2~000 g for 10 min al 40 C. Purity was assessed

under light microscopy and was > 900/0.

Minced glomeruli and papillae were homogenized with a Polytron homogenizer at

a setting of 7 and two pulses each of 30 s duration in a butfer (pH 7.4) containing 0.25

mM sucrose, 50 mM tris-HCl, 5 mM MgCh, and 1 mM EDTA. The homogenate was

centrifuged at 5,000 g for 10 min al4 Oc , and the supernatant recentrifuged al 100,000 g

for 1 h (331). The pellet was resuspended in the assay buffer (pH 7.4) containing 50 mM

Tris-HCI, 5 mM MgCh, 0.2 mM PMSf, and 0.1% bacitracin and stored at _800 C until

used within one week.

ANF binding assays were perfonned as described previously (331, 332). Briefly,

membranes were thawed and diluted with an assay butfer containing 0.2% BSA. Aliquots

of 25 Jlg prolein were incubated for 2 h al room temperature in a MuitiScreen Assay

System (Millipore, Mississauga, ON) with 10 pM [125I]_ANF in the absence or presence

of increasing concentrations of unlabeled ANFI-28 (binds to bath ANF-GC and ANF-C
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receptors) or ANF4-23 (binds to only ANF-C receptors) in a final incubation volume of 0.1

ml. Separation ofbound from free was achieved by rapid vacuum filtration and washing

five times with 0.15 M NaCl.

Plates containing the membranes were dried and punched into 12 x 15-mm

polystyrene tubes and the radioactivity was counted in an LBK Clinigamma counter

(Wallac) with a counting efficiency of >80°fcJ. The binding in the presence of 10-6 M

unJabeled ANF was taken as nonspecific binding. The maximal binding capacity (Bmax)

and the apparent dissociation constant CKd) were calculated by nonlinear analysis of

displacement curves using a Lundon ReceptorFit competition Ligand program (Chagrin

Falls, Ohio); displacement of t2SlANFt_28 by unlabeled ANFt-21 and ANF4-23 was

subjected to homologous and heterologous analysis, respectively.

2.13 cGMP PRODUCTION DY GLOMERULI, MEDULLA AND
PAPILLAE:

Effects of ANF on cGMP production by glomeruli and papillae were detennined

as previously described (265,333). Glomeruli and papillae from 3-4 rats were prepared as

described before and used to construct a concentration-response curve to ANF; five such

experiments were done with each group of animais. In addition, four separate

experiments were done to measure the effect of a single concentration (100 nM) of ANF

on cGMP production in virgin and postpartum rats.

Glomeruli were prepared as described above. Papillae were finely minced with

scissors and suspended in a buffer (pH 7.4) containing in (mM): 135 NaCl, 5KCl, 1

Na2HP04, 1.2 MgS04• 5.5 glucose, 6 L-alanine, and 10 HEPES equilibrated with 95%
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02-5% CO2. Tissues were then subjected to collagenase (Imglml ) digestion for 90 min al

37° C in a shaking water bath following which papillary suspensions were filtered

through four layers of gauze and centrifuged al 1000 g for 10 min. The pellet was then

washed four rimes with the above buffer 10 remove the collagenase, and viability was

assessed with Trypan blue exclusion.

Glomenili and papillary cell suspensions (20 Jolg prolein/IOO Joli) were

preincubated in the assay buffer containing 1 mM 3-isobutyl-methylxanthine (IBMX) al

37 Oc for 10 min in a shaking bath. Tissues preparation were tben incubated with

increasing concentrations of ANF for 10 min; the reaction was stopped by the addition of

0.5 ml acidic ethanol. Samples were centrifuged al 13,000 g for 5 min and the supematant

dried in Speed-Vac; cGMP in the supematant was assayed using commercial

radioimmunoassay kits (Amersham) as described before.

2.14 cDNA PROBES FOR RAT ANF RECEPTORS:

Sense and antisense primers were prepared according to published cDNA

sequences of rat ANF OC-A, GC-S, and C receptors (208; 209). The primers were made

complementary to the region of the sequences spanning exon 3 and 6 of the receptor

subtypes. This region shows maximal heterogeneity and corresponds to the extracellular

domaine The primer pairs (McGiIl biotechnological Sheldon Center) used for

amplification were: 5'-CACTACCCCAAGCTACTGCGGGCCGTG-3' (HYPKLLRAV)

as a sense and 5'·GCTGTGTCAGAACACAAATIATAC-3' (AVSEHKLY) as an

antisense, encoding for a.a. 223 to 231 and 431 to 438, respectively, for ANF GC-A

receptor; 5'-GTGTATACCCGAGAGCCAGG-3' (VYTREP) as a sense primer and 5'-
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CTGAGAAGCAGATITGGTGG...3' (EKQIWW) as an antisense primer corresponding

to a.a. 202-207 and 415420, respectively, for ANF Ge-B receptor; 5'·

TGCCTACAATITCGACGAGAC CA-3' (AYNFDEn as a sense primer and 5'­

GCTCTITGAAATIGAGAATAGATGA-J' (SLKLRID) as an antisense primer.

corresponding to a.a. 228-234 and 449-455., respectively, for ANF-C receptor. cDNA (1

to 2 ~g) from rat lung lambda gt-lO library S'STRETCH (Clontech Laboratories, Palo

Alto, CA) was amplified using Taq DNA pllymerase (2U) (GmCO BRL, Burlington.

ON) in 100 vJ reaction buffer (20 mM tris-Hel, pH 8.4, 50 mM Kel , 2.0 mM MgClz,

0.25 mM each of dCTP, dGTP, dATP, dTIP and 0.5 J.LM each of the primers) for 35

cycles (each cycle was 94°C-30 sec; 60°C-30 sec; 72°C-l min) for Ge-A receptor; and 35

cycles (94°C-30 sec; 58°C-30 sec; 72°C... lmin) for GC-B and C receptors.

The PCR fragments were inserted into a peR II vector (lnvitroge~ San Diego.,

CA) at a 1:3 molar ratio ofvector:PCR product. Briefly, 25 ng of the PCR products were

ligated using T4 DNA ligase (2.5 Weiss li) in 10 ~l reaction buffer (50 ng PCR II vector,

6 mM Tris-HCI pH 7.5, 6 mM MgCh, 5 mM NaCl, 0.1 mg/ml BSA., 7 mM 2­

mercaptoethanol, 0.1 mM ATP, 2 mM DIT and 1 mM spennidine) at 14-15°C ovemight.

Epicurian coli Jml09 competent cells (Stratagene, La Jolla, CA), were transfonned with

1-2 ng of the plasmids by heat shock (42°C, 90 s; 1 min on ice); SOC medium was added

to the transfonnation vials which were further incubated al 37'C for 60 min.

Subsequently, LB agar plates containing ampicillin (100 J1g1J.Ll) were spread with 25 ~l of

X-gal (40 mg/ml), and 20 III of IPTG (40 mg/ml) for color selection (blue/white

screening) and plated with 50 III of the transformation vials; plates were put for ovemight
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incubation at 37'C; the efficiency of the transfonnation was approximately lXl06

transfonnantsllJg·

Selected white colonies were transferred to 3 ml of culture medium (L.B. broth

containing ampicillin (100 J.1g1J.d) and incubated in a shaking-bath (200 rpm) at 37°C for

5 h following which 10 ml of fresh medium was inoculated with 200 Joli of the original

cultures for ovemight al 37°C. An aliquot of each culture was saved in a freezing storage

medium (15% glycerol) and stored at -80°C. DNA was extraeted from the cultures by

alkaline extractio~ using the QIA prep spin plasmid kit (Qiage~ Chatsworth CA).

Bacterial ceUs were lysed in NaOWSDS buffer; the lysates were neutralized and adjusted

to high salt binding conditions with a KCI/guanidine-HCI containing buffer; following

centrifugation, the supematants were applied to QlAprep.spin columns. The columns

were washed with wash buffers (70% ethanol, low salts) and DNA was eluted with TE

pH 8.5. The clones were sequenced using a T7 sequencing kit (pharmacia, Uppsala,

Sweden) to detennine the sequences of rat ANF GC-A, GC-B and C receptor partial

cDNAs. Briefly, 1-2~g of template DNA was sequenced with the Sanger method of

dideoxy chain tennination (201), using SP6 or T7 as primers and (a-3SS]dATPaS.

2.15 ISOLATION OF TOTAL RNA:

For each set of experiments, tissues from 3-4 rats of the different groups were

snap-frozen in liquid nitrogen and stored al -8ÜoC. Tissues were homogenized with a

Polytron in Trizol reagent (GIBCO, Burlingto~ ON). Chlorofonn was added to the

samples and was followed by a centrifugation which sequestered RNA to the aqueous

phase. Total RNA was precipitated with isopropyl alcohol and purified by phenol-
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chlorofonn extraction. The RNA was re-precipitated with 10001'0 ethanol (10% [v/v] 3 M

sodium acetate pH 5.2), washed with 75% ethanol and redissoved in an RNase-free water.

Quantification of total RNA was done by absorbance al 260 om. Ta assess the integrity of

the RNA and to make cenain thal equal amounts of samples were usecL equivalent

quantities of total RNA for each sample were electrophoresed on formaldehyde-agarose

gels (0.5 ~glml ethidium bromide); gels were visually inspected under UV light as a

method of standardization.

2.16 SYNTHESIS OF 31_p-LABELED ANTISENSE RNA PROBES:

Initially, e2p)-labeled antisense RNA probes were synthesized using an in vitro

riboprobe transcription kit (promeg~ Madison, WI), which generated labeled RNA

fragments of 647, 654 and 687 nucleotides for GC-A, GC-B and ANF-C receptors,

respectively. These probes were intended for use in Northem blot hybridization; however,

failure to optimize this technique in detecting the natriuretic peptide receptors prompted

us to use the ribonuclease (RNase) protection assay which proved to he more sensitive.

Therefore, in order to obtain RNase protection assay compatible RNA probes, the

plasmids were digested with restriction endonucleases that produced "shorter" DNA

templates; digestion of the plasmids with HindI1I for GC-A, BstB1 for GC-B and Ddel

for the C receptor, generated templates yielded labeled probes of 253, 272 and 352

nucleotides, respectively.

For transeriptio~approximately 1 ~g of linearized template DNA was transcribed

into RNA by 15-20 U ofT7 RNA polymerase for ANF GC-A or SP6 RNA polymerase

for GC-B and ANF C receptors in a final volume of 20 Joli of a buffer 40 mM Tris-Hel
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(pH 7.9) containing 6 mM MgCh, 2 mM spennidine~ 10 mM NaCl, 10 mM DIT, 20 U

RNasin, 0.5 mM each ofATP, GTP and UTP, 12 J.1M CTP, and 50 JlCi [a...32p]CTP (3000

Ci/mmol). Samples were incubated for 60 min at 3'PC; DNA templates were removed by

digestion with DNase 1 (lU) for 15 min al 3'PC following which the final volume was

adjusted to 70 J.Ü (0.3M sodium acetate, 0.15 J..lglml tRNA). This was followed by a

phenol/chlorofonn extraction. Unîncorporated nucleotides were panially removed from

the labeled probe by ethanol precipitation (2.5 volumes of 100% ethanol); following

centrifugatio~ the pellets were washed with 70% ethanol and the RNA was resuspended

in 500 J.1l of hybridization buffer (see next section). Aliquots of 10 J.L1 were used to

measure the specific activities ofthe probes.

2.17 RNase PROTECTION ASSAYS

RNase protection assays were perfonned as described previously (334). Briefly,

20 J.1g of total RNA was incubated with 5XI0" cpm each of Ge-A, Ge-S and ANf-C

receptor probes in 40 ~l of hybridization buffer (80% deionized fonnamide, 40 mM

PIPES, pH 6.7, 1 mM EDTA and 0.4 M NaCI) at 50°C for 12-16 h; following this, non­

hybridized RNA was digested in 400 ~l of digestion buffer (10 mM Tris-Hel, pH7.5,

ImM EDTA and 0.3 M NaCI) that contained ribonuclease A (10 J.lglml) (Boehringer

Mannheim, Montreal, Que.) and ribonuclease T-1 (200 U/ml) {Boehringer Mannheim,

Montreal, Que.) for 30 min at room temperature. The samples were further digested with

proteinase K (2.5 mg/ml) (Boehringer Mannheim, Montreal, Que.) in sarkosyl solution

(7.5% [w/v]) at 3'PC for 30 min; protected fragments were purified with guanidine

thiocyanate buffer (4 M guanidine thiocyanate, 25 mM sodium citrate, pH 7.0 and 0.5%
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sarkosyl) and precipitated with isopropyl aIcohol. The protected fragments were separated

on urea-6% pllyacrylamide gels at 70 V over a 2 h period. The gels were dried under

vacuum and the bands were visualized and quantified by phosphorimaging (Fujix Bio-

imaging analyzer BAS-lOOO). In additio~ gels were autoradiographed using Kodak-XO-

matie film, and the exposures were scanned and quantified (Molecular Analyst); this

enabled a confirmation ofdata from phosphorimaging.

2.14 WESTERN BLOTTING OF ANF GC-A AND GC-B
RECEPTORS:

Western blots were essentially conducted as previously described by Potter and

Garbers (227) using polyclonal anti-ANF Ge-A and anti-ANF OC-B receptor antibodies.

Tissues were homogenized in ice-cold buffer (40 mM KCl, 10 mM Hepes, pH 7.9, 3 mM

MgC12, 5% glycerol [v/v], 0.5 IJI'mlleupept~ 0.1 f.lglml apro~ 1.5 f.lglml pepstatin

and 100 ~g/ml PMSF) with a pllytron homogenizer for 15-20 s. The homogenates were

centrifuged at 500 g for 10 min at 4°C and the supematants were recentrifuged at

112,000g for 60 min al 4°C. The pellets were resuspended in 0.5 ml homogenizing buffer

containing 0.5% [v/v] nonidet P-40. Aliquots of the solubilized membranes (40-60 ug)

were dried in speed-Vac and resuspended in 20 ~l sodium dodecyl sulfate (SOS) loading

buffer (63 mM Tris-HCI, pH 6.8, 2% [w/v) SOS, 10% [v/v] glycerol, 0.0025~o

bromophenol blue and 2.5% l3-mercaptoethanol).

In order to optimize the quality of the Western blots, we used an altemate

procedure that involved purifying the protein preparation with a cellulose ion-exchange

column. Tissues were homogenized in ice-cold buffer A (20 mM Tris-HCI pH 7.5, 0.5
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mM EDT~ 0.5 mM EGT~ 25 ~glml leupep~ 2S ~glmI aprotinin, 1 mM PMSF) and

centrifuged al 100 000 g for 60 min at 4°C. The pellets were rehomogenized on ice in

buffer A containing 1% [v/v] Triton-X; the homogenates were again centrifuged at

100,000 g for 60 min and the supematants were saved as the membrane fractions.

A column loaded with pre-swollen DES2 ion-exchange cellulose (Wbatm~

Fairfield, NJ) was washed with buffer B (20 mM tris-HCl pH 7.5, 0.5 mM EDTA, 0.5

mM EGTA). Membrane preparations were applied to the columns by gravity; the

columns were washed with buffer B and the proteins were eluted with buffer B

containing 0.2 M NaCI. Sïnce the protein coneentrating step resulted in impaired

migration of the bands during electrophoresis (probably due to high salt concentration), it

was avoided in subsequent experiments. Protein samples were heated at 70°C for 15 min

and loaded onto SDS polyacrylamide gels (Bio~ Hercules, CA) and separated by SOS­

PAGE al 70 V over a 90 min period.

The protein bands were electrophoretically ttansferred to nitrocellulose

membranes (Biorad, Hercules, CA) and the non-specifie binding sites were blocked with

buffer C (20 mM Tris-HCI, pH 7.5, 0.5 M NaCI, 0.1% [v/v] Tween-20) containing 100/0

skimmed milk for 12 h at 4°C. Membranes were then incubated for 60 min at room

temperature in buffer C containing 5% skimmed mille with anti-GC..A or anti-GC-B

receptor rabbit antibodies (1 :500 dilution); following this membranes were washed three

times (10 min each) with buffer C and then incubated with horseradish peroxidase­

conjugated anti-rabbit IgO antibodies (1:1000 dilution) in buffer A containing 5%
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skimmed milk for 60 min. The membranes were then washed three times with buffer C as

described.

ln additio~ the quality of the Western blots was funher improved by re-using the

prirnary anti ANF GC...A or anti ANF GC-B solution a second lime; this contributed in

decreasing the background noise. The immunoreactive bands were visualized using an

enhanced chemiluminescence kit (Amersham) and exposed on X ...ray film for variable

time periods.

2.19 PROTEIN DETERMINATION

AlI protein determinations \vere made by the dye binding method using bovine

serum albumin (BSA) as standard (335).

2.20 STATISTICS

Difference between two means were compared by Student's t-test and multiple

means were compared by one way analysis of variance followed by Bonferroni test for

significance. A probability of less than 0.05 (P < 0.05) was asswned to denote significant

difference. Throughout this thesis data are presented as means ± S.E.M.
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CHAPTER THREE: RESULTS

3.1 PLASMA PROFILE OF ANF AND ALDOSTERONE.

In order to detennine the plasma profile of ANF and aldosterone~ blood was

collected serially from the same animais starting before the onset of pregnancy and

continuing during pregnancy and the postpartum period.

Plasma irANF was 163 ± 38 fmol/m1 before the onset of pregnancy and

significantly higher on day 6 (506 ± 56 fmol/ml); however~ plasma irANF on days 13, 18~

and 20 of gestation were not different from levels before the onset of pregnancy; there

was a significant rise in plasma irANF on day 1 postpanum (527 ± 107 finol/ml) and the

levels remained elevated up ta postpartum day 7 (fig. 3.1a).

Plasma a1dosterone (fig. 3.lb) was 9.0 ± 1.3 pmol/mJ before pregnancy and

progressively increased ftom day 6 to reach a peak level of 37.1 ± 3 pmol/ml on day 20 of

gestation; levels fell precipitously on postpartum day 1 and remained low on day 3 but

increased again on postpartum day 7 (18 ± 1.7 pmoVml).

3.2 RENAL EFFECTS OF ANF:

3.2.1 Basal values.

The mean blood pressure of bath 13-15 and 21 day pregnant rats was lower than

that of virgin rats. Consistent with the well-known physiological changes~ pregnancy was

associated with an increase in inulin space and plasma volume.
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The GFR of 13-15 day pregnant rats was higher than the GFR of virgin control;

GFR of progesterone-treated rats was comparable to that of pregnant rats and higher than

the GFR ofvirgin rats.

Basal urine output was lower in 21 day pregnant rats than in any other group of

animais (vir~ 13-15 pregnan~ postpartum and progesterone-treated).

Basal values of inulin space~ GFR and plasma volwne of postpattum rats were

generally comparable to values in virgin rats (Table 3.1).

3.2.2 Erreets of ANF ïnfusioD OD plasma immuDoreactive ANF (irANF):

ANF (irANF) prior to the infusion of ANF did not ditrer between different

groups of animais (Table 3.1; Fig. 3.2). Infusion of ANF caused a significant increase in

irANF in ail groups of rats. There was no significant difference in plasma irANF levels

among different groups ofanimals at all infusion rates of ANF (1, 2 and 4 nmollkglh).
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TABLE 3.1. Basal values in virgin, progesterone-treated, pregnant and postpartum rats• Variables Virgin Progesterone
treated

Pregnant
day 13-15 Day 21

Postpartum
day3

•

n 17 6 18 6 6

Body weight (g) 239±4 235±2 2S8±S· 305±lS· 261±11

Kidney weight (g) 2.17±O.09 2.32±O.20 2.21±O.06 2.20±O.O6 2.33±O.12

MBP(mmHg) 117±3 113±4 102±2· 103±7· lO8±7

Vinulin (ml) S6±2.1 notdone 64±I.I· 69±1.3* 61±1.2

Vplasma (ml) IO.9±O.5 notdone 14.S±O.7· 16.4±O.7* 12.7±O.4

PANF (fmoVml) 72±7 75±lO 80±7 76±8 84±13

GFR (mlIkglmin) 3.S±O.17 4.4±O.22· S.2±O.27* 4.S2±O.61 3.8±O.4

V(~IJkglmin) 30±2.7 28±4.S 20±1.S· IS±1.S· 19±1.6·

UN.V{J.unolJkglmin) 1.3S±O.2 I.l±O.3 1.0±0.1 O.9±O.2 1.8±O.3

UKV{J.unollkglmin) 3.1±O.S 2.4±O.7 1.6±O.6 2.4±O.7 S.3±O.4·

UcGMP (pmoVmin) 1.47±O.54 1.10±0.29 1.16±O.22 1.62±O.S9 1.18±O.22

Values are means ± SE. MBP, mean blood pressure; VÎftUÜn' volume of inulin; Vplasma' plasma

volume; PANF, plasma ANF; GFR, glomendar filtration rate; V, urinary volume; UNaV, urinary

sodium; UKV, urinary potassium; UcGMP' urinary guanosine 3', 5'-cyclic monophosphate.

* Different (p < 0.05) from the values for virgin rats in the same row.
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ANF infusion rate (nmol/kglh)

Fig. 3.2. Plasma irANF before and aCter ANF infusion in virgiD, progesterone

treated, days 13-15 and day 21 pregaant and day J postpartum rats under urethane

anesthesia.

Data are means ± SE of 6-10 experiments. x P < 0.05 compared with control

values at 0 ANF; xx P < 0.05 compared with corresponding values al 0·2 nmol/kglh ANF
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3.2.3 Effects of ANF iDfusion on mean blood pressure:

The basal blood pressure of virgin rats was significandy higher than that of 13-15

day pregnant animais. ANF caused a decrease in blood pressure to a lesser extent in

pregnant than in virgin rats such that mean blood pressure (MBP) following ANF

infusion did not differ between different groups ofanimals (Fig. 3.3).

3.2.4 Effect of ANF infusion on GFR:

Basal GFR of 13...15 day pregnant and progesterone-treated rats was significantly

higher than that of virgin rats (Table 3.1). Absolute GFR values in virgin, progesterone­

treated, pregnant and postpartum rats did not differ following infusion of ANF (Fig. 3.4a).

However, percent increases in GFR over basal following infusion of ANF in virgin and

postpartum rats were significantly greater than in progesterone-treated and pregnant rats

(fig. 3.4b). There was no difference in the effect of ANF on GFR of virgin and

postpartum rats (fig. 3.4b).

3.2.5 Effects of ANF infusion on urine volume:

ANF caused a dose-dependent increases in urine output in virgin. progesterone­

treated, pregnant as weil as postpartum rats (Fig. 3.5). However, the diuretic effects of

ANF were signiticantly cP < 0.05) less in days 13-15 as well as 21 day pregnant rats than

in virgin rats (Fig. 3.5). There was no significant difference in the diuretic effects of ANF

in postpartum and virgjn rats and between progesterone-treated and virgin rats (Fig. 3.5).
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3.2.6 EfI'ecb of ANF infusioD on uriDary sodium aad potassium:

ANF caused a dose-dependent increase in urinary sodium. and potassium excretion

in ail groups of animais (fig. 3.6). However, the diuretic and kaliuretic effects of ANF

were significantly Jess in pregnant than in virgin rats. There was no difference in the

natriuretic and kaliuretic effects ofANF in postpanum and virgin rats (fig. 3.6)
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Fig. 3.3. Influence of coastant infusion of increasiDg concentration of atrial

natriuretic factor on meaa blood pressure (MBP).

Virgin, progesterone treated (progesterone), days 13-15 (14d) and 21 day (21d)

pregnant and 3 day postpattum rats under urethane anesthesia. Data are means ± SE of 6­

10 experiments. • P < 0.05, different from values for virgin rats.
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Fig. 3.4. Influeace of constaDt infusioa of increasing coaceDtratioa of atrial

natriuretic factor oa••blolute ( a) aad perceat (b) iacrease over basal g10merular

filtratioD rate (GFR).

Of virgin, progesterone-treated (progesterone), days 13-15 (14d) and 21 day (21d)

pregnant and 3 day postpartum rats under urethane anesthesia. Data are means ± SE of 6­

10 experiments. • P < 0.05, different from values for virgin rats.
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natriuretic factor OD uriDary volume (V).

Ofvir~ progesterone treated (progesterone), days 13-15 (14d) and 21 day (21d)

pregnant and 3 day plstpartum rats under urethane anesthesia. Data are means ± SE of 6­

10 experiments. • P < 0.05, different from values for virgin rats al indicated dose ofANf.
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Fig. 3.6. Inftueace of coast.nt iafusioa of iDcreasiDg coaceatration of atrial

natriuretic factor oa uriDary sodium (UN.V) Aad potassium (UKV).

Ofvir~ progesterone treated (progesterone), days 13-15 (14d) and 21 day (21d)

pregnant and 3 day postpartum rats under urethane anesthesia. Data are means ± SE of 6­

10 experiments. • P < 0.05, different from values for virgin rats at indicated dose ofANF.
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3.2.7 Effects of ANF iafusioD OD uriaary cGMP:

Infusion of ANF caused a dose-.dependent increase in cGMP excretion in ail

groups of rats (virgin, pregnan~ postpanum and progesterone-treated). However, there

was no difference in the effects of ANF on urinary cGMP excretion among virgin~

pregnant and progesterone-treated rats. On the other band, al 2 and 4 nmolJkg/h ANF

caused less excretion ofcGMP in postpartum than in virgin rats (Table 3.2).

3.2.8 Modification of the renal effects of ANF by ANFtlaZ3-

Infusion of truncated analog of ANF, ANF4-23, mimicked the effects of ANF on

blood pressure and GFR and on urinary volume, sodi~ potassium, and cGMP in both

virgin and pregnant rats. However, unlike the renal effects of ANF, effects of ANF4-23

were greater in pregnant than virgin rats. For example~ the increase in sodium excretion

over basal following the infusion of ANF4-23 was 173 ± 40% in pregnant and only 67 ±

19% in virgin rats. ANF4.23 increased the effects of 1 nmollkglh ANF on GFR by 21% in

virgin rats and by 62% in pregnant rats. The natriuretic and kaliuretic effects of

concomitant infusion of ANF4-23 plus ANF on days 13-15 pregnant rats were not different

from its effects in virgin rats (Table 3.3). However, the effect of ANF4-23 plus ANF on

urine volume of virgin rats remained significantly higher than that in day 13-15 pregnant

animais (Table 3.3).
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3.2.9 ModificatiOD of the re.al efl'eets of ANF by tbiorpbaa:

Like ANF4-23, the endopeptidase inhibitor thiorphan also mimicked the renal and

hemodynamic effects of ANF. Thiorphan did not produce a significant natriuretic effects

but it produced significant effects on MBP, GF~ urinary volume, and potassium in virgin

rats and on urinary volume and potassium in pregnant rats (Table 3.4). MBP, GF~ and

urinary excretion of sodium and potassiwn in virgin and pregnant rats following the

infusion of thiorphan plus ANF did not differ; however, the urine output was still less in

pregnant than in virgin rats (Table 3.4).
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• TABLE 3.2. Effect 01 ANF ialusioa oa uriDary cGMP eseretioa ia virgia•

progesterone (prog)- treated. 13-15 days sad %1 clay prepaDt aad 3 clay POstpartum

rats

Animals ANF (nmollkglh)

o 1 2 4

•

cGMP (pmol/min)

Virgin 1.5 ± 0.54 17±3.7 SO±lO.7 102±15.4

Prog-treated 1.1± 0.29 20±4.1 45±8.5 71±6.

14d pregnant 1.2 ± 0.22 14±3.3 39±11.7 81±15.1

21d pregnant 1.62 ±0.59 17±2.S 48±5.5 73±1.6

Postpartum 1.18±O.22 IS±4.5 27±3.7· 62±3.7·

Values are means ± SE for S-6 experiments •different (P < 0.05) from virgin in the column.
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• Table 3.3 Effeds of iDfusioD ofANF~u plus ANF OD MSP aad naal fUDctioD ofvirgiD

(V) and 13-15 clay preput (P) rats

Variables AnimaIs Basal ANF4-23 ANF~23 plus

ANF ANF

Inmollkglh 2

MBP(mmHg) V 117±3 106±3· 91*5..6 91±5..6

P 106±3c; 98±3 79±3..b 90±6.

GFR (ml/kglmin) V 3.6±O.lg S.9±O.4S· 7.7±O.3a.b IS.4±3.Sa.b

p S.l±O.36c 7.2±O.S8"C: 9.I±O.8"C: 15.7±3.Sa.b

V (J.dJkg!min) V 2S±1.7 48±4.7· 123±8.4,b lS6±3a.b

p 19±1.~ 36±3.1a.c 72±13.0..b.c: 86±14a.b.c:

UKV (J.1Itlol/kglmin) V

P

UcGMPV (pmollmin) V

p

1.3±O.3

1.0±0.2

2.I±O.3

2.6±0.4

1.4±O.5

O.8±O.2

2.1±O.4

2.3±O.s

4. 1±O.7·

4.8±1.2

3.7±O.8·

2.8±O.6a

S.9±O.2a.b 5.9±O.S..b

4.5±1.3· 8.6±3.1 a,b

9.2±1.7a.b lS.0±4.9a.b

S.8±O.9· 16.4±O.6a,b

9.6%1.6a.b not done

Il±2.1a,b not done

•

MBP - Mean blood pressure; GFR • g1omerolar filtration rate; U - urinary; V • volume.

Mean ± SE of 5-10 rats onder urethane anesthesia. Dose of ANF4-23 was 2S nmol/kg by

bolus injection foUowed by 36 nmolJkglh by infusion. • Different (p < O.OS) from the basal

values in the same row; b different (p<O.OS) from the value after ANF4-23 in the same row; C

Different (p < O.OS) from the immediate top value in the same column. Mean±SE, n= 5-10.
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• TABLE 3.4. Effects of iDfusioD of tbiorphaD and of thiorp..... plus ANF on MBP ud

renal fUDCtiOD of virgi.n (V) aad 13-15 clay pregnant (P) rats

Variables

MBP(mmHg}

GFR (mlIkglmin)

V (J.Ùlkglmin)

AnimaIs

v
p

v
p

v
p

Basal

130:t:3

110±4b

4.1±O.60

5.7±O.49b

27±2.7

19:1:2.1 b

lbiorphan

119±2·

I07±5

6.7±O.SS·

6.9%0.54

47±3.7·

28±3.7..b

Thiorphan+ANF

I02±2·

9O±6a

lO.6±O.6a

9.3±O.71a

120±8.7·

53±11.1a.b

UNaV (J.unollkglmin) V

p

I.S±O.l

1.1±O.3

2.2±0.6

1.3±O.2

2.1±O.4

1.7±O.S

4.S±O.9a

2.9±0.3·

9.6±2.1·

S.8±O.9a

•

MBP - Mean blood pressure; GFR - glomerular filtration rate; U - urinary; V - volwne.

Dose of thiorphan was of Mean±SE of 5-6 rats under urethane anesthesia. Thiorphan was

infused at a rate of 24 JU11ol/kg/h for 30 min followed by thiorphan plus 1 nmollkglb ANF.

The dose was a Different (p < 0.05) from the virgin in the same row; b different (p < 0.05)

from the immediate top value for virgin rats in the same column.
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3.3 Elreets 01 bolus iajectioDs 01 ANF 00 uriDary volume, sodium aod cGMP

excretioo in rats under different bormonal states:

In the studies described 50 far9 ANF was administered by intr'avenous infusion.

Sïnce it can not be detennined whether this procedure simulates physiological changes in

ANF levels9 additional studies were done to determine the effects of bolus injections of

ANF. The renal effects of ANF infusion and bolus injection were qualitatively sÎlnilar.

Therefore9 bolus injections were also used to detennine honnonal states which could

simulate the influence ofpregnancy on renal effects ofANF.

Bolus intravenous injections of ANF at doses of O.OlnmolJkg, 0.1 nmolJkg and

1.0 nmolJkg caused a dose.dependent increases in urinary volume, sodium and cGMP in

ail groups of rats. The maximal effect of ANF was obselVed within the first 10 minutes

following its injection and urine volume as weil as other variables retumed to control

levels by 30 minutes (Fig. 3.7). Data presented here are those obtained during the tirst 10

minutes after ANF injection. Quantitatively the effects of bolus injections of ANF in

different groups (Fig. 3.8) were similar to effects of infusion (Tables 3.5 and 3.6).

The effects of ANF on urine and sodium excretion was significandy less in

pregnant than in virgin rats (Table 3.5 and 3.6). Urinary volume in response to different

doses of ANF in postpartum rats was comparable to values in virgin rats; however9 the

natriuretic effect of ANF was significantly greater in postpartum than in virgin rats

(Table 3.6).

Treatment of virgin rats with progesterone caused a significant decrease in the

effects of ANF on urine volume at ail doses studied (Table 3.5).
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Relative to OVX-estradiol-17P tre3ted animais, the diuretic and natriuretic effects

of ANF was significantly less in OVX-progesterone treated animais (Tables 3.5 and 3.6).

The natriuretic effects of ANF was signiticandy less in rats treated with a

combination of esttadi~17p plus progesterone relative to that in OVX rats treated with

estrogen alone (Table 3.6).

Basal urinary cGMP was lowest in OVX rats and highest in postpartwn animais

(Table 3.7); likewise, ANF caused a significandy greater increase in cGMP excretion in

postpartum rats than in vir~ gravid, and OVX rats.
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Means ± SE of 5 experiments.
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• Table 3.5. Urine volume dUMg tbe fint 10 min alter bolus iDjeetioDS of ANF ia

female rats uader difl'ereat bormoaal states.

ANF

AnimaIs BW(g) basal 0.01 nmollkg 1.0

0.1

g J.l.1I10 min

Virgin 219:4 107±4 254±10 326:11 594±20

Pregnant 331±21· 72±8b 91±12b IS0±4b 260±13b

Postpartum 310±36- 91±8 163±8b 288±26 762±73b

Virgin+Prog. 230±5 89±5b 163±15b 256:26b 436±26b

aVX+Oil 240%6 110±3 253:6 349±13 542:21

avx + Est. 236±1 0 102%2 263±8 384±11 b 620±25

avx + Prog. 225±9 97±2Ç 206±14bc; 322±38 488±23b

avx + Est+Prog. 217±8 105:6 213±Sd 299±9d 583±31

Pregnan4 13-15 day; postpartum 72 h; OVX-ovariectomized 10-14 days earlier; Prog­

progesterone (2 mglkg/day v); Est-estrogen (0.1 mglkglday x3). Significance (P < 0.05)

in the same column compared as foUows: a with ail others; b with virgin; c with OVX­

Oïl; d with OVX-Est. Data are means ± SE of 5 experiments.
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• Table 3.6. UriDary sodium duriag tbe rant 10 miD alter bolus iDjectiODS of ANF iD

remale rats under differeDt bormonal states.

ANF

AnimaIs BW(g) basal 0.01 nmollkg 1.0

0.1

g JlIDolIlO min

Virgin 219=1:4 3.8±0.4 9.2%0.4 9.8±1.3 41.4±5.4

Pregnant 33 1±21 a 2.S±O.4b 2.5±O.Sb 4.6±O.Sb 11.9±O.9b

Postpartum 310±36a 10.7±3b 22±4.6b 57±13.4b 131±23b

Virgin+Prog. 230±S 3.1±O.6 9.2±2.9 17.7±4.2b 3S.2±3.8

OVX+Oil 240±6 S.0±0.4b 10.6±1.3 14.3±0.6b 16.6±2.2b

OVX+ Est. 236±10 7.7±O.6b 26.5±5.3c 27.7±S.3b
4S.3±1~

avx +Prog. 22S±9 6.9±1.bd lO.7±1.9d 10.4±2.6 16.9±4.2d

OVX + Est+Prog. 217±8 2.6±1.3 3.7±1.Scd 8.5±2.2cd 38±5.1

Pregnant, 13-15 day; postpartum 72 h; OVX-ovariectomized 10-14 days earlier; Prog­

progesterone (2 mglkglday x3); Est-estrogen (0.1 mglkglday x3). Significance (P < 0.05)

in the same column compared as follows: a with all others; b with virgin; c with OVX­

Oil; d with OVX-Est. Data are means ± SE of 5 experiments.
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• Table 3.7. Urinary potassium dUMg the fint 10 lDia after bolus iDjectiODS of ANF iD

female rats under different bormonal states.

ANF

Animals BW(g) basal 0.01 nmol/kg 1.0

0.1

G J.UD0VI0 min

Virgin 219±4 5.9±0.8 13.3±2.3 22.7±3.6 25.2±4.1

Pregnant 331±21- 2.8±O.6b 3.1±1.3b 12.1±3.4b 17.1±5.7b

Postpartum 310±36& 13.2±2.3b 25%6.6b 45.8±9.8b 27.2±6.2

Virgin+Prog. 230±5 11.5±2.9b 12.2±1.9 30.4±8 42.5±:12.1

OVX + Oil 240%6 6.3±0.6 14.3±l.O 18.8±1.1 27.5±5.7

OVX+ Est. 236±10 7.7±O.6 26.5±5.3K 27.7±5.3 42.1±3.9

OVX + Prog. 225±9 10.7±2.3b 14.4±2.6 15.6%2.8 27.6±6

OVX + Est+Prog. 217±8 7.1±.8 16±3.6d 21.9±4.5 3S.2±6.1

Pregnant, 13-15 day; postpartum 72 h; OVX-ovariectomized 10-14 days earlier; Prog­

progesterone (2 mg/kglday x3); Est-estrogen (0.1 mglkglday x3). Significance cP < O.OS)

in the same column compared as follows: a with all others; b with virgin; c with OVX­

Oil; d with OVX-Est. Data are means ± SE of 5 experiments.
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3.4 DISPOSITION OF ANF

3.4.1 ANF pharmacokiDetics.

Plasma ANF as a function of time yielded a rapid phase of decline (half-Iife -2.5

min) followed bya relatively slow phase of decline (Fig. 3.9). There was no significant

difference in plasma half-Iife! volume of distributio~ and plasma clearance of ANF

between virgin and 20 day pregnant rats (Table 3.8).

3.4.2 Renal metabolism of ANF· and NEP activity.

Metabolism of ANF by renal cortical membrane preparations from both virgin and

20 day pregnant rats was relatively rapid and did not differ (Fig. 3.10). Renal cortical

membranes from virgin and gravid rats degraded ANF at an apparent rate (pmol/min/Ilg

protein) of45 ± 0.6 and 4S ± 0.5, respectively. The addition of25 IJM phosphoramidon to

cortical membrane preparations completely inhibited the metabolism ofANF.

NEP activity in the cortical membranes from virgin and 20 day pregnant rats did

not differ significantly (Fig. 3.11)

104



•

•

Table 3.8. PbarmacokiDetics of ANF in virgiD and 10 day pregaaat rats uader

pentobarbital aaesthesia

Variables Virgin Gravid

Body weight (g) 250±10 320±10·

Plasma half-life (min) 2.SI±O.42 3.13±O.47

Plasma clearance (ml/kglmin) 115:t:19 124:t:26

Volwne ofdistribution (mlJkg) 371±44 526:t:120

Values are means:t: SE of6 experiments; p <0.01 compared with values for virgin rats.
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Fig. 3.9. Plasma atrial Datriuretic factor (ANF) cODceDtntioD as a function of time

after a bolus intravenous injection of IISI_ANF iDto peDtobarbital-anestbetized

virgin and 20 day pregnant rats.

Data are means ± SE of6 experiments.
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Fig. 3.10. Metabolism of ANF by Rnal cortical membrane preparations from virgin

and 20 day pregnant rats.

Cortical membrane protein was incubated with 50 fJM ANF at 37°C; shown are

unmetabolized ANF values. Data are means ± SE of5 experiments.
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Fig. 3.11. Neutral endopeptidase activity iD cortical membranes from virgin and 20

day pregnant rats.

Expressed as the rate of formation of Phe-amidomethyl-coumarin (PAMe) from N­

succinyl-Ala-Ala-Phe-7-amido-4-methylcoumarin per minute per microgram of cortical

membrane proteine Data are means ± SE of 7 experiments.
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3.5 ANF RECEPTORS

3.5.1 ANF recepton iD nDal glomeruli.

The binding of 125I-ANF1.28 to glomemlar membrane preparations trom bath

virgin (Fig. 3. 12a) and pregnant (Fig. 3.12b) rats wasto a single site. ANF1-2I completely

displaced bound 125I_ANF in preparations from bath groups of animais. However, the

truncated ligand ANF4.23, which binds only to ANF-C receptors, displaced 12sI_ANF only

partially from preparations from virgin but completely from preparations trom pregnant

rats. The Bmax for ANF-GC receptors in g{omemli ofvirgin rats was significantly higher

than in tissues from pregnant rats (Table 3.9). However, the maximum number of ANF-C

receptors was higher in the glomeruli of pregnant than of virgin rats. Pregnancy did not

significantly modify the apparent binding affinity of ANF to ANF-GC (Table 3.9) or

ANF-C receptors.

3.5.2 ANF recepton iD nDal papillae

As in the case of glomeruli, the binding of 12SI_ANF to papillary membranes from

virgin (Fig. 3.13a) and pregnant (Fig.3.13d) was to a single site. However, unlike the

glomeroli, the truncated ligand ANF 4-23 did not displace 12SI_ANF from its binding sites

in papillae (Fig. IC and D). The Bmex of 12SI_ANF binding to ANF-GC receptors in

membranes of the papillae from virgin rats was significantly greater than that to pregnant

rat preparations; binding affinity did not differ in the two groups of rats (Table 3.9).
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Fig. 3.12. DisplacemeDt canes of 1251-laheled ANF by ualaheled ANFI-lI ANF4-2J iD

membranes of reaal glomerufi.

From virgin (a) and 15-17 clay pregnant (h). Membranes were prepared from 3-4

rats for each experiment and incubated with 10 pM 12SI-ANFI_28 for 2 h al room

temperature in the presence of increasing concenttations ofunlabeled ANF1-21 or ANF4-23.

B and Bo represen~ respectively, specific binding in the presence and the absence of

unlabeled ligands. Data are means ± SE of 5 separate eXPeriments, each in duplicate.
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Fig. 3.13. Duplacement curves of 115I-labeled ANF by unlabeled ANF1-21 ANF4-13 iD

membranes of renal papiUae.

From virgin (a) and 15·17 day pregnant (h). Membranes were prepared from 3-4

rats for each experiment and incubated with 10 pM IlSl·ANF1-21 for 2 h at room

temperature in the presence of increasing concentrations of unlabeled ANF1-28 or ANF4-23.

a and Ba represen~ respectively, specifie binding in the presence and the absence of

unlabeled ligands. Data are means ± SE of 5 separate experiments, each in duplicate.
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Table 3.9. ANF reeepton iD glolDeruli aad papillae froID virgia aad 15-17 day

pregnant rats

Tissue ANF-GC ANF-GC ANF-C ANF-C ANF.c

KD KD

(PM)

79±11

61±13

({mol/mg protein)(PM) (%of

total)

Glomeruli (V) 76±26 132:=28 139±20 57±8

Glomeruli (G) 138±47 36±17· 95±10 7~7·

Papillae CV) 169±35 120%12 0 0

Papillae (G) 138±30 57±1· 0 0

Membranes were incubated with 10 pM (1231]ANF1-28 in the presence of0 to 0.1 J.lM unlabeled

ANFl-28 or its truncated analog ANF4-23 at room temperature for 2 h. The Bmg derived from the

displacement curves using ANFI-21 minus the Bmax for ANF.c receptors derived from

displacement curves using ANf4-23 yielded Bmu: for ANF-GC receptors. Data are means ± S.E.

of five separate experiments, each in duplicate; • different (p < O.OS) from the corresponding

value for the virgin rats. V, virgin; G, 15-17 day pregnant.

•
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3.5.3 cGMP production by renal glolDeruli•

The basal cGMP production rates (pmol/ min/mg protein) by glomeruli of virgin

and pregnant rats did not differ and were 1.28 ±: 0.18 and 0.96 ±: 0.16, respectively. ANF

caused a concentration dependent increase in cGMP production in glomeroJi from bath

virgin and pregnant rats; however, the effect of ANF was significantly less in pregnant

than in virgin rats (Fig. 3.14a); aIso, the maximal increase in cGMP fonnation

(pmoUmin/mg protein) was 6.62 ± 0.69 in virgin rats and significantly (P <0.005) greater

than that (4.27 ±: 0.89) in pregnant rats.

3.5.4 cGMP production by reDa. papiUae.

The basal as well as ANF-stimulated cGMP production by renal papillary cell

suspensions was lower than that by glomeruli in both virgiD and pregnant animais. The

basal cGMP production (pmollmin/mg protein) was 0.17 ±: 0.03 by papillae from virgin

rats and 0.19 ±: 0.07 by tissues from pregnant rats; these values did not difIer from each

other. As in the case of glomeruli. ANF caused a significantly less increase in cGMP

formation by papilla from pregnant than from virgin rats (Fig. 3.14b). The maximal ANF­

induced cGMP generation (pmollminlmg protein) was 1.9 ±: 0.07 in virgin rats and was

significantly greater than that (1.1 ±: 0.04) in pregnant animais.

The basal as weil as ANF (100 nM) stimulated cGMP production by papillae from

virgin and postpartum rats did not differ from each other (Fig. 3.15).
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3.5.5 MeduDary c:GMP production:

Basal as weil as ANF-stimulated cGMP generation in inner medullary collecting

duct celis was -IO-fold greater than in outer medullary collecting duct cells. ANF caused

a concentration-dependent increase in cGMP accumulation in bath cell types. However,

there was no significant difference in the effects of ANF on cGMP production by tissues

from virgin and pregnant rats (Table 3.10)
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Fig. 3.14. Effef:t of ANF oa cGMP production by the glomeruU (a) aad papmae (b).

From virgin and 15-17 day pregnant rats. Cell suspensions of tissues from 3-4

animais for each experiment were preincubated with 1 mM 3-isobutyl-l ...methylxanthine

at 37°C for 10 min and then incubated for 10 min with increasing concentrations of ANF.

The reaction was stopped by the addition of acidic ethanol, and cGMP in the supematant

was quantified by RIA. Values are means ± SE of 5 separate experiments each in

duplicate.•p < O.OS, different from corresponding values for pregnant rats.
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Fig. 3.15. Effect of ANF 00 cGMP production by papillae from virgiD and

postpartum rats.

Four separate experiments were done, each with cell suspensions of papillae from

one virgin and one day-2 postpartum rat ta study the effect of a single concentration (loo

nM) of ANF; cGMP was determined as described in fig. 3.14. Data are means ± SE of 4 •

separate experiments, each in duplicate.
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• TABLE 3.10 Effect of ANF OD eGMP fona.doa br mDer aad outer DledUUary

coUectiDg duet celb froID virgin aad 13-15 day prepaDt rats

ANF

(nM) VIMCD GlMCD VOMCD GOMCD

•

cGMP (finol/mg protein)

0 4712±1004 3185±6S1 403±110· 494±27-

0.1 5168±1040 5970±1S39 461±78· 531±13-

1.0 5297±1048 6369±1689 602±109· 632±43-

10 7168±940 7765±218 576%165· 642±34-

100 8870%464 12870±4761 838±114- 683±100-

Values are means ±SE of 4-5 experiments, each in duplieate IMCD; inner medullary

collecting duet cells; OMeo, outer medullary coUecting due:t cells; • Different (P < 0.05)

from values in !MeD.
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• Fig. 3.16 Effects of ANF OD cGMP prodUCtioD by reaal papiDae iD virgia .ad

progesteroDe mated rats.
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3.5.6 ANF receptor mRNAs in renal papillae

The riboneuclease protection assays detected m.RNA for all the three ANF

receptors (GC-~ Ge-B, and C) in the papilla ofbath virgin and pregnant rats (Fig. 3.17).

The mRNA levels for Ge-A receptors (Fig. 3.17, A and D) and ANf-C receptors (Fig.

3.17, C and F) were significantly lower in the papillae from pregnant than in papillae

from virgin rats. Pregnancy did not lead to a change in Ge-B receptor mRNA levels (Fig.

3.17, B and E).

3.5.7 ANF GC-A and GC-B receptor proteiDs in renal Papin.e.

There was a clear expression of ANF GC-A receptor protein in the papillae both

under reducing and nonreducing conditions. The signal for GC-A protein was less in the

tissues of pregnant than ofvirgin rats in ail three separate experiments as illustrated in fig.

3.18, top; no obvious difference in GC-A protein in the lungs (used as controls) of virgin

and pregnant rats was noted.

GC-B protein was barely detectable in the papillae in any of the three experiments

perfonned, although its presence was obvious in the uterus (used as a positive control).
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Fig. 3.17. mRNA levels of ANF guanylyl cyclase (GC)-A, GC-R and C receptors.
In the papillae ofvirgin and pregnant rats. A-C: fane J. tRNA control; lane 2, rnRNA for

GC·A (A), GC-B (a) and C receptors (C ) in virgin rats; lane 3, in 1S-17 day pregnant

rats; lane 4, antisense RNA probe for GC-A (A), GC·B (B) and C receptors (C ). D-F;

histograms show relative densities of mRNAs in papillae of pregnant animais as a percent

ofvirgin control for GC-A (0), GC-B (E) and C receptors (F). Data are means ± SE of 4

separate experiments.•p < 0.05, different from corresponding virgin levels.
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Fig. 3.18. Western blots of ANF GC-A (top) and GC-B (bottom) recepton in the
papiUae ofvirgïn and 15-17-day pregnant rats.
In top (GC-A) and bottom (GC-B): lane 1, ladder; lane 2, papillae from virgin rats; lane 3,

papillae from pregnant rats. Top: lane 4 and 5, lungs from virgin and pregnant rats,

respectively. Bottom: Jane 4 and 5, uteri from virgÏn and pregnant rats, respectively. Lane

2-5 are under reducing conditions. Lanes 6 and 7 are papillae, respectively, from pregnant

and virgin rats under nonreducing conditions. Western blots were prepared utilizing

polycionai anti-receptor antibodies.
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3.6SUMMARY

• Pregnancy attenuated the diuretic and natriuretic etTects of ANF; these effects

retumed to virgin levels during the postpartum periode

• ANF pharmacokinetics and renal metabolism were not altered during pregnancy.

• Pregnancy was associated with a significant decrease in ANF-GC-A receptors in renal

glomeruli and papillae as detennined by radioligand binding. Pregnancy led to a

decrease in ANf-GC-A receptor mRNA and receptor protein in renal papillae; these

studies were not done with renal glomeruli.

• Pregnancy was associated with a decrease in cGMP production by renal glomeruli

and papillae.

• The influence of pregnancy on the renal effects of ANF was partially but not

completely mimicked by progesterone.
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CHAPTER FOUR: DISCUSSION

Pregnancy is associated witb marked changes in tluid and electtolyte homeostasis;

in addition to marked changes in hormone balance and cardiovascular adaptations, there

is progressive expansion of the ECf and plasma volumes, and an increase in GFR and

RPF (28). The mechanisms contributing to these changes in tluid and electrolyte balance

are largely unkno~ although marked adaptations must occur in the regulatory systems

of the body in order for both fluid expansion and net sodium retention to take place.

The production of renin and its substrate angiotensinogen is markedly elevated

during gestation; this increase in plasma renin activity is associated with high ANG il

and aldosterone secretion (28, 34, 67); in addition pregnancy is accompanied by high

levels of prostaglandins which have been shovm to stimulate renin release and contribute

to the already high circulating aldosterone (70). Since aldosterone promotes sodium

reabsorption by the renal collecting duets, the increased aldosterone levels are conducive

to the plasma volume expansion observed during pregnaney.

Marked changes aIso oceur in the ADH and thirst mechanisms during pregnancy

(43, 44, 83). ADH increases water penneability of the eollecting duets and thereby

promotes water retentioD. Plasma ADH levels are Dot altered during pregnancy and in

both pregnant wornen and animais there is an inereased water and salt appetite despite a

significant fall in plasma osmolality (44). Pregnaney is assoeiated with lowering of the

threshold for ADH release; these changes in the osmoregulatory system during pregnaney

favor fluid expansion.
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In the face of an expanding extrKelluiar fluid space one expects changes in the

regulatory mechanisms that promote solute and water excretion within the body. ANF by

virtue of its diuretic, nattiuretic, aldosterone suppressant aetivity acts as a counter­

regulatory of the renin-ANG ll-aldosterone-axis. Normally expansion of the ECFV is

accompanied by elevatioD in plasma ANF levels and low plasma a1dosterone. However,

this antagonistic relationship between plasma aldosterone and ANF levels is not observed

during pregnancy as plasma ANF levels remain unaltered throughout the course of

gestation (316, 318, 322). In contrast, plasma ANF levels rise and aldosterone levels fall

in the immediate postpartum period (318, 320) accounting for the diuresis and natriuresis

seen in the puerperium in arder ta restore the expanded maternai volume to normal.

Therefore it seems that there is some mechanism that prevents ANF from exening

its usual biological effects during pregnancy, a possibility that is conducive to the fluid

expansion observed during gestation. Therefore, these studies tested the hyPOthesis:

An attenuanOD of the reDal effects of ANF might be required to .Dow

pbysiologiaUy needed plasma volume expaDsion duriDg pregDaDC)'.

Therefore, the objectives of this study were to determine if the renal effects of

ANF are attenuated during pregnancy.

For this purpose virgin, pregnant and postpartum rats were used. Sïnce data

revealed that pregnancy did attenuate the renal effects of ANF, studies were done to

detennine the underlying mechanisms. For this purpose we detennined the influence of
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pregnancy on ANF pbarmacokinetics and renal metabolism7 on ANF receptors and on the

effects of ANF on cGMP production by renal tissues.

The rat bas been extensively used ta study the changes seen during pregnancy as

weIl as to understand the mechanisms that are responsible for the adaptations in fluid and

electrolyte homeostasis associated with pregnancy (227 26, 33). Most of the information

about changes on renal hemodynamics, renal tubular functio~ changes in the

osmoregulatory system as well as Many other adaptations seen during pregnancy bas been

derived from studies performed in the pregnant rat (127 17,43,44).

TItus the pregnant rat seemed a suitable model to conduct our studies on the renal

effects ofANF during pregnancy.

Like in humans, rat pregnancy is associated with an increase in extraeellular fluid

and plasma volume7 an increase in RPF, GFR cardiac output and a decrease in blood

pressure. The decrease in blood pressure is more pronounced near tenn and GFR tends to

reach a peak near mid-pregnancy and then decline to prepregnant state by the end of

gestation (l0). The present study also round an increase in plasma volume, inulin space

(which represents the ECFV) and GFR and a decrease in blood pressure. Most of these

variables retumed to prepregnant values in the postpartum period (Table 3.1). These

findings are essentially in agreement with those reported in the Iiterature (S, 10).

However, the present study recorded relatively low basal GFR and plasma volume and a

significant decrease in blood pressure near midgestation. Il is very likely that cenain

discrepancies between our tindings and those of others (S, 10) may he caused by
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difference in the experimental conditions of these studies; for example, our data are

derived from urethane-anesthetized rats.

One possible mechanism by which fluid and electrolyte expansion during

pregnancy might not he opPOsed by ANF could he a decrease in the synthesis and release

of ANF. To test this possibility we studied the changes in plasma ANF and aldosterone

along the course of pregnancy by seriai measurements hefore, during and after pregnancy

(Fig. 3.1). Significant increase was observed in plasma aldosterone throughout the course

of pregnancy and a precipitous drop after parturition. On the other han~ plasma ANF

levels during pregnancy remained uncbanged except for a sligbt but significant increase

on clay six of pregnancy. Plasma ANF levels were significandy elevated in the immediate

postpartum period. The findings in plasma ANF are in agreement with those reported by

Kaufinan et al. (336) who demonstrated that atrial stretch-induced ANF release was

significa:ltly higher in day seven pregnant than in virgin control rats. Over aU, these data

suggest that fluid expansion during pregnancy is not contributed by a decrease in plasma

ANF. The increase in a1dosterone, while conducive to plasma volume expansio~ could

also suggest that the usual aldosterone-suppressant effect of ANF is not fully operative

during pregnancy; this inference is consistent with the previously reported decrease in the

aldosterone-suppressant effects of ANF on zona glomerulosa ceUs from pregnant rats

(324a).

Although plasma ANF levels during pregnancy do not change in the direction as

required for tluid expansio~ the sudden increase in plasma ANF during the postpartum

may he of physiological relevance. The increase in ANF and the fall in a1dosterone
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during the immediate postpartum period could contribute to the diuresis and natriuresis

seen in the puerperium and the restoration of the expanded maternaI volume to nonnal. It

is quite possible that the decrease in aldosterone during the postpartum period is

contributed by restoration ofor an increase in the aldosterone-suppressant effects ofANF

for which there is experimental evidence (324a).

We should mention that the seriai plasma ANF values reported in these study are

higher than those reported in the literature (318, 322); this is probably due to our method

of collection of the blood samples. We collected blood from the tail vein under ether

anesthesia which bas been shown to he associated with elevated plasma ANF levels

(337). Nevertheless, the values of this study follow the general trend that bas been

observed (322). Given the wide variations in plasma ANF between different animais, the

seriai samples from the same animal perhaps are fair indication of changing profile of

ANF levels during pregnancy and postpartum.

The puzzle of increased activity of the reoin-ANG II-aldosterone in the face of an

expanding plasma volume bas received a lot of attention and led to sorne controversy.

Sorne workers (41) have bypothesized that the regulatory systems sense the intravascular

volume as an underfilled state, thus stimulating the renin-ANG II-aldosterone axis. The

peripheral vasodilatation that occurs carly in pregnancy is perhaps due to elevated levels

of vasodilators such as PGh, NO and the decreased responsiveness of the vascular system

to pressor honnones (70, 75, 90 ); in addition the placenta might act as an arteriovenous

fistula leading to a further decrease in the peripheral vascular resistance. Therefore, the

effective blood volume, a measure of how the arterial volume fills the vascular space~
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would faIl; this would be sensed by the baroreceptors in the carotid sinus and aonic arch

as weil as the volume sensors in the atria and venous circulation and in tum lead to an

activation of the sympathetic nervous system and stimulation of the renin-ANG-U­

aldosterone system.

However, plasma levels of norepinephrine, an index of sympathetic activity, are

not elevated during pregnancy (338, 339), as one would expect if the vascular system

was under filled. Thus, the underfill theory seem to he too simplistic to explain the

changes in Buid and electrolyte homeostasis that is observed during gestation.

Other workers (340) have suggested that the increased aldosterone levels during

pregnaney exceeds the physiologie requirements and do not contribute to the sodium

retention of pregnancy; this view is based on the fact tbat the mineralocorticoid-induced

sodium retention ceases after the body achieves a new steady state despite continued

mineraiocortieoid administratio~ a phenomenon tenned aldosterone escape (340, 341).

However, aldosterone secretion ehanges appropriately in response to various stimuli such

as sodium intake, saline infusio~ upright posture and diuretic therapy (71, 72, 73) during

pregnancy; it is thus very unlikely that aldosterone levels during pregnancy are beyond

the physiologieal requirements with little or no role in the sodium retention associated

with pregnaney.

In the context of the physiology of aldosterone levels during pregnancy, the data

of this study at least demonstrates that its increase during pregnaney and decrease during

the postpartum period is in accordance with the ehanges in plasma volume.
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As mentioned earlier we did not observe changes in plasma ANF levels during

the course of rat pregnancy althougb atrial natriuretic factor levels in plasma are thought

to he an index of atrial pressure. Given the substantial increase in plasma volume during

pregnancy one would expect ANF levels to he elevated. However, ANF levels not ooly

remain unchanged during the course of pregnancy but also ANF secretion in response to

atrial stretch are blunted during pregnaney (336).

There may he severa! reasons which prevent a change in ANF levels during

gestation. FUst, pregnaney is associated with reduced vascular tone and an expanded

maternaI vascular compartment which leads to a decrease in the effective circulating

volume and therefore to a reduction in rigbt atrial pressure; however, similar degrees of

atrial stretch was associated with a blunted ANF release in pregnant rats (336) which

implies the involvement of other factors besides the reduced filling pressure in the lack of

change in plasma ANF levels. Such a mechanism which prevents change in ANF levels

during pregnancy could he the resetting of the atrial volume sensors to accommodate the

expanding plasma volume. Second, pregnancy could result in an increased degradation of

ANF; however, this possibility was ruled out in this and other studies (342). A third

possibility could be that chronie states of volume expansion such as during pregnancy

might not lead to elevated ANF levels as observed during acute increases in plasma

volume; tbis notion is supported by the findings ofNadel el al. (318), who demonsttated

that ANF levels remained unaltered in pregnant and non pregnant uninephrectomized rats

treated with OOCA and high salt die~ a condition that is known to expand the

extracellular space.
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There are DumeroUS studies on the renal effects of ANF. However, there are very

few studies that have examined the influence of- pregnancy on these effects (343 344,

345). In the present study we found that the natriuretic and diuretic etIect of ANF were

significantly less in pregnant than in virgin rats. In fact tbis anenuation of the renal effects

of ANF increased as pregnancy progressed. For example, the diuretic and natriuretic

etIects of ANF was less in 21 clay than in 13-15 day pregnant rats (Fig. 3.5; 3.6); this is

consistent with the observations that more than 50% of the increase in ECFV in rats is

seen in the last week of gestation and maximal refractoriness to the renal etIects of ANF

at this lime would ensure the ideal plasma volume expansion to be achieved.

Our data that pregnancy attenuated the renal effects of ANF are in confonnity

with the findings of other investigators, who also found a significant decrease in the

natriuretic etIects of ANF in pregnant rat (343, 344) and goats (345). Kaufman al. el. also

found that atrial stretch of rats at various stages of pregnancy was not accompanied by

significant diuresis and natriuresis as was observed in virgin rats (346). A decrease in the

nauiuretic effects of a bolus injection of atriopeptin n has a1so been reported a1though

these workers attributed this to the change in the volume of distribution of atriopeptin n

(319). In the present study we used continuous infusion (to achieve steady state plasma

ANF levels) rather than a bolus injection; and we found that there was no difference in

irANF before or after exogenous ANF infusion. Thus, the reduced responsiveness to ANF

during pregnancy cannot he attributed to differences in plasma ANF levels.

The finding that irANF were similar between virgin and pregnant rats suggests

that factors other than ANF probably play an important role in the increased GFR and
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decreased vascular tone observed in pregnancy. Recent studies have implicated increased

endothelium derived relaxing factor (NO) for the changes in GFR and RPF during

pregnancy (90, 91).

The decrease in the diuretic and natriuretic effects of ANF in pregnancy found in

this study is unlikely to he due ta difference in its etTects on MBP of virgin and pregnant

rats. Although the basal MBP was less in pregnant rats, the hypotensive effect of ANF

was relatively [ess in pregnant than in virgin rats, in conformity with other repons (343)

such that the MBP of virgin and pregnant rats at different doses of ANF did not

significantly differ. This is funher evidence for the attenuation of the effects of ANF

during pregnancy at several sites; its renal as well as its hypotensive effect.

The major mechanism by wbieh ANF inhibits diuresis and natriuresis is by

inhibiting sodium reabsorbtion in the inner medullary colleeting duets (347) and to a

certain extent by increasing the filtered load of solute i.e. GFR (256); the contribution of

other factors, such as changes in renal plasma flow, ttansepitheliaI driving forces,

inhibition of renin, and interactions with other hormones might he less important (119,

277).

We did not tind any significant difference in the absolute GFR at different doses

of ANF between virgin and pregnant rats (Fig. 3.4a). However, the increment in GFR was

signifieantly less in pregnant man in virgin rats. ANF increases GFR by causing dilatation

of the afferent arterioles and contraction of the efferent arterioles; it aIso increases the

surface area available for filtration by rising kr, the ultrafiltration coefficient, by its direct

action on the mesangium (254,255). The finding that ANF caused less increment in GFR
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than in virgin rats implies that the actions of ANF al the g10meruli are blunted during

pregnancy; the contribution of this to the attenuatioD of the diuretie and natriuretie effccts

of ANF can not he excluded, although ANF can produce diuresis and natriuresis

independent of changes in GFR (257, 348). It is also possible that the smaller increase in

GFR following ANF infusion in pregnant than in virgin rats could be due to a higher

basal GFR in the former than in the latter group of animais.

The excessive increases in GF~ particularly in virgin and postpartum rats, at

higher doses of ANF, found in this study migbt also reflect washout of residual inulin

during profuse diuresis rather than the true changes in GFR.

Most of the effccts of ANF, including on the glomeruli (265) and eol1ecting duets,

are mediated by activation of particulate guanylyl cyclase and the generation of cGMP

(265, 273). Therefore, urinary levels of cGMP were measured to find out if the

attenuatioo of the renaI effccts of ANF are accompanied by decreased urinary cGMP

levels. In the present study, however, basal urinary cGMP excretion of virgin and

pregnant rats did not significantly difTer (Table 3.2). Il bas been reponed that in

unrestrained Long-Evan's rats, the 24-h urinary excretion of cGMP is increased during

pregnancy, presumably due to increased nitric oxide formation (90). The discrepancy

between our data and that of the above mentioned study (90) is perhaps due to the

relatively short period of urine collection, physical restraints caused by the anesthetic and

SO 00.

There was 00 significant decrease in urinary cGMP excretion in pregnant rats

despite a decrease in the natriuretic effects of ANf. Moreover, the natriuretic effects of

135



•

•

ANF in postpartum rats was comparable to that ofvirgin rats although its effect on cGMP

excretion was less in postpartum than in virgin rats. The likely explanation for a lack of

difference in the effect of ANF on urinary cGMP in different groups of rats (~

pregnant and postpartum) could because urinary cGMP is derived from various tissues~

which might mask any attenuation in the effects ofANF on specific renal sites.

The over ail effects of any honnooe are detemined oot ooly by its actions on

specifie functional receptors, but aIso by its bioavilability. The studies involving

concomitant infusion of ANF..23 plus ANF and of ANF plus tbiorphan were undertaken

to shed sorne light regarding the mechanisms underlying the attenuation of the diuretic

and natriuretic effects of ANF by pregnancy. ANF is degraded by two independent

mechanisms; ANF receptor-C mediated intema1ization followed by lysosomal hydrolysis

(231) and enzymatic degradation by oeutral endopeptidases (326).

ln the present study, intravenous infusion of ANF4-23. a specifie ligand for ANF

clearance receptors and lacking direct (200) action iDcreased fluid and solute exeretion in

both virgin and pregnant rats (Table 3.3); these data are in agreement with other studies

which showed that truncated ANF..anaiogs induced inereased diuresis and natriuresis and

raised irANF levels in anesthetized rats (200). However, there was difference in the

effects of ANF4-23 as weil as its influence 00 the effects of ANF in virgin and pregnant

rats. For example, ANF4-23 caused 67 ± 190.4 increase in sodium exeretion in virgin rats

whereas the increase in pregnant rats was 173 ± 40% . At equivalent rates of infusion of

ANF4-23, its natriuretic effect relative to that of ANF (1 nmol/kg/h) was -37% in virgin

rats and 133% in pregnant rats. Also ANF4-23 caused a greater potentiation of the effects
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of ANF on GFR of pregnant than in virgin rats. Thus, the disproponiaDately greater

potentiation of the effects of ANF by ANF4-23 in pregnant rats led ta comparable

natriuretic responses in pregnant and virgin rats (Table 3.3) and implied that pregnancy

might lead to an increase in ANF-e receptors and in tum to the receptor-mediated

metabolism of ANF; this possibility was not ruled out in these in vivo studies as we did

not establish whether or not we used sufficient ANF4-23 to saturate all the clearance

receptors. It should, however, he pointed out that ANF4-23 caused a greater potentiation of

the effects of ANF on sodium excretion than on GFR, suggesting that sites other than the

glomeroli such as collecting duets might make important contribution in the modulation

of the effects of ANF during pregnancy.

An inhibition of endopeptidase 8Ctivity is also known to potentiate the effects of

ANF; the administration ofthese inhibitars have been associated with increased diuresis,

natriuresis and increased circulating ANF levels (246, 349). The present study also found

that thiorphan, an endopeptidases inhibitor (249), produced an ÏDcrease in tluid and

sodium excretion. Although these effects were less pronounced than with ANF4-23, the

concomitant infusion of thiorphan plus ANF produced comparable natriuresis in virgin

and pregnant rats (Table 3.4).

Thus, the simultaneous administration of ANF with inhibitors of its receptors or

endopeptidase-mediated degradation, increased the natriuretic effect of ANF in pregnant

rats to levels in virgin rats. In view of comparable post-infusion plasma ANF levels in

virgin and pregnant rats it appears that ANF4-23 and thiorphan mainly inhibited the

intrarenal degradation of ANF, as suggested by other studies (349). The findings with
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ANF4-23 and thiorphan suggest tbat the attenuation of the renal etIects of ANF in gravid

animais was at least in part caused by increased metabolism. Consequently, studies were

carried out to determine the influence of pregnancy on the disposition of ANF. Our

findings suggest that changes in the disposition of ANF might play a minor role, if any al

ail, in the pregnancy associated attenuation ofthe diuretic and natriuretic etIects ofANF.

ANF pharmacokinetics were determined by using tracer amounts of [l2SI]_ANF as

mentioned in the methods section; the pharmacokinetics of [12SI]_ANF bas been repol1ed

to be identical to that ofendogenous ANF1-21 (229). A rapid followed by a relatively slow

decline in plasma ANF after a bolus injection as found in this study, bas aIso been

reported by severa! workers in rats (229 , 244, 245, 326), dogs (325), and sbeep (350).

This plasma phannacokinetic profile of ANF perbaps retlects its receptor-mediated and

receptor-independent metabolism (229, 246, 248). Despite the overall similarity, the

plasma half-Iife of ANF detennined in tbis study is slightly longer than that repol1ed by

others (229, 243, 244, 326) but identical with one report in rats (245). Probably this

discrepancy reflects difference in techniques used to separate intact e2S l]-ANF, we used

HPLC for separation while others (229, 326) used trichloroacetic acid precipitation.

Because the plasma half-life is inversely related to the plasma clearance, the factors

resulting in a somewhat shorter half-life would explain the slightly larger plasma

clearance rates reported by these workers (229,243,326).

We are not aware of any studies on complete pharmacokinetics of ANF in

pregnant rats. Data on plasma clearance.of ANF determined in this study are very sunHar

to values reported from continuous infusion of ANF in conscious virgin and pregnant rats

138



•

•

(342). Moreover~ sunilar to the previously cited study (342)~ we did not find any

significant difference in the plasma clearance rates between virgin and pregnant rats. A

lack ofeffect of pregnancy on the plasma half-life of ANF bas also been reported in sheep

(350). Taken together, these observations suggest that the primary mechanism of the

attenuation of the diuretic and natriuretic effects of ANF in pregnancy are not changes in

its plasma pharmacokinetics.

The results of studies on the in vitro metabolism of ANF by renal cortical

membrane and renal cortical NEP activity, were consistent with a lack of significant

influence of pregnancy on plasma pharmacokinetics of ANf. The brush border of the

proximal convoluted tubules in the renal cortex are rich with neutral endopeptidases and

there is strong evidence that NEP of the proximal tubular brush border is resPOnsible for

the major receptor-independent metabolism of ANF (249, 351); the findings ofthis study

supports this view. The significance of renal metabolism of ANF in its renal effects is

supported by the observations that inhibitors of neutral endopeptidase increase plasma

ANF levels (351) as weil as the renal effects of ANF as found in the present and other

studies (246). Il can thus he assumed that an increase in endopeptidase activity during

pregnancy could theoretically lead to a decrease in the biological effects of ANF.

However, the present study found no difference in the metabolism of ANF by cortical

membranes from virgin and gravid rats (Fig. 2). Because the NEP inhibitor

phosphoramidon (328) almast completely inhibited the degradation of ANF by cortical

membrane preparations, it cao he assumed that ANF degradation was mediated by NEP.

In addition to this, a direct measurement of NEP activity in renal cortical membranes

from virgin and gravid rats again revealed no difference. l'bus, our findings suggest that
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the modulation of the renal effects of ANF during pregnancy cannot he contributed by

changes in its NEP-mediated renal metabolis~ although the possibility of changes in

receptor-mediated metabolism of ANF cao not he ruled ouL

ANF induces diuresis and natriuresis by increasing the filtered solute load and by

inhibiting sodium reabsorbtion in the inner medullary collecting ducts. The increase in the

filtered load at the glomerolar level is mediated not only by preglomerular dilatation and

postglomerular constriction (253), but also, by an action on the glomerular mesangium,

which contain ANF receptors and respond to ANF by marked cGMP production (255,

265). However, ANF cao cause diuresis and natriuresis without increasing GFR (257,

258). The main site ofaction of ANF is thought to be the inner medullary coUecting duets

where it inhibits sodium reabsorbtion (119, 273, 347); al this site ANF interacts with

partieulate guanylyl cyclase stimulating eGMP production whieh then inhibits amiloride­

sensitive sodium channels either directiy or through the activation of cGMP-dependent

protein kinase (271, 272).

We found that ANF caused a smaller increase in GFR in pregnant than in virgin

rats; this would suggest that pregnaney might modify effects of ANF both on the

glomeruli and eollecting duets. Since we and others (342) did not find any changes in the

metaboLism of ANF during pregnancy, the possibility that a decrease in the diuretie and

natriuretie effccts of ANF during pregnancy might he caused by a downregulation of renal

ANF-GC receptors was investigated. Our findings support this possibility.

Severa! investigators have shown that the rat glomeroli contain bath ANF-GC and

ANF-C receptors; in contras~ the rat papillae eontain on1y ANF-GC linked reeeptors but
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not ANF-C receptors (199,216,241,331). There is also evidence from cross-linking and

radioligand binding studies (199, 241, 331) that the renal papillae contain primarily Ge-A

linked ANF receptors. We also found that ANF4-23 a selective ligand for ANF-C receptors

(200) displaced [12SI]ANFl _28 binding from glomerular but not from papillary membrane

preparations, suggesting that ANF-C receptors were not present in the papillae.

We measured the displacement of [12SI]ANFI28 by unlabeled ANFI-28 to quantify

all the three ANF receptors and by ANF4-23 to estimate ANF-C receptors. Consistent with

other studies (199, 216,241, 331) which demonsttated that the selective C-receptor ligand

ANF4-23 was unable to displace [1251]ANF1-28 from papillae; we also found that ANF4-23

did not displace labeled ANF 1-28 from papillary preparations, indicating the absence of

ANF-C receptors in this tissue. However, ANf4-23 did displace e2SI]ANF1-2& from

glomerular membrane preparations, indicating the presence of ANF-C receptors in the

glomeruli as reported by other workers (216, 241, 331). It is noteworthy to mention that

studies have demonstrated that the majority of ANF receptors in the glomeruli are

clearance receptors (200, 212). Similarly~ we found that ANF4-23 displaced -60% and

800/0 of the receptors in glomeruli in virgin and pregnant rats, respectively, confuming

previous reports regarding the predominance of ANF-C receptor in the glomeroli.

Data of our study indicate a significant decrease in ANF-GC receptors and a

relative increase in ANF-C receptors in glomeruli of pregnant rats (Table 3.9); this would

suggest that an increase in receptor-mediated metabolism ofANF during pregnancy might

contribute to the attenuation of its renal effects; this inference is in agreement with our in

vivo studies, which revealed that ANF4-23 produced greater diuresis and natriuresis and a
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greater potentiatioD of the diuretic and natriuretic effects of ANF in pregnant than in

virgin rats (Table 3.3).

This study also demonstrates that the downregulation of ANF Ge-A receptor

density during pregnancy is associated with a decrease in the etIects of ANF on cGMP

production bath in the glomeruli and papillae. We did not detect any difference in the

effects of ANF on cGMP generations when we used preparations comprising of both

outer and inner medullary tissues; however, we round that pregnancy caused a significant

decrease in cGMP in response to ANF when we used the clearly defined papillae. It is

reasonable to assume that using the entire medulla, which contain bath outer and inner

portions of collecting ducts, masked the difference in the effects of ANF on cG.MP

production by preparations from virgin and pregnant rats. It is very possible that the

differences might he more pronounced in the papillae that contain the terminal collecting

duets than in the preceding portions of the nephron; the tenninal coUecting ducts contain

maximal intensity ofGC-A mRNA and ANF produces the maximal increase in cGfvlP in

this portion (240, 331). In any case, a decrease in the maximal effects of ANF on cGMP

generation by glomenùi and papillae of pregnant rats can explain the reponed attenuation

of the renal effects ofANF during gestation (333,343,344, 346).

Furthermore, we found comparable effects of ANF on cGMP production by

papillae from virgin and postpartum rats; these fmdings are consistent with our in vivo

observations that the diuretic and natriuretic effects ofANF are restored in the postpartum

period.
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To further confum our data derived from binding studies, we quantified ANF receptor

rnRNAs by RNase protection assay and receptor proteins by Western blot analysis.

mRNAs for ail the three ANF receptors (GC-A, GC·B andC) were detected in the rat

papillae (Fig. 3.17); these findings are in conformity with previous reports documenting the

expression of GC-A (240,242) and GC-B (240) mRNA in the rat papillae. To our knowledge

the expression of ANF-C receptor mRNA in rat papillae bas not been previously exam.ined~

although the presence of ANF-C receptor mRNA has been demonstrated in pig papillae

(230).

Western blot anaIysis clearly showed the presence of GC-A receptor protein in the

papillae (fig. 3.18). However, GC-B-receptor proteins were barely detectable in the papillae

but their expression was evident in the uterus which was used as a positive control (Fig.

3.18). An earlier study aIso found no GC-B in rat renaI papillae (241). Thus, it seems that the

principal fonn of GC-coupled ANF receptors in rat papillae is of the GC-A type. To our

knowledge this is the first study to definitively establish the absence of GC-B receptor

proteins in the renaI papillae of the rat using Western blot analysis; others (199, 241) have

arrived at a similar conclusion using either receptor cross-linking studies or by detennining

the ability of CNP (a specific ligand for GC-B ) to stimulate cGMP production in the

papillae.

We did not detect ANF-C receptors in the papillae by radioligand binding studies,

which is in agreement with earlier studies feporting the absence of this receptor in the

papillae (199, 216, 241).
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A decrease in mRNA for GC-A receptors during pregnancy was accompanied by a

decrease in receptor proteins. The specificity of the changes in ANF GC-A-receptor

proteins in renal papillae during pregnancy is suggested by a lack of change in its

expression in lungs.

The modulation of GC-receptors by pregnancy as our findings indicate primarily

reflects changes in Ge-A linked ANF receptors. This inference is supported by the data

that GC-A receptor protein was much more abundant in papillae from virgin than from

pregnant rats. Assuming that GC-B receptors are expressed in rat papillae the fact that we

did not observe any decrease in Ge-B receptor mRNA during pregnancy is suggestive of

no or little change in receptor proteins. Moreover, ANFI-28 bas a low affinity for GC-B

receptors (208, 211, 213); it is thus seems reasonable to infer that the decrease in the

effects of ANF1-28 on cGMP production on the papillae is primarily due to a

downregulation ofANF GC-A receptors.

Il is also noteworthy that sunilar to the findings in the papillae and glomeruli, we

round that GC-A receptor protein in the aci.renal zona glomerulosa cells (352) and Ge-B

receptor proteins in the uterus (352a) were downregulated during pregnancy. Since

downregulation of ANF-OC in adrenals and uteri was associated with a decrease in the

effects of ANF in these tissues (352, 352a), it is tempting to suggest there exists a causal

relationship between an attenuation of the renal etTects of ANF and a downregulation of

i15 receptors.

Downregulation of ANF receptors bas been reported in conditions associated with

hypervolemia, such as congestive hem faHure, renal failme, cirrhosis and OOCA-salt
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induced hypertension (353, 354, 355). However, these conditions are also associated

with increased plasma irANF and il bas been suggested that the rise in irANF may he

responsible for receptor downregulation (356). Hirata et al. (356) have demonstrated that

exposure of vascular ANF receptors to ANF at physiological concentrations leads to a

marked decrease in total ANF receptors with no change in affinity, suggesting that ANF

downregulates its receptors probably due to receptor intemalization and hydrolysis following

ligand occupation.

Fluid expansion during pregnancy, on the other band, is physiological and is not

associated with an increase in irANF. Hence a downregulation of ANF receptors could not he

attributed to changes in ANF levels. It is tempting to suggest that downregulation of ANF

receptors during pregnancy might he a physiological mechanism by which the body achieves

expansion of ECFV during gestation. In agreement with this assumption is the fact that we

did not find global downregulation of ANF receptors but a selective regulation such that the

significant changes in GC-A receptors were found in the tissues that are intimately involved

in the maintenance of fluid and electrolyte homeostasis, that is in the renal glomeruli and

papillae (this study) as weil as in the adrenal gland (352).

Although our data c1early demonstrates that pregnancy is associated with a

downregulation of ANF-GC receptors the physiological mechanism involved in this process

is not clear from our studies. Several possibilities exist and we explored sorne such as the role

of sex steroid honnones.
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ANG fi bas also been shown to directIy down regulate g10merular ANF receptors

(357). Given the increased activity of the renin-angiotensin system during pregnancy it is

reasonable to speculate that ANG fi might he involved in the pregnancy-associated

downregulation of ANF receptors. Il bas been demonsttated that renal denervation leads

to up-regulation of ANF receptors in the glomeruli and ANG II cm abolish this etIect

(358, 359). Our data do not rule out a role for ANG il in the downregulation of ANF

receptors during pregnancy.

Studies (360, 361) have implicated increased renal sympathetic nerve activity for

attenuating the natriuretic effects of ANF in cirrhotic rats since renal denervation restored

the response to ANF. On the other band, renal denervation was not accompanied with

increased natriuresis in nephrotic rats (362). These pathophysiologic states of tluid

expansion are usually accompanied with movement of intravascular fluid into the

interstitial space leading to edema and ascites; the pregnancy associated tluid expansion

dose not occur by similar mechanisms. Nevertheless, the possibility that renal

sympathetic nerve activity might contribute to the modulation of the renal effects of ANF

during pregnancy is an area that deserves exploration.

There are profound honnonal changes that occur during pregnancy which could

lead to a downregulation of ANF receptors. Most noticeable, is the marked increase in

plasma progesterone levels. Progesterone treatment is also known to mimic some of the

changes observed during rat gestation: such as increases in plasma volume, and GFR

(18). We have previously shown that progesterone inhibited the tocolytic (324b, 363), and

aldosterone suppressant activity of ANF (324a, 332). This antagonistic relationship
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between progesterone and ANF my he important in the relative refractoriness to Ûle

natriuretic and aldosterone suppressant activity of ANF (324~ 332), which may in part

account for the physiological changes in body fluid and renal sodium bandling during

pregnancy and postpanum. There is evidence for a modulation of ANF receptors by sex

hormones (332). We have demonstrated that estrogen upregulates and progesterone

downregulates ANF receptors in the uterus and adrenal gland (332, 364).

Therefore, the principal objective of the experiments done under different

hormonal states was to explore the mec::hanisms and the hormones responsible for

modulating the diuretic and natriuretic etTects of ANF during pregnancy. We tested if

progesterone conUibuted to the pregnancy-associated refractoriness ta the renal etTects of

ANF for severa! reasons. First, pregnancy is associated with a progressive increase in

plasma progesterone, which bas been shown to reproduce the effects of pregnancy on

GFR and ECFV. Second, we have shown that progesterone attenuated the a1dosterone­

suppressant and tocolytic etIec::ts ofANF (324a, 324b).

Severa! groups of female rats under various hormonal states were used to fmd out

if the influence of pregnancy was exerted via progesterone. The findings of this study do

not clearly establish this relationship, a1though they do not exclude the possibility that

progesterone might he a contributing factor. For example the diuretic effect of ANF was

consistently less in virgin rats treated with progesterone than in untreated virgin rats

(Table 3.S); 1ikewise, injections of progesterone plus estrogen resulted in a decreased

diuretic and natriuretic effects of ANF relative to its effccts in OVX rats treated with

estrogen alone (Table 3.5; 3.6). On the other band, injection of progesterone to virgin rats
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or to OVX.estradiol tteated rats did not decrease the natriuretic effects of ANF al all dose

levels and the reduction in ANF effects was much less than that observed in pregnant rats.

In additio~ the cGMP response to increasing doses ofANF were sunHar in virgin

and progesterone-treated rats (Fig. 3.16) suggesting that progesterone does not affect Ge­

linked ANF receptors; however, this study does not preclude the possibility that

progesterone might exert its influence at a site beyond cGMP formation.

Thus~ it seems difficult to definitively establish the role that progesterone might

play in attenuating the renal effects of ANF given the above described inconsistencies;

however, these inconsistencies May be due to the possibility that it is difficult to

experimentally reproduce the complex honnonal changes and their temporal profiles

during pregnancy. Certainly, one cannot claim our technique of once a day injections of

progesterone or esttogen in intact or OVX-animals cao reproduce the relative balance

between estrogen and progesterone during pregnancy. In addition, any independent effect

of progesterone (95, 96, 99, 365) and estrogen (366) on renal sodium and water handling

May have fw1her complicated the results of this study. It is noteworthy to mention that

sorne workers (340, 341), have suggested that the high circulating levels of aldosterone

during pregnancy are secondary to the higb progesterone levels (340). In one study (340),

plasma concentration of the two hormones correlated significantly and the administration

of progesterone to nonpregnant volunteers or to wornen with dead fetuses but intact

placenta increased plasma aldosterone levels; however, the incrernents in plasma

aldosterone were less than that observed in pregnancy.
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In conclusion, this study demonstrates that rat pregnancy is associated with an

attenuation of the diuretie and natriuretie effects ofANF; this decrease in the renal effects

of ANF is eondueive to the fluid expansion that aecompanies gestation. Our findings also

reveal that the refractoriness of the gravid rat to the renal effects of ANF are neither due

to an increase in the in vivo degradation of ANF nor to increased renaI eortical

endopeptidase activity but due to a decrease in the ANF Ge-A receptors and receptor

mRNA and the effccts of ANF on cGMP production. The downregulation of renal ANF

receptors and hence in its efIects might he a physiologicaJ adjustment to allow

fluid/electrolyte expansion during pregnancy.

Although ANF exerts profound effects on the kidney, adrenal glands and

cardiovascular system (119), 50 far no pathologie state bas been identified to he due to

excess or deficiency of ANF. The modulation of the renal effccts of ANF as weIl as the

downregulation of its receptors during pregnancy in the face of an expanding plasma

volume, imply that the fluid and elcctrolyte homeostatic mechanisms within the body

regulate ANF according to the physiological needs. Perhaps the dynamic adjustments

between the physiologically required plasma volume and the fonctions of ANF are

important reasons why a pathologie state does not progress because of dysfunction of the

ANF system. Moreover, a lack ofassociation ofANF with any disease in way undermines

the role of ANF as a modulator of fluid-electrolyte homeostasis.
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