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ABSTRACT 

In response to i. v . ANF a t 175 ng/kg/min, normal dogs 

increase sodium excretion (t.UNaV=150 uEqJmin) independent 

of changes in GFR and RPF. In contra st , when ANF was 

infused into chronic cavaI dogs (TIVC) or cirrhotic dogs 

(Cir) retaining sodium in the presence of ascites, they 

divided 50: 50 into those who had a marked natriuretic 

response (responde~s, R) and chose who had no natriuretic 

response (non-responders. NR). Of 46 TIVC dogs, 22 R had 

~UNaV of 185 :. 35 uEqjmin and 24 NR had .6UNaV = 2 ± 1 

uEqjmin. In 19 Cir dogs, 9 R had t.UNaV=60 ± 10 uEqjmin and 

10 NR had llUNaV=l. 3 ± .6 uEqjmin. Rand NR could not be 

diffentiated in terms of atrial content of ANF, plasma 

iANF, ANF T1/2, plasma levels of renin and aldosterone, 

systemic hemodynamics, plasma volume, or papillary plasma 

flow. AlI dogs generated plasma and urinary cGMP equally. 

Renal denervation or vasodilatation did not increase sodium 

excretion in response to ANF in NR. When NR dogs returned 

to sodium balance in the presence of asci tes 1 the 

natriuretic response was restored (.6UNaV=90-340 uEqjmin) 

and was not different from R dogs ln this phase. Cir dogs 

studied sequentially in the pre-ascitie phase responded 

normally to ANF infusion when they were in sodium balance 

but split 50: 50 into Rand NR at week 4 during a period of 

sodium retention, plasma volume expansion, elevated plasma 

iANF and normal renin and aldosterone. We conclude that 

the blunting of UNaV in response to ANF is a characteristic 

of the sodium-retaining kidney, is reversible when sodium 

balance i5 restored and oceurs at a tubular level, most 

likely in the medulla. 
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En reponse a une dose de ANF de 175 ng/kg/min, des chiens 

normaux ont augmentes leur sècretion de sodium (ôUNaV=150 

uEqjmin) independemment des changements en GFR et RPF. Par 

contraste, une infusion de ANF dans des chiens traites 

chroniquement par obstruction de veine cavale (TIVC) ou 

avec cirrhose (Cir) , et qui retiennent sodium en presence 

d'ascites, sont devises 50:50 entre ceux qui avaient une 

réponse nêttriuretique marquee (Repondant, R) et ceux qui 

n'avaient pas de reponse natriuretique (Non-repondéint, NR) . 

De 46 chiens avec.TIVC, 22 R avaient une t.UNaV de 185+35 

uEqJmin et 24 NR avaient une t.UNaV de 2t1uEqjmin. De 19 

chienE'- avec cir, 9 R avaient une L\UNaV de 60±10uEqJmin et 

10 NR avaient une ôUNaV de 1. 3±0. 6uEqjmin. R et NR ne 

pouvaient pas 'ètre differenci~s en termes de quanti tee de 

ANF dans l'atrium, de iANF dans le plasma, de hemodinamique 

systemique, de volume de produits des quanti té'es ~gale de 

cGMP dans le plasma et dans l'urine. Denervation due rein 

ou vasodilatation n'ont pas augmentes la secretion de 

sodium en presence de ANF dans les chiens NR. Après le 

retour des chiens NR en balance de sodium par formation 

d'ascites, la reponse natriuretique est revenue (6UNaV=90-

340 uEqJmin) et n'etait pas differente des chiens R dans 

cette phase. L'etude sequentiella des chiens Cir dans la 
1 

phase pre-asci tic a revelee une reponse normale al' infu-

sion de ANF quand ils etaient en balance de s:>dium mais a 

revelee une response partagee, 50: 50, entre R et NR a la 4 

eme semaine de retention de sodium, d'expansion de volume 

de plasma, d' elevation de plasma iANF et de ni veaux normal 

de renin et d' aldosterone. Nous concluons que l' attenua

tian de UN aV en reponse d'infusion de ANF est characteris

tique du rein en phase de retention de sodium, est 

reversible quand la balance de sodium est retournee et est 

localisee au niveau tubulaire probablement dans le medulla. 
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PREFACE: CLAIMS TO ORIGINALITY 

The following results are original observations which 

are presented in several papers for publication which are 

presently under review. 

1) Normal dogs have higher left atrial than right atrial 

iANF content. CavaI and cirrhotic dogs wi th sodium 

retention and ascites have reduced left atrial iANF content 

and thus homogeneous concentrations in the right and left 

atria. 

2) CavaI and cirrhotic dogs with sodium retention and 

ascites divide 50:50 into natriuretic responders and non

responders in response to ANF infusion. This has recently 

been confirmed in cirrhotic patients with sodium retention 

and ascites. 

3) CavaI dogs, non-responding in the phase of sodium 

retention and ascites regain normal natriuretic response 

when sodium balance (in the presence of ascites) ls 

restored demonstrating that the phenomenon of heterogenei ty 

is functional and reversible. Similarly, 

the heterogeneous natriuretic response was demonstrated in 

the pre-ascitic cirrhotic dogs during a period of sodium 

retention, plasma volume expansion, and elo"Jated plasma 
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iANF. The dogs regain normal natriu:cetic reponse when 

sodium balance is restored in this pre-asci tic phase but 

divide again in the presence of sodium retention and 

ascites. 

4) Sequential measurements of plasma iANF demonstrated a 

biphasic pattern, being depressed during the first three 

weeks after surgery, rising to 2x normal during a period 

from 4-6 weeks, and fall again ta low levels when ascites 

is present. Caval dogs have depressed plasm~ iANF by 24 

hours post-cavaI constriction. These levels remain low 

throughout the phase of sodium retenti on and ascites. 

5) Several parameters were examined in order to 

differentiate responding and non-responding dogs: 

a) cGMP - both cavaI and cirrhotic responding and non

responding dogs generate plasma and urinary cGMP to the 

same degree as normal dogs. 

b) Papillary plasma flow - ANF infusion did not change 

papiIIary plasma flow in nonnal dogs. CavaI responders and 

non-responders had depressed papillary flow rates during 

ANF infusion to the same degree in each group. cirrhotic 

dogs had higher than normal papillary plasma flow than 

control dogs i!"l response to ANF infusion and, like the 

cavaI dogs, papillary flow was the same in the responding 

and non-responding dogs. Papillary plasma flow could not 
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he cerrelated to the natriuretic response to ANF. 

c) Renal denervation ilugmented the natriuretic response 

to ANF i~ cavaI and cirrhotic responding dogs whereas the 

co~p:i.cte attenuation of natriuresis was maintained in tt_e 

non-responding dogs. Renal vasodilatation did net reverse 

the responsiveness in cava! or cirrhotic non-responders. 

6) Acute selective intrahepatic hypertension did not alter 

the natriuretic responsiveness to infused ANF. 
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CHAPTER 1: INTRODUCTION 
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The maintenance of normal extracellular fluid volume, 

particularly that component within the vascular 

compartment, is essential in order to maintain cardiac 

output within narrowly defined physiological limits and so 

to ensure adequate perfusion of the vital organs. 

Extracellular fluid volume is regulated by three main 

mechanisms: 1) The partitioning of extracellular fluid 

volume between the vascular and extravascular space. 2) 

Adjustrnents in peripheral vascular resistance. 3) Control 

of renal excretion of salt and water (Seely, Levy, 1981). 

These mechanisms are most clearly illustrated by the 

following examples. Upon assuming an upright posture 

(orthostasis), there is a shift of a large volume of b100d 

into the dependent parts of the circulation due to a 

hydrostatic gradient which effectively reduces ventricular 

filling and stroke volume. Much of this volume is 

translocated from thoracic vessels. 

cardiac output would fall markedly. 

If uncompensated, 

Rapid adjustments are 

triggered by the autonomie nervous system which, wi th a 

very short latency (2-5 seconds) produces venoconstriction 

and an increase in peripheral vascular resistance to 

maintain a normal cardiac output (Ruchel et al., 1970). 

The second e>l.,J.mple, hemorrhage, similarly elici ts 

cornpensatory reflex mechanisms. A short latency mechanism 

again invol ves activation of the sympathetic nervous system 

wi th actions similar to those described above (Gill, 
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Casper, 1972). In addition, a humoral mechanism involving 

the release of vasopressin from the neurohypophysis and 

activation of the renin-angiotensin system, enhances renal 

sodium and water retention in order to restore plasma 

volume (Goetz et al., 1970). 

The interdependency of extracellular fluid volume and 

the control of sodium excretion is apparent from data on 

sodium intake. When daily salt intalce increases, water is 

retained isotonically to maintain plasma osmolality and a 

state of positive sodium balance is achieved. Sodium 

excretion gradually increases over a 2-3 day period until 

a new steady state equilibrium is reached. Sodium balance 

is restored at the increased intake level (Seely and Levy, 

1981) • The phenomenon of deoxycorticosterone acetate 

(DOCA) "escape" represents similar changes in renal sodium 

handling. Following mineralocorticoid administration to 

normal subjects, sodium and water are retained for a period 

of 3-5 days. Then, despite continued mineralocorticoid 

administration, sodium excretion gradually returns to 

normal and sodium balance is restored at a higher level of 

extracellular fluid volume (Reineck, stein, 1978). 

The first part of this introduction will be a review of 

the various factors which monitor extracellular fluid 

volume status ünd the effector mechanisms which control 

sodium excretion. 



1.1 AFFERENT LIMB OF VOLUME CONTROL 

The afferent limb of extracellular volume control is 

comprised of a series of pressure/volume receptors which 

send information via afferent nerves to the central nervous 

system. The efferent limb of this neural loop consists of 

sympathetic preganglionic neurons located in the Iaterai 

horn of the spinal cord, which pass their axons into the 

periphery and synapse onto the sympathetic postganglionic 

neurons in the paravertebral chain which, in turn, send 

their adrenergic axons to cardiovascular and visceral 

(including kidney) targets. The efferent limb of volume 

control, therefore, is the integration of this information 

into a mechanism which can al ter the renal handling of 

sodium to effect changes in extracellular fluid volume. 

1.1.1 Volume Receptors 

The concept of volume receptors located on the 

high-pressure side of the circulation has been discussed 

for many years and is the basis for the hypothesis that the 

kidney retains or excretes sodium in response to the degree 

of filling of some critical portion of the arterial tree 

(Epstein, 1956) . The volume of blood capable of 

stirnulating these receptors is termed the "effective 

arterial blood volume". Although no volume receptors have 

been identified as yet, there is considerable evidence that 

the hypothesis is well-founded. Acute opening and closing 
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of arterio-venous fistulas in Korean war veterans provided 

a technique to study the cardiovascular and renal response 

to abrupt changes in the circulation without a change in 

blood volume (Epstein, Post, McDowell, 1952). During acute 

closure of the fistula, the arterial tree empties more 

slowly and less completely than when the fistula is open. 

This results in a fall in right atrial and pulmonary 

vascular pressures, an increase in mean arterial pressure 

and a fall in cardiac output as heart rate and stroke 

vol ume decrease. These cardiovascular changes are 

accompanied by a brisk natriuresis. The opposite responses 

are recorded when the fistula is opened, allowing blood to 

empty quickly from the arteries into the veins. Mean 

arterial pressure falls as right atrial and great vein 

pressure increases, producing a rise in cardiac filling 

pressure as evidenced by a rise in cardiac output. 

Concomitant with these changes is a decrease in sodium 

excretion. It is important to note that during both 

manipulations renal blood flow and glomerular filtration 

rate remained constant despite large fluctuations in blood 

pressu:e. A different experiment.al approach yielded 

similar resul ts. Arterial blood pressure was held constant 

in anaesthetized dogs at the level of an external reservoir 

of blood to which the dog's arterial system was connected. 

Ganglioni(: blockade wi th hexamethonium abolished neuroge~lic 

vasoconstrictor tone, thereby increasing compliance of the 
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vasculature, in particular the capacitance vessels (veins). 

Blood was infused from t.he reservoir without changing 

arterial pressure and produced an increase in sodium 

excretion which was not altered by previous renal 

denervation (Goodyer, Jaeger, 1955). These animaIs clearly 

responded to an increase in volume, since arterial pressure 

was held constant. It was concluded from these studies 

that the kidney was responding to the degree of filling of 

the arterial tree, not to changes in mean arterial 

pressure, right atrial pressure, cardiac output, renal 

perfusion or glomerular filtration rate. 

The question of where the volume receptors (functional 

baroreceptors in the circulation) are locé::ted has been 

examined in great detail over the past three decades. The 

venous side of the circulation contains approxirnately 85% 

of the circulating blood volume and is a highly distensible 

system. The arterial side of the circulation centains only 

15% of the blood volume, is characterized by very low 

distensibility and thus small changes in blood volume are 

reflected as changes in blood pressure (Gauer, Henry, 

1976) . Since regulation of extracellular fluid volume 

actually represents regulation of the plasma volume 

relative to the holding capacity of the circulation (Gauer, 

Henry, 1976), it follows that the venous bed is weIl suited 

to detecting changes in blood volume. 
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1.1.2 Cardiopulmonary Receptors 

Two types of atrial receptors, originally described in 

the cat (Paintal, 1953), have been identified in dog atria: 

liA" receptors respond to changes in atrial pressure, 

discharging when the pressure wave develops in atrial 

systole. The liB" receptors discharge in response to atrial 

distension and are characterized by a 1ate burst of 

discharge corresponding to the v wave of atria1 filling 

(Coleridge et al., 1957). The receptors are found in both 

right and left atria, concentrated at the atrio-venous 

junctions and may serve as a sensory mechanism in the 

reflex regulation of blood volume by control of urine 

output. Experimental evidence to support this hypothesis 

is presented in this section. 

Henry, Gauer and Reeves (1956) observed that elevation 

of :eft atrial pr9ssure and pulmonary vascular pressures 

by inflation of a balloon in the left atrium elici ted a 

diuresis in anaesthetized dogs. This observation, in 

addit~on to an increase in heart rate, was confirmed by 

others using the same technique (Ledsome, Linden, 1968: 

Karim et al., 1972). Schultz et al. (1982) demonstrated 

that this diuretic response resulted from the increase 

in left atrial pressure since selective elevation of 

pulmonary vein or artery pressure had no diuretic effect. 

since right atrial pressure does not change during 

inflation of a balloon in the left atrium, it \o/as concluded 
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that the diuresis associated with increased left atrial 

pressure was a result of stimulation of stretch receptors 

in the left atrium. Indeed, cardiac denervation abolished 

the diuretic response in anaesthetized dogs (Fater et al., 

1982) . More specifie determination af the pathway 

mediating this reflex was obtained from studies 

demonstrating that the increase in urine flow can be 

prevented by coo1ing the cervical vagi (Kappagoda et al., 

1974; Ledsome. Linden, 1968). 

Given the presence of receptors in the right atrium 

responsive to changes in atrial and transmural pressure 

(Coleridge et al., 1957) and that a 15% increase or 

decrease in blood volume produces similar changes iu right 

and left atria1 pressures (Henry 1 Gauer, Sieker, 1956), 

several investigatars examined the effect of right atrial 

stimulation on urine flow with conflicting results. Mills 

and Osba1diston (196B) and :t-talvin, Jochim, Roberts (1971) 

found no effect of right atrial stretch on urine f10w or 

sodium excretion in anaesthetized dogs. However, 

Kappagoda, Linden and Snow (1973), also using anaesthetized 

dogs, reported that distension of a balloon in the right 

atria1 appendage and at a junction between the superior 

vena cava and right atrium elicited qualitatively similar 

respens~s te these produced by left atria1 distension which 

cou1d be abolished by vagal coolinq. A comparison of the 

renal effects of distension of the left and the right atria 
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in conscious dogs demonstrated that only increased 1eft 

atrial pressure produced a diuretic and natriuretic 

response (Schultz et al., 1982). A1though the functionaJ. 

link between atrial pressure and sodium and water excretion 

is unsettled, the more important relationship is between 

blood volume and sodium excretion. The next section will 

describe other effects of atria1 receptors on factors known 

to be involved in the control of sodium excretion. 

Activation of cardiac afferents by the increase in left 

atria1 pressure is purported to have effects on vasopressin 

release from the posterior pituitary, efferent rena1 

sympathetic nerve activity, and renin release, all of which 

are imp1icated in the renal control of extracel1ular fluid 

volume. Several studies of the diuretic response to left 

atria1 distension reported a fa11 in plasma vasopressin 

concomitant with a rise in 1eft atrial pressure (Gauer, 

Henry, 1963; Johnson, M~ore, Segar, 1969; Brennan et al., 

1971) suggesting that the efferent 1imb of this reflex at 

least partially involves reflex inhibition of vasopressin 

release from the neurohypophysio in response to left atrial 

receptor activation. This is however, controversial. Dogs 

infused with high doses of vasopressin to keep the plasma 

levels elevated still had a diuretic response to left 

atrial distension (Ledsome, Linden, O'Connor, 1961). 

Kappagoda et al (1974) repcrted that the diuretic response 

associated with left atrial distension was not consistently 



10 

accompanied by a fall in plasma vasopressine Similarly, 

reducticn of mean atrial transmural pressure by atrial 

tamponade in conscious dogs reduced renal sodium excretion 

and urine flow but had no effect on plasma vasopressin 

levels (Goetz et al., 1970). Even more convincing is that 

dogs in which the pituitary gland has been destroyed have 

the same increaEe in urine flow as dogs wi th intact 

pituitary glands (Kappagoda et al., 1975). 

There are several reports that stimulation of the atrial 

receptors lead to tonic inhibition of renal sympathetic 

nerve activity (Weaver, 1977; Linden, Mary, Weatherill, 

1980) which can be abolished by vagotomy (Karim et al., 

1972). comparison of the effectn of 1eft atrial distension 

on innervated and denervated kidney demonstrated that the 

natriuresis occurred only in tl.d innerva+:ed kidney while 

the increase in urine flow was maintained in both kidneys 

(Kappagoda et al., 1979). In addition, there is data to 

suggest that during volume expansion, activation of the 

cardiac afferents from atrial receptors result in decreased 

spontaneous renal nerve discharge (Weaver, 1977). Indeed, 

it has been demonstrated that the response of the 

sympathetic nervous system to activation of cardiopulmonary 

vagal afferents is nonuniform and can be directionally 

opposite, increasing sympathetic activity to the heart 

while decreasing activity to the kidney (Shepherd, 1973). 
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Atrial receptors also appear to contribute to the reflex 

control of renin secretion. Balloon inflation in the left 

atrium of dogs reduced plasma renin aetivity (Brennan et 

al., 1971; Zehr et al., 1976), a response whieh was 

abolished by vagotomy (Zehr et al., 1976). There is 

evidence that the cardiopulmonary receptors exert a tonie 

inhibition on renin release since vagal cold block produced 

a 5 fold increase in renin secretion in dogs with aortie 

nerve section and constant perfusion of the carotid sinus 

(Mancia, Romero, Shepherd, 1973). 

Of interest is that cardiac denervation attenuated the 

diuretic and natriuretic response to acute volume loading 

wi th saline to 3 % of body weight (Gilmore, Daggett, 1966) 

suggesting that afferent activity from the cardiopulmonary 

reeeptors does contribute to the renal tubular response to 

volume expansion. However, there is data which argues 

against the importance ::...f this reflex. Infusion of 6% 

dextran, representing a 16% expansion of blood volume, 

produced the sarne diuretic and natri1.lretic res'P0nse in 

cardiac-denervated and cardiac innervated conscious dogs 

(Fater et al., 1982). Moreover, renal denervation, in 

addition to large doses of vasopressin, was unable to 

abolish the diuretic response to left atrial distension 

(Ledsome, Linden, O'Connor, 1961). Thus, surgical removal 

of the afferent signal from the atrial receptors or the 

efferent signal to the kidney does not inhibi t the renal 
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response to an increase in 1eft atria1 pressure. 

Furthermore, cross-perfusion experiments demonstrated that 

the recipient kidney, iso1ated from the neural influence of 

the donor heart had a diuretic response to balloon 

inflation in the left atrium (Carswell, Hainsworth, 

Ledsome, 1970). This exper~ment provides c1ear evidence 

that the renal response is at least in part humorally 

mediated. 

A technique emp10yed to demonstrate the influence of 

intrathoracic blood volume on renal function is 

thermoneutral water immersion to the neck. This manouever 

produces a brisk natriuresis and diuresis (Graveline, 

Jackson, 1962; Epstein, Duncan, Fishman, 1975) which is 

associated wi th increased central blood volume and central 

venous pressure and suppression the renin-angiotensin 

system. The rise in cardiac output is simi1ar to saline 

expansion to 3% of body weight (Epstein, 1978). This 

technique is advantageous in the study of volume control 

since it provides a volume stimulus without a rise in total 

b100d volume. The mechanism of the diuresis and 

natriuresis has been examined in relation to several 

variables. Administration of vasopressin during the 

initial four hours of water immersion in human subjects 

abolished the diuresis but did not alter the natriuresis 

(Epstein, Vlano, 1976). The data suggests that inhibition 

of vasopressin release from the neurohypophysis may be the 
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main mechanism mediating the diuresis of immersion and 

provides evidence that the natriuresis is accomplished 

through a different pathway. 

1.1.3 Hepatic Baroreceptors 

A second type of baroreceptor which may participate in 

the control of sodium excretion and therefore extracellular 

fluid volume are law-pressure mechanareceptors located on 

the portal venous side of the hepatic circulation (Niij ima, 

1976). The existence of these receptors were proposed by 

Ohm and Haberich (1969 - as quoted by Sawchenko, Friedman, 

1979) to explain a rapid decrease in urine flow rate 

following brief or prolonged increases in portal venous 

pressure in the rat. A similar observation was made in 

dogs where elevating portal venous pressure of up to 15 cm 

H2C above normal produced a 2 to 3 fold increase in urine 

flow within 2-5 seconds (Liang, 1971). Interestingly, this 

di uretic response was inhibi ted by increases in portal 

pressure greater than 15 cm H20. These responses were 

suggested to be neural in nature since i t had a1ready been 

shown in dogs that increased hepatic and portal pressure, 

due to thoracic inferior vena cavaI constriction, produced 

action potentials in the hepatic nerves (Andrews, Palmer, 

1967). Direct stimulation of hepatic afferents elevated 

renal and cardiopulmonary efferent nerve activity without 

changing heart rate (Kostreva, Castaner, Kampine, 1980) and 
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could not be altered by carotid sinus denervation, 

bilateral vagotomy or phrenectomy (Kostreva, Castaner, 

Kampine, 1980). Thus the activity of this loop is 

sympathetic, both afferent and efferent nerves travelling 

in spinal nerves. This differs from atrial receptors where 

the afferents travel in the vagus nerve (Kappagoda et al., 

1974). A recent study in anaesthetized dogs demonstrated 

that inflation of a balloon in the portal vein to raise 

portal pressure produced an increase in renal nerve 

activity, a response which could be abolished by hepatic 

denervation (Koyamo et al., 1988). Hepatic, rather than 

portal congestion, produces a more consistent renal effect 

- reduction in urine flow, sodium excretion, CPAH and 

cortical blood flow (Lautt, 1983). The circuitry exists 

whereby increases in hepatic and portal venous pressures 

could send afferent sympathetic activity to the central 

nervous system which would subsequently send efferent 

sympathetic nerves to the heart and the kidney. However, 

it is prp.sently unclear whether this system is functional 

and if it plays a role in normal sodium physiology. 

1.1.4 Arterial Baroreceptors 

A third type of pressure receptor which may send afferent 

sensory information to the kidney is the high pressure 

arterial baroreceptor. These slowly adapting 

rnechanor~ceptors are located in the aortic arch and carotid 
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sinus and function mainly in the reflex regulation of blood 

pressure (Kirchheim, 1976). Denervation of the carotid 

sinus results in an immediate and marked increase in 

systemic blood pressure which is attributed to removal of 

tonie inhibition from this baroreceptor (Shepherd, 1973). 

Unilateral stimulation of carotid receptors by carotid 

traction in unanesthetized rats produces a large increase 

in sodium excretion which can be abolished by denervation 

of the carotid sinus (Keeler, 1974). Although carotid 

sinus stimulation produces a reduction in renal nerve 

activity (Wilson et al., 1971), a manouever known to 

produce a natriuresis (DiBona, 1982), the natriuresis 

associated with carotid sinus stimulation is not a neural 

reflex response since the natriuresis is maintained in a 

denervated kidney (Keeler, 1974). The release of renin, 

however, by a decrease in carotid sinus pressure when renal 

arterial pressure is constant Ls neurally-mediated, since 

renal denervation abolishes thi!; response (Jarecki, Thoren, 

Donald, 1978). These data suggest that the carotid sinus 

can influence renal function both by a neural pathway as 

weIl as a humoral pathway. Of importance in assessing the 

role of these baroreceptors in the !:'enal regulation of 

extracellular fluid volume is their response to changes in 

blood volume. Kumada and Sagawa (1970) demonstrated that 

changes in blood volume of 10-20% pr~duce a 21-31% increase 

in impulse activity in rabbit aort~~ nerves despite only a 
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6% increase in arterial pressure. These investigators 

suggested that the arterial baroreceptors can act as volume 

receptors as weIl as pressure receptors. 

An important si te of afferent control is the kidney 

itself. There are several sensing mechanisms within the 

kidney including the j uxtaglomerular apparatus, 

tubuloglomerular feedback ini tiated at the macula densa and 

response to changes in intersti tial pressure. These will 

be discussed in the next section. 

1.2 EFFERENT LIHB OF VOLUME CONTROL 

1.2.1 Glomerular Filtration Rate (GFR) and Renal 

Perfusion 

Glomerular filtration is gcverned by starling forces 

acting at the level of the glomerulus. Net filtration 

pressure, the result of hydrostatic pressure in the 

glomerular capillary opposed by the sum of the hydrostatic 

pressure in Bowman t s space and plasma oncotic pressure, is 

maximal at the afferent arteriolar side of the glomerular 

capillary. The plasma oncotic pressure rises along the 

length of the capillary as a result of the formation of a 

protein-free ultrafiltrate and thus approaches a by the end 

of the capillary (Brenner, Troy 1 Daugharty, 1971). 

In normal man, the fil tered load of sodium is 

approximately 14 mEq per minute while the urinary sodium 

excretion is 0.14 mEq per minute. That is, 99% of the 
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filtered load is reabsorbed with only 1% being excreted 

into the final ur ine. Thus a small increase in GFR would 

produce large changes in sodium excretion if there was no 

coupling between filtered and reabsorbed sodium (Reineck, 

stein, 1978). In fact, the extent to which changes in GFR 

can influence sodium excretion and thereby extracellular 

fluid volume is limited by two mechanisms operating to keep 

GFR constant. The first is glomerulotubular balance where 

changes in GFR are accompanied by proportional changes in 

proximal tubular sodium reabsorption resulting in the 

maintenance of a constant fractional reabsorption of sodium 

in this segment of the nephron (Lindheimer, Lalone, 

Levinsky 1 1967). The modulation of the net rate of sodium 

reabsorption described by glomerulotubular balance appears 

to be a result of changes in oncotic pressure in the 

peritubular capillaries (Brenner, Troy, Daugharty, 1973). 

Thus there is no linear relationship between GFR and 

increasing sodium excretion. The second mechanism is 

tubuloglomerular feedback whereby events in the distal 

tubule are linked to glomerular function. The distal 

delivery of sodium chloride is sensed by the macula densa 

cells of the j uxtaglomerular apparatus which sends 

information back to the glomerulus to modify GFR (Wright, 

Briggs, 1979). Al though the mechanism of this feedback 

has not been clearly elucidated, it has been proposed that 

sorne aspect of chloride transport at the macula den sa 
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initiates the feedback (Wright, Briggs, 1979) and that 

local changes in angiotensin II may at least partial1y 

mediate changes in afferent and efferent arteriolar 

resiatances which will al ter GFR (B..lrg, 1981). As mentione:i 

previously, manipulation of an arteriovenous fistula 

produces wide fluctuations in me an arteria1 pressure but 

does not alter GFR or renal blood f10w (Epstein, Post, 

McDowell, 1952). This phenomenon of autoregulation does 

not apply to renal perfusion pressure which rises linearly 

wi thin the peri tubular capillaries in direct relation to 

mean arterial pressure and, furthermore, is direct1y 

correlated to increased urinary sodium excretion. Fluid 

exchange in the peri tubular capillaries is governed by the 

balance between peritubular hydrostatic pressure and 

colloid osmotic (oncotic) pressure. Thus raising 

hydrostatic pressure favors sodium excretion while 

increased protein concentration favors reabsorption. These 

changes occur to a large extent in the proximal tubule 

(Seely, Levy, 1981). 

1.2 .2 Sympathetic Nervous Acti vi ty 

Many studies have demonstrated that anatomie or 

pharmacologie unilateral renal denervation leads to an 

increase in sodium excretion (Bricker et al., 1958; Blake r 

Jurf, 1968; Bonjour, Churchill, Malvin, 1969) which has 

been attributed to small increases in GFR rather th an to 
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any direct neural effect (Gottschalk, 1979). However, more 

detailed investigation into the role of the renal efferent 

sympathetic nerves in the tubular hand1ing of sodium, ha~ 

indicatea that the phenomenon of denervation natriuresis 

may be a result of removal of the neural influence on 

sodium reabsorption. 

As previously described, stimulation of the low pressure 

baroreceptors in the atria lead to a tonic inhibition of 

renal nerve activity and renin release (Karim et al., 1972; 

Weaver, 1977). The increase in sodium and water excretion 

fOllowing acute renal denervation is related to a fall in 

fractional and absolute sodium reabsorption in the proximal 

tubule (Bello-Reuss et al., 1975). Alternatively, renal 

nerve stimulation is associated with a 25% fall in urine 

flow rate and sodium excretion (Blendis et al., 1972; Gill, 

Casper, 1972; Bello-Reuss, Trevino, Gottschalk, 1976; 

DiBona, 1982). Under these conditions, GFR and RPF are 

unchanged. Hicropuncture analysis demonstrated that during 

stimulation, sodium and water reabsorption in the proximal 

tubule increases without a change in single-nephron GFR or 

the fil tered load of sodium (Bello-Reuss, Trevino, 

Gottsr.halk, 1976). Although it has been shown that a 

normal response to volume expansion requires an intact 

renal nervous system, it is not clear whether this is a 

result of its direct effects on tubular sodium handling or 

through i ts interaction wi th the renin-angiotensin system 
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(Gottschalk, 1979). 

The sympathetic nervous system in the kidney richly 

supplies the cortical vascu1ature exclusively with 

noradrenergic innervation (Barajas, 1978). The hypothesis 

just presented, that renal nerves may in some way modulate 

sodium reabsorption, is strong1y supported by direct 

anatomical evidence of innervation to the various parts of 

the rena1 tubule. A recent study employing light 

microscopy autoradiography demonstrated that the highest 

degree of innervation occurs in the thick ascending limb of 

the loop of Henle fo1lowed by the distal tubule and th en 

the proximal tubule (Barajas, Powers, 1988). In addition, 

direct neural contact was shown with the juxtaglomerular 

cells of the macula densa strongly suggesting a direct 

neural influence on the re1ease of renin, independent of 

any effect of atrial receptors. Electrical stimulation of 

renal sympathetic nerves at intensities that do not alter 

renal blood flow or perfusion pressure re.sul ts in an 

increase in renin secretion (LaGrange, Sloop, Schmid, 

1973). The functional significance of the innervation of 

the specifie segments has not yet been completely 

identif ied al though there is sufficient evidence to support 

an important role of the renal nerves in the direct control 

of sodium handling in the kidney. 
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1.2.3 The Renin-Angiotensin-Aldosterone System 

The renin-angiotensin-aldosterone system provides an 

important pathway for the control of both blood pressure 

and extrace1lular fluid volume through the control of 

sodium excretion. The enzyme rerdn is synthesized in and 

stored by the juxtaglomerular cells of the afferent 

arteriole in intimate cont.act with the distal tubule and 

macula densa, thus forming the juxtaglomerular apparatus 

(Edelman, Hartroft, 1961; Davis, Freeman, 1976). Release 

from the macula densa can be stimulated by an increase in 

sodium chloride delivery to the distal tubule, activation 

of the afferent arteriolar baroreceptor (Levens, Peach, 

Carey, 1981), or an increase in renal nerve acti vi ty 

(DiBona, 1982). Renin catalyzes the conversion of 

angiotensinogen, an alpha-globulin synthesized by the 

liver, to the largely inactive decapeptide, angiotensin 

I. The two C-terminal amine acids, histidyl and leucine, 

are removed by a specifie converting enzyme, dipeptidyl 

carboxypeptidasa, to form angiotensin II. Although this 

conversion takes place mainly in the lungs, evidence 

suggests that there lS also conversion within the kidney 

(DiSalvo et al., 1971; Bailie, Rector, Seldin, 1971) in 

particular at the juxtaglomerular apparatus where there i8 

a high concentration of converting enzyme (Granger, 

Dahlheim, Thurau, 1972). Angiotensin II la a patent 

vasoconstrictor in the peripheral circulation and, as such, 

1 



" f 

1 

22 

maintains blood pressure under conditions of decreased 

blood volume. It also stimulates the synthesis of renal 

prostaglandins which stimulate further release of renin 

from the macula densa. In this positive feedbaek system, 

the enhanced release of renin will produce enhaneed leveis 

of angictensin II. Interestingly, in the systemic 

circulation, the effect of angiotensin II is part of a 

negative feedback system sinee prostaglandins antagonize 

i ts vasoconstr icti ve actions on the vasculature (Lee, 

1980) . 

One of the most important effects of angiotensin II is 

the stimulation of aldosterone release from the zona 

glomerulosa of the adrenal cortex. Aldosterone i6 a potent 

acti vator of the Na/K ATPase in the distal tubule 

increasing sodium reabsorption and potassium secretion and, 

as su ch , was heralded as "the" controller of sodium 

handling in the control of extracellular fluid volume. 

Aldosterone is clearly important in the control of sodium 

balance as volume contraction stimulates, and volume 

expansion depresses, its secretion (Reineck, stein, 1978). 

Similarly, a Iow sodium diet is associated with high 

circulating aldosterone leveis while high sodium intake is 

associated with low leveis (Sealey, Laragh, 1974). 

However, this apparent cause and effect relationship breaks 

down following prolonged elevation of aldosterone. As 

previously described, animaIs given high levels of DOCA 
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retained sodium for a period of a few days after which time 

sodium excretion returned to normal despite the continued 

elevation of aldosterone (Knox, 1980). Further evidence 

for a less important role of aldosterone in the control of 

sodium is that sodium balance can be maintained by patients 

with adrenal insufficiency on a fixed dose of 

mineralocorticoid despite their inability to regulate the 

endogenous levels of aldosterone (Rosenbaum, Papper, 

Aschley, 1955). 

1.2.4 Intrarenal Prostaglandins 

The potential role of the renal prostaglandin system in 

the control of sodium and water excretion and renin release 

has received a great deal of attention in the past several 

years. Intrarenal prostaglandins are synthesized primarily 

from the polyunsaturated fatty acid, arachidonic acid 

(Isakson et al., 1977), by synthetases found mainly in the 

medu.llary collecting tubule and, to a lesser extent, in the 

cortical collecting tubule and the thin limb of the] oop of 

Henle (Bonvalet, Pradelles, Farman 1 1987). A natriuretic 

role for the renal prostaglandins is suggested by the 

increase in sodium excretion following infusions of 

prostaglandin A, land E as weIl as sodium retention 

followir!lJ prostaglandin inhibition with 

(Donker et al., 1976; Bolger et al., 1976). 

indometnacin 

It has been 

established that prostaglandins stimulate renin release by 

1 
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a direct action on the juxtaglomerular cells of the macula 

densa in a mechanism which modulates the rate of renin 

secretion as determined by other factors (Freeman, Davis, 

Villarreal, 1984). The prostaglandins may also contribute 

to water homeostasis by modulating the action of 

vasopressin (Berl et al., 1977; Fej es-Toth, Magyar, Walter, 

1977) . Although the complex interactions between 

prostaglandins, the renin-angiotensin system, and 

vasopressin in the regulation of sodium excretion are not 

completely elucidated, the prostaglandins appear to play a 

determining role in the natriuretic response to 

extracell ular fluid volume expansion (Epstein et al., 

1979). They will be discussed later in terms of their role 

in edema states. 

A landmark study by De Wardener and colleagues (1961) 

demonstrated that saline infusion in dogs with decreased 

GFR and filtered sodium load and extremely high aldosterone 

levels was still capable of producing a natriuretic 

response. This study cJ.earIy de-emphasized the role of 

both GFR and aldosterone in the control of extraceIIular 

fluid volume and raised the possibility that a natriuretic 

factor was intimately involved in normal volume control. 

The newly described hormone, atrial natriuretic factor is 

presently the focus of a great deal of investigation in 

terms of the control of extracellular fluid volume and will 

be discussed in great detail in later sections. 
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In summary, the control of extracellular fluid volume is 

accomplished by adjustments in sodium handling by the 

kidney through a complex series of pathways including 

intrarenal adjustments of pressure and flow rates, hormones 

acting at various sites of the renal tubule and nervous 

input to the renal vasculature and specifie tubule sites. 

Al though the mechanisms which operate to apprise the kidney 

of the extracellular fluid volume are not yet understood, 

it is clear that there is a neural component, acting either 

through the cardiopulmonary reeeptors or high pressure 

baroreceptors in the aortic arch and carotid sinus, a 

humoral component, possibly vasopressin, the 

renin-angiotensin system, or a natriuretic hormone, as weIl 

as a volume component, that part of the arterial 

circulation which is capable of stimulating "volume" 

receptors. 

1.3 GENERALIZED EDEMA 

Edema formation, characterized by eontinuous accumulation 

of salt and water within the interstitial space, reflects 

two major problems. Firstly, there is a persistent 

low-volume stimulus to the kidney signalling sodium and 

water retention. secondly, there is no feedback by which 

the retained fluid can terminate the low-volume stimulus. 

Thus, the kidney behaves as if i t is underperfused even 

when plasma volume is expanded (Gauer, Henry, 1979). This 
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may be attributed ta disturbances in the starling forces 

governing the distribution of fluid in the extracellular 

compartment (Seldin, 1975). 

Transcapillary movements of fluid depend primarily on 

the relationship between the Starling forces in the 

capillary and interstitial space. Hydrostatic and oncotic 

pressure in the capillary are opposed by intersti tial 

hydrostatic pressure and interstitial oncotic pressure. 

Under normal conditions, fluid filtered from the capillary 

into the intersti tium and not reabsorbed enters the 

lymphatic vessels and is returned to the circulation via 

the thoracic duct thus preventing the accumulation of fluid 

in the interstitial space. Three IIsafety factors" nornally 

operate to prevent the accumulation of large amounts of 

interstitial fluide 1) Lymphatic vessels can increase 

their flow rates considerably such that the bulk of fluid 

is returned to the circulation. 2) As lymph f10w 

increases, the normal interstitial fluid protein 

concentration falls. 'l'hus the oncotic gradient 19 such 

that fluid is reabsorbed back into the capi11ary. 3) The 

hydrostatic pressure gradient between capil1ary and 

interstitial space i5 minimized by the low comp1iance of 

the intersti tial space. Increased intersti tial fluid 

increases the tissue hydrostatic pressure which decreases 

the net driving pressure on fluid moving out of the 

capillary (Coggins, 1978). However, an imba1ance in the 
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Starling forces, such as produced by increased capillary 

hydrostatic pressure when plasma volume is expanded, a 

decrease in plasma protein as in nephrotic syndrome or 

inadequate lymph removal will produce enough interstitial 

fluid to raise the interstitial pressure several 

millimeters of mercury higher than normal. At a critical 

pressure (the inflection point), the compliance of the 

intersti tial space increases allowing large amounts of 

interstitial fluid to accumulate without a further rise in 

hydrostatic pressure (Guyton, 1964). The extent to which 

fluid can accumulate in the interstitial space should be 

limited by the size of the plasma volume which would 

quickly become depleted. However, as the accumulated fluid 

expands the plasma volume, the low volume stimulus to the 

kidney is not terminated, resulting in progressive sodium 

retention and extracellular volume expansion, and 

accumulation of fluid in the intersti tial space. Fluid 

collecting in the abdomen is referred to as ascites. 

The traditional explanation for edema formation centers 

on a primary disturbance in the Starling forces favoring 

excess capillary filtration leading to a decrease in plasma 

volume. The kidney will respond by retaining extra sodium 

and water to replenish the vascular volume. There i5, 

however, an alternate theory to explain edema formation. 

It has been suggested that the kidney receives a signal 

independent of plasma volume to retain sodium and water and 
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thereby expands the plasma volume. An increase in plasma 

volume raises capillary hydrostatic pressure and lowers the 

capillary protein concentration both of which favor the 

outward movement of fluid from the capillary into the 

interstitial space. According to this theory, edema is the 

end resul t of an appropriate response to an overfilled 

circulation in the face of primary and progressive sodium 

rétention. 

Two maj or edematous disorders which have been studied 

extensively in clinical settings as weIl as in animal 

models are congestive heart failure and cirrhosis of the 

11ver. Although the etiologies differ, these two disease 

states exhibit classic characteristics of edema - avid 

sodium retention, plasma volume expansion, and activation 

of the renin-angiotensin-aldosterone system. 

1.3.1 congestive Heart Failure 

Two theories have been advanced to explain the sodium 

retention and edema formation of congestive heart failure. 

The backward failure theory, proposed in the 1800's (Hope, 

In32 and Starling, 1896 as quoted by Warren, Stead, 1944) 

postulated that progressive heart failure, accompanied by 

increased right atrial and peripheral venous pressure, 

alters Starling forces to favor net transudation of fluid 

out of the capillary. As a result, the kidney responds by 

reabsorbing sodium and water to replenish the now 
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underfilled circulation. Alternatively, the forward 

failure theory, proposed in the early 1940' s (Warren, 

Stead, 1944), does not depend on a primary perturbation in 

the starling forces. The failing heart is associated with 

a fal1 in cardiac output resul ting in decreased organ 

perfusion. The kidney responds to a fall in renal blood 

flow by retaining sodium and water in an attempt to elevate 

cardiac output and, in doing 50, expands the plasma volume. 

According to this model, progressive sodium retention 

elevates venous pressure and produces edema. A matter 

complicating the distinction between these two 

interpretations of edema formation in heart failure is the 

subdivision of congestive heart failure into those 

conditions exhibiting elevated cardiac output su ch as 

anaemia, hyperthyroidism and beriberi and those eXhibiting 

decreased cardiac output jncluding coronary artery disease, 

hypertension and primary rnyocardopathies (Gill, 1970). 

However, both high- and low-output heart failure patients 

exhibi t avid sodium re.tention and ascites suggesting a 

common response to the same or perhaps differing afferent 

signals. 

A canine model used extensi vely ta study low-output ~lea:t't 

failure is the dog with thoracic inferior vena caval 

constriction (the cavaI dog). This is not a model of 

congestive heart failure as such but rather simulates the 

hemodynamic and renal consequences of impaired cardiac 
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performance. The dogs are characterized by increased 

venous pressure distal to the constriction, increased 

circulating renin and aldosterene, progressive sodium and 

water retention followed by accumulation of ascites in the 

peritoneal cavity 7-10 days post ligation (Davis, Howell, 

Southworth, 1953). Cardiac output and mean arterial 

pressure, al though decreased initially 1 rise back to normal 

in the cavaI dog (Gill, 1970). Ganglionic blockade with 

hexarnethoniurn deprives the circulation of the stabilizing 

effects of the adrenergic nervous system as evidenc:ed by a 

fal1 in mean arterial blood pressure. Thus, the normal 

response to inadequate arterial filling 1 an increase in 

baroreceptor firing, produces a decrease in myocardial 

contractili ty and a decrease in peripheral arterial 

resistance to restore normal cardiac output and arterial 

blood pressure in these dogs. 

Intravenous infusion of angiotensin II at a dose which 

produces a significant increase in blood pressure in normal 

dogs, has an attenuated effect in cavaI dogs (Davis et al., 

1962; Johnson and Davis, 1973). To elucidate the rnechanism 

of this decreased presser response, both normal and cavaI 

dogs were infused with an angiotensin II-antagonist, 

saralasin. Blood pressure was unaffected in normal dogs 

but fell markedly in cavaI dogs suggesting that the 

maintenance of mean arterial pressure in the cavaI dogs is 

angiotensin- as weIl as adrenergic-dependent (Davis and 

-1 
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Johnson, 1973). Additional evidence was obtained when 

angiotensin converting enzyme inhibitors (CEl) became 

commercially available. Low dose infusion of CEl in cavaI 

dogs to prevent a rise in plasma angiotensin II prevented 

the restoration of blood pressure (Watkins et al., 1976). 

A1though the mechanism of this apparent dependency of blood 

pressure on angiotensin II has not yet been completely 

elucidated, there are several possibilities. CavaI dogs, 

known to have elevated plasma renin levels, have high 

circulating angiotensin II which may saturate the receptor 

sites on arteriolar smooth muscle thereby reducing the 

effectiveness of further increasing plasma angiotensin II 

levels. Blockade of endogenous angiotensin II wou1d 

produce massive unloading of angiotensin II vascular smooth 

muscle receptors resulting in peripheral vasodilatation and 

a fall in mean arterial pressure. AIternativeIy, the 

angiotensin II receptor density or affinity in the vascular 

smooth muscle may be lowered thereby reducing the response 

to infused angiotensin II. 

In search for the factor mediating the sodium retention 

and ascites of the cavaI dog, the effect of GFR was studied 

extensively. As described previously, an elevation in GFR 

can markedly enhance sodium excretion through an increase 

in distal delivery of sodium. It was thus proposed that 

the antinatriuresis of cavaI constriction may be a result 

of depressed GFR. However, i t has been shown that GFR 
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remains relatively constant and if any changes occur, they 

cannot be correlated with the decrease in sodium excretion 

(Porush et al., 1967: Kaloyanides et al., 1969; Levinsky, 

Lalone, 1965). It is thus generally agreed that the sodium 

retention of cavaI dogs cannot be explained by changes in 

glomerular filtration rate. 

Another foeus has been on the effect of changes in total 

renal blood flow as weIl as its redistribution within the 

kidney in the development of ascites. A manoeuvre often 

used to raise renal blood flow is renal vasodilatation by 

intrarenal infusion of acetylcholine. In normal dogs, it 

produces a significant elevation in renal blood flow and 

sodium excretion without a concomitant increase in 

glomerular filtration (Friedler et al., 1967). The 

mechanism of this vasodilatation includes reductions in 

both afferent and efferent arterio1ar resistances and 

ultrafiltration coefficient, with little or no change in 

glomerular hydrostatic pressure or the glomerular 

transcapillary hydrostatic press'lre difference (Baylis and 

Brenner, 1978). While producing a normal increase in 

renal blood flow, intrarenal acetylcholine infusion in the 

cavaI dog raises sodium excretion only slightly (Friedler 

et al., 1967) indicating that enhanced renal vascular 

resistance does not contribute to the sodium retention seen 

in these dogs. Interestingly, however, intravenous 

infusion of angiotensin II at a dose sufficient to raise 
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blood pressure and therefore perfusion pressure will 

produce a brisk, potent natriuresis in the vasodilated 

kidney wh.i.le having no effect on the normotensive kidney 

(Friedler et al., 1967). This is controversial since 

Porush et al. (1967) demonstrated a natriuretic response to 

either intravenous or intrarenal angiotensin II 

administration in cavaI dogs. The natriuresis is un1ikely 

to be due to a specifie action of angiotensin II in the 

kidney but rather to the increase in perfusicn pressure 

sinee a similar natriuresis was recorded in cavaI dogs with 

acety1choline-induced renal vasodilatation and 

noradrena1ine induced elevated perfusion pressure (Levy, 

1972). These results suggest that the combined effect of 

redueing renal vascu1ar resistance and elevating perfusion 

pressure will overcome the sodium retaining lesion, 

although does net irnply what the lesion actually is or that 

alterations in renal blood flow are asseciated with it. 

Rather, in fact, the results further underline the 

likel ihood tha'C the direct cause of the sodium retention in 

cavaI dogs is an alteration in the tubular handling of 

sodium. 

Dogs wi th acute caval constriction cannot respond to 

saline expansion of the extracellular fluid (DirKs et al., 

1967). Normal dogs respond te the sarne manoeuvre with an 

immediate and brisk natriuresis (Levinsky and Laione, 1965) 

through an inhibition of proximal tubular fractional 
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reabsorption of sodium (Dirks et al., 1965). It was 

postulated, therefore, that the sodium retaining lesion in 

cavaI dogs was either maintenance or enhancement of 

fractiona1 reabsorption of sodium in the proximal tubule. 

Micropuncture of proximal and distal segments of normal and 

chronic cavaI dog nephrons revealed that fractional 

reabsorption of sodium within the proximal tubule as weIl 

as distal tubule fluid delivery were similar in both groups 

(Levy, 1972) providing evidence against an important role 

of the proximal tubule in the sodium retention of cavaI 

dogs and, in fact, strongly suggested that the loop of 

Henle and the early distal tubule were the major sites 

involved. Further eviàence was derived from measurement 

of distal Na/K exchange ratio (UK/UNa ~UK) which was 

elevated in cavaI as cornpared to control dogs (Kaloyanides 

et al., 1969) indicating enhanced sodium reabsorption in 

this segment of the nephron. 

If indeed the loop of Henle and distal tubule play an 

important role in the sodium retention of edema, then the 

role of aldosterone as a primary mediator of this retention 

must be questioned. As expected, plasma aldosterone levels 

are markedly elevated in cavaI dogs (Davis et al. , 1953; 

Watkins et al., 1976) reflecting both increased synthesis 

and release from the adrenal cortex and decreased hepatic 

degractation. The importance of these high levels was 

investigated in adrenalectomized dogs maintained on DOCA. 
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These cavaI dogs required large doses of corticosterone to 

maintain the sodium retention and ascites indicating a 

major role of this hormone in the pathogenesis of edema in 

this model. Of interest, however, is that normal 

adrenalectomized dogs given similar doses of DOCA never 

develop asc i tes and, in fa ct , "escape" from the sodium 

retaining effects of this hormone within a few days (Davis 

et al., 1953). Therefore, while aldosterone clearly is 

important in enhancing sodium reabsorption in cavaI dogs, 

i t is not the only mechanism acting on the tubule to 

precipitate such profound and continuous sodium retention. 

Another mechanism which has been considered as a possible 

afferent stimulus for sodium retention in the cavaI dogs is 

hepatic congestion. Acute cavaI constriction below the 

hepatic veins but above the renal veins does not produce an 

antinatriuresis (Schrier, Humphreys, 1971). Whether 

selective hepatic congestion can alter tubular sodium 

handling directly was investigated in dogs with hepatic 

vein hypertension induced by acute partial balloon 

occl us i on 0 f the TIVC. The investigators showed that 

hepatic congestion per se does not alter renal function 

significantly (Priebe, 1980). Elevating intrahepatic 

pressure selectively by intraportal histamine infusion 

suggested an alternate conclusion. In these dogs, arise 

in intrahepatic pressure was associated with a significant 

antinatriuresis (Levy, 1974). It seems likely that such a 
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mechanism ~ould be acting since, as previously described, 

a reflex loop between the liver, cardiopulmonary region and 

the kidneys is activated by increments in hepatic pressure 

(Niij ima, 1977). The efferent modulation of this reflex 

loop is presently unknown but may involve activation of a 

humoral factor having important effects on the kidney. 

It has become clear from the studies of Flornbaum et al. 

(1978) and Faubert et al. (1982) that the cavaI dog is 

characterized by two distinct pathophysiological states. 

The first, as previously described in detail, reflects avid 

sodium retention with ascites formation, activation of the 

renin-ang iotens in-aldosterone system, saralasin sens i ti vi ty 

and inability to excrete a saline load. The second state, 

however, normally occurs after two to three weeks of sodium 

retention and is characterized by a return to sodium 

balance with a normalized renin-angiotensin-~ldosterone 

system, loss of saralasin sensitivity, and a renewed 

ability to excrete a sodium load despite the persisterlce of 

ascites and an expanded plasma volume. This phenomenon of 

return to sodium balance in cavaI dogs provides an avenue 

to investigate those variables that may differ between 

these two phases of sodium handling sa as ta elucidate the 

mechanism of sodium retention. 

To examine the possibility that changes in inner 

medullary blood flm" may contribute ta the sodium retention 

of cavaI dogs, papillary plasma flow was measured during 
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sodium retention and sodium balance. CavaI dogs in the 

sodium retaining phase had significantly reduced papillary 

plasma flow as compared to control dogs. The return to 

sodium balance in these dogs was associated with a recovery 

of papillary plasma flow (Faubet"t et al. , 1982) . 

Supporting the hypothesis that low papillary flow could 

maintain or enhance medullary hypertonicity was the finding 

that papillary osmolali ty and sodium content were 

significantly greater in the sodium retaining as compared 

with either the control dogs or those who had returned to 

sodium balance. 

1.3.2 Cirrhosis Of The Liver 

progressive cirrhosis of the liver is characterized by 

necrosis and inflammation of the liver leading to nodular 

regeneration and fibrotic bridging. Postsinusoidal 

resistance rises resul ting in progressive hepatic venous 

outflow obstruction, portal-systemic shunting of blood and 

eventually portal venous hypertension. The later stages 

are characterized by progressive sodium and water retention 

with marked edema accu~ulating in the peritoneal space as 

ascites (Levy, 1984). The stimulus for the sodium 

retention is not known but is likely to be extrarenal and 

not a function of primary pathological disturbances in the 

kidney itself since a kidney from a cirrhotic patient 

transplanted to a noncirrhotic patient will function 
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normally. 

The traditional explanation for the relationship between 

urinary sodium retention, 

formation i~ the vascular 

plasma volume and 

underfill theory. 

ascites 

It was 

suggested that ascites formation begins when the increase 

in intrahepatic sinusoidal pressure produces a critical 

imbalance of the starling forces in the hepatic sinusoids 

and splanchnic capillaries. When the amount of lymph 

formation exceeds the capaci ty of the thoracic duct to 

return it to the circulation, ascites will accumulate in 

the per i toneal space and the vascular compartment 

subsequently becomes underfilled. This reduction in plasma 

volume is thought to be the afferent signal te the kidney 

to reabsorb extra sodium and water to replenish this 

compartment. 

Clinical studies in the late 1960' s of patients with 

alcoholic cirrhosis of the liver revealed four lines of 

evidence which questioned the validity of the underfill 

theory. First, cirrhotic patients had an expanded plasma 

vol ume as opposed to the predicted contracted plasma 

volume. Second, portal pressure does not fall during 

spontaneous 10ss of ascites and total plasma volume remains 

constant, indicating that the effective plasma volume (that 

capable of stimulating volume receptors) does not con~ract 

during ascites formation. Thirdly, the rate of ascites 

formation does not increase following paracentesis (removal 
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of ascites) nor does plasma volume contract and finally, it 

was shown directly that ascites can forro in patients 

previously free of ascites as a 

expansion by administration of 

consequence 

the sodium 

of volume 

retaining 

hormone, DOCA. These observations were the basis for the 

overflow theory of ascites formation proposed by Lieberman, 

Denison and Reynolds (1970) which focused on increased 

renal retention of salt and water as the primary event 

leading to the development of asci tes. The sodium 

retenti on leads to expansion of the plasma vol ume incl uding 

the splanchnic bed. As a result, portal and intrahepatic 

pressure rise sufficiently to al ter the Starling forces in 

the hepatic sinusoid to favor sequestration of fluid into 

the peritoneal space. As ascites accumulates, the 

circulation will become underfilled obligating a second 

phase of sodium retention. Of importance is that i t lS 

impossible to tell these two theories apart once ascites 

has occurred since both predict underfilling and thus a 

phase of sodium and water retention. 

In attempting to discern whether diminished effective 

arterial blood volume was actually present in cirrhotic 

patients a nd if i t could be an afferent signal for renal 

sodium retenti on , cirrhotic patients underwent head-out 

water i.mmersion. As previously described this manoeuvre 

results .in a prompt redistribution of blood volume with a 

sustained increase in central blood volume. Immersion 
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produced a variable response in the cirrhotic patients; one 

group had a normal natriuretic response, one group had a 

greater than normal natriuretic response and a third group 

had no natriuretic response. It was suggested that these 

data indicate that a diminished effective arterial blood 

volume could be involved in signalling the kidney to 

enhance sodium reabsorption (Epstein, 1988). However, it 

is precisely this spectrum of responsiveness which can be 

predicted from the overflow theory of ascites formation 

which predicts both vascular overfill and underfill as 

related to the stage of the disease. Those patients 

responding normally to water immersion would have normal 

plasma volume, those with an enhanced natriuretic response 

would be volume expanded and those not responding would be 

volume depleted. This type of analysis emphasizes the 

importance of identifying the hemodynamic and hormonal 

characteristics of each patient studied in order to glean 

important information from the clinical data. 

An experimental model used to study liver cirrhosis under 

more controlled conditions is the cirrhotic dog, either 

hepatotoxic (dimethylnitrosarnine-induced (DMA) ) or 

obstructional (bile du ct ligated). similar models have 

been developed in rats (carbon tetrachloride inhalation or 

bile duct ligation). The time course of sodium retention 

and atici tes formation was evaluated in the DMA cirrhotic 

dogs (Levy. 1977a). The dogs were fed a control diet 
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containing 45 mEq of sodium per day and housed in metabolic 

balance cages for the collection of timed urine samples. 

Ten to fifteen days following the onset of cirrhosis, the 

dogs began to retain sodium al though ascites did not appear 

until approximately ten days later. The plasma volume was 

expanded during the phase of sodium retention. Similar 

results have been reported in cirrhotic rats in which 

plasma volume expansion and sodium retention are 

demonstrated at 5 weeks post carbon tetrachloride 

inhalation, approximately 2 weeks prior to the appearance 

of ascites (Lopez-Novoa, Rengel, Hernando, 1980). These 

data clearly support the overflow the ory since renal sodium 

retention and plasma volume expansion both precede the 

appearance of ascites. 

One would naturally assume that the sùdium retention and 

volume expansion in the pre-ascitic phase represents the 

renal response to the perception of an underfilled 

circulation. It has been suggested that most of the 

retained sodium is directeà toward replenishing the 

expanding splanchnic bed and portasystemic collaterals 

(Levy, 1977a). To examine this, dogs wi th surg ically 

created end-to-side portacaval fistulas prior to induction 

of cirrhosis were studied sequentially as cirrhosis 

developed. 

pressure 

exhibited 

Despite the normalization of portal venous 

and lack of portacaval collaterals, the dogs 

sodium retention and plasma volume expansion 
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prior to the appearance of ascites (Levy, 1977a). This 

experiment clearly dismisses portal hypertension or the 

need to fill up venous collaterals as possible afferent 

signaIs in the pre-asci tic phase. In addition, several 

investigators have shown that the pre-ascitic volume 

expansion is associated with a suppression of plasma renin 

and aldosterone (Wernze, Speck, Muller, 1978; Wilkinson, 

Williams, 1980; Bernardi et al., 1983) indicating that the 

circulation is adequately "fi11ed" . This pre-asci tic 

sodium retention therefore, must be a response to a signal 

not related to the plasma volume. Indeed, plasma volume 

expansion appears to be a secondary effect of the sodium-

retaining stimulus during this phase. This data provides 

important and convincing evidence for the overflow theory 

of ascites formation. 

In attempting to elucidate the factor or factors 

respons ible for the first phase sodium retention, 

micropuncture and whole kidney function studies in 

cirrhotic dogs and rats showed that there is no change in 

GFR, renal plasma flow, filtration fraction or renal 

vascular resistance during sodium retention prior to or 

during ascites formation (Better, Massry, 1972; Bank, 

Aynedj ian, 1975; Levy, 1977a). since proximal tubular 

function is normal, the site of enhanced tubular sodium 

reabsorption must be distal to this portion of the nephron 

(Levy, 1977b). These characteristics of cirrhotic kidney 
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function are identical to those recorded in the cavaI 

kidney which is retaining sodium in the presence of 

ascites. This is not surprising when one considers that 

both are models of intrahepatic and portal hypertension and 

edema but may indeed be surprising if compromised systemic 

hemodynamics is considered to be an important afferent 

signal apprising the kidney of the fullness of the 

circulation in edema as will be described in the next 

section. 

Cardiac output increases by 20% in cirrhotic (bile-duct 

ligated) dogs, accompanied by a fall in peripheral vascular 

resistance while arterial blood pressure remains normal 

(Shasha et al., 1976; Levy, 1983). Plasma renin and 

aldosterone remain normal and there is no change in blood 

pressure in response to saralasin infusion prior to the 

appearance of ascites (Schroeder et al., 1976). These 

dogs differ from the cavaI dogs in which cardiac output and 

mean arterial pressure are initially low but are restored 

to normal as the elevated renin generates high lev.',üs of 

angiotensin II to maintain blood pressure and, at the same 

time, leading to angiotensin II-dependence as reflEcted by 

saralasin sensitivity. It is important to note that 

cirrhotic patients and animaIs have high circulating renin 

and aldosterone levels (Levy, 1977b: Better, l1assry, 1972) 

and are saralasin sensitive when ascites is present 

(Schroeder et al., 1976). These data suggest that 
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al though both edema models exhibi t marked sodium retention 

and ascites formation, the initiating events that produce 

the afferent signal to the renal tubule may be different. 

The mechanisms mediating this enhanced sodium retention may 

also be different in these two edema states. While 

intrarenal vasodilatation with acetylcholine effectively 

raises renal blood flow in both cavaI and cirrhotic dogs, 

superimposition of increased perfusion pressure by 

noradrenaline or angiotensin II infusion does not produce 

a natriuresis in the cirrhotic animal while restoring 

sod~_um excretion to normal in the cavaI dog (Levy, 1977b). 

This data suggests that the site of maximal sodium 

retention in cirrhosis is beyond the nephron segment 

usually respansive to altered renal hemodynamics in the 

cavaI kidney. 

It has been suggested that prostaglandins may play an 

important role in t:le control of renal function in 

cirrhosis by preserving renal perfusion (Boyer, Zia, 

Reynolds, 1979). There is considerable evidence that renal 

prostaglandins are increased in cirrhotics (Epstein et al. , 

1979; Zambraski, Dunn, 1984) and that administratj on of 

indomethacin will depress GFR and renal blood flow without 

an effect on blood pressure (Zambraski, Dunn, 1984; Levy, 

~<1exler, Fechner, 1983) in the presence of ascites. The 

renal prostaglandin system in cirrhosis is stimulated by an 

increased activity of the renin-angiotensin system and may 
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serve ta offset the vasocanstrictive affects of angiotensin 

II thus maintaining normal renal perfusion (Levy, Wexler, 

Fechner, 1983). 

The importance of changes in renal sympathetic act"!..vity 

have also been assessed in cirrhosis. Plasma 

norepinephrine concentrations, used as an index of the 

activity of the syrnpathetic nervous system, are elevated 

in cirrhotic patients wi th ascites but not in the pre

ascitic stage (Arroyo et al. 1 1983; Henriksen, Christensen, 

Ring-Larsen, 1981; Burghardt, Wernze, Diehl, 1986). The 

activation of the sympathetic nervous system in cirrhos1.s 

has been suggested as an important homeostatic mechanism in 

advanced liver disease (Bichet, Van Putten, Schrier, 1982: 

Ring-Larsen, Henriksen, Christensen, 1983). However, there 

is evidence which indicates that the sympathetic nervous 

system may not play such a major role in the sodium 

retention of cirrhosis. Cirrhotic patients with sodium 

retention and ascites, subjected to thermoneutral water 

immersion aIl had a diuresis, most had a natriuresis, but 

in only 1/2 was plasma norepinephrine depressed. Indeed, 

plasma norepinephri~e was dissociated from the natriuretic 

response (Epstein, 1986). In addition, renal denervation 

or infusion of dlpha- or beta-blocking agents ta saline

loaded cirrhotic dogs with ascites did not induce a 

natriuresis (Levy, 1977b). 

Although portal pressure was narmalized in the cirrhotic 
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end-to-side portacaval anastomosis, 

intrahepatic pressure remained significantly elevated thus 

raising the possibility that intrahepatic pressure itself 

could be an afferent s~;imulus. A series of experiments 

were performed in cirrhotic dogs where intrahepatic and 

portal pressure were normalized by creation of a side-to

side portacaval anastomosis which serves as an outflow 

tract from the liver. These dogs did not exhibit sodium 

retention or plasma volume expansion and remained free of 

asci tes for as long as twel ve weeks after surgery while 

ingesting 35 mEq of sodium per day. Therefore, the 

normalization of intrahepatic pressure in the cirrhotic dog 

abolished the sodium retention and, as predicted by the 

overflow theory, prevented the formation of ascites 

(Unikowsky, Wexler 1 Levy, 1983). 

The majority of data from both cirrhotic patients and 

experirnental animaIs seems to support a major role for the 

liver in initiating sodium retention. Intrahepatic 

hypertension per se, shown to be an antinatriuretic signal 

to the renal tubule (Levy, 1974), could activate a neural 

pathway through pressure-dependent baroreceptors or stretch 

receptors within the liver. Alternatively, the liver may 

generate a humoral, metabolic or hemodynamic signal as a 

resul t of deterioration in hepatic function or elevation of 

sinusoidal pressure. The major focus of this thesis 

is the relationship between the cardiac hormone, atrial 
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natriuretic factor, and the control of sodium excretion in 

cavaI and cirrhotic dogs as compared to normal dogs. 

Therefore, having described the sorne of the important 

factors in extracellular fluid volume control under normal 

conditions and in edema, the second part of this 

introduction will focus on the state of the current 

knowledge about this new hormonal system. 

1.4 ATRIAL NATRIURETIC FACTOR 

1.4.1 History 

Early electron microscopy of guinea pig heart revealed 

the presence of a population of dense granules within the 

atrial, but not ventricular, myocytes (Kisch, 1956). A 

detailed morphological examination of rat atria (Jamieson, 

Palade, 1964) demonstrated that the granules are spherical, 

average between 0.25 um and 0.5 um in diameter and are 

surrounded by a membrane of approximately 18 A in diameter. 

They are located adjacent to one or both poles of the 

nucleus of the central sarcoplasmic core, closely 

associated with the Golgi complex. h~ile being located in 

both right and left atria, the highest density is found in 

the anterior wall of the right atrium while the lowest is 

found near the sulcus terminalis. Comparison of granules 

from rat, cat, dog and human atria demonstrated that 

granule size and frequency tend to decrease with increasing 

size of the animal (Jamieson, Palade, 1964). 
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Although no functional significance was originally 

attributed ta the granules, their morphological similarity 

to secretory granules supported the idea that they were a 

storage site for cardiac catecholamines. In 1979, De Bold 

reported that water deprivation and sodium deficiency 

increased granularity while the combined administration of 

DOCA and 2% sodium chloride in the drinking water decreased 

granularity. This apparent relationship between 

granularity and regulation of water-electrolyte balance 

prompted De Bold to assess the acute renal effects of 

infusion of a crude extra ct of rat atrial myocardium (De 

Bolà et al., 1981). The infusion produced a rapid and 

potent natriuresis and diuresis in anaesthetized rats: 

infusion of ventricular extract had no effect. It was 

concluded that the extract contained a powerful inhibitor 

of renal tubular sodium chloride reabsorption. 

Since this initial observation there has been an 

explosion of investigation into the biochemistry, 

pharmacology, physiology and pathophysiology of this 

factor. In a short period of time, several investigators 

isolated a series of closely related peptides wi th very 

similar bioactivity. A variety of terms have been used to 

refer to the peptides including: atrial natriuretic factor 

(De Bold et al., 1984; Cantin, Genest, 1985), atriopeptin 

(Currie et al., 1984), cardionatrin (Flynn, De Bold, De 

Bold r 1983), auriculin (Atlas et al., 1984), atrial 
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natriuretic polypeptide (Kangawa, Matsuo, 1984), and atrin 

(Ballerman, Brenner, 1986). Recently, a committee on 

nomenclature has named the hormone atria1 natriuretic 

factor. In addition, different sequences are used when 

referring to specifie peptides and numbering amine acid 

residues (Cernacek, Crawhal1, Levy, 1986). For purposes of 

simplicity in this thesis, the peptide will be referred to 

as atrial natriuretic factor (ANF) and will be numbered 1 -

28 beginning with the N-terminal amine acid, Ser, as 

indicated in Figure 1.1. 

Cloning and sequence analysis of complementary DNA clones 

raise.d to atrial mRNA, identified the structure of the rat 

preprohormone, consisting of 152 amine acids (151 in human) 

(Yamanaka et al., 1984 i Oikawa et al., 1984: Oikawa et al. , 

1985). The sequence of prepro-ANF appears in phylogenesis 

(Cantin, Genest, 1985) and shows considerable homology 

between species. The signal peptide i5 cleaved during 

processing to produce the prohormone which consists of 126 

amine acids. Direct sequence analysis has recently 

demonstrated that only pro-ANF is stored in the atrial 

granules (Thibault et al., 1987) and further processing 

liberates a peptide of 28 amine acids, termed alpha-ANF 

(Kangawa, Matsuo, 1984), now considered to be the major 

circulating form of the peptide (Thibault et àl., 1985; 

Schwartz et al., 1985). Sequence analysis of the alpha 

form revealed a high degree of homology between species; 
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dog, human and bovine are identical and differ from that of 

rat and rabbi t by only one amino acid; isoleucine at 

position 12 ls replaced by methionine (Flynn, Davies, 

1985) . The core structure of ANF is a 17-membered ring 

formed by a disulfide bond between Cys-7 and Cys-23, as 

illustrated in Figure 1.1, and is essential for biological 

activity (Misono et al., 1984). While the C-terminal 

sequence Phe-Arg-Tyr is also necessary for full 

bioactivity, N-truncated variants seem capable of normal 

action (Thibault et al., 1984; Garcia et al., 1985). 

Prepro-ANF mRNA has been identified in cardiac atria, 

the aortic arch and the distal thoracic aorta (Gardner, 

Deschepper, Baxter, 1987). The existence of mRNA 

transcripts as weIl as high concentrations of ANF in the 

adventi tia of the aortic arch demonstrate that the prote in 

is being synthesized in these key places rather than simply 

binding to the surface receptors and may indeed indicate an 

important relationship between arterial baroreceptors and 

the secretion of ANF. 

1.4.2 Degradation 

The mechanism of ANF clearance from the circulation is 

presently unknown. Pharmacokinetic analysis of exogenously 

administered ANF hé' ; demonstrated that the half-life of the 

peptide is very short. T1/2 in humans ranges from 1. 7 

(Nakao et al., 1986) to 3.1 minutes (Yandle et al., 1986), 
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similar to dogs in which T1/2 ranges from 1.9 (Verberg et 

al., 1986) to 4.5 minutes (Ledsorne, 1986). Rats have 

considerably shorter T1/2, ranging from 16-31 seconds 

(Murthy et al., 1986; Luft et al., 1986: Katsube, Schwartz, 

Neeleman, 1986) presumably due to the short circulation 

time. possible clearing sites include kidney, liver, lung, 

heart and plasma, although it is generally agreed that very 

little processing takes place in the plasma. An aarly 

study of ANF incubation with various rat tissue homogenates 

indicated that the kidney had the highest ANF-degrading 

activity (Tang et al., 1984). An in vivo examination of 

ANF survival through various organs in the dog demonstrated 

that 80% of the peptide survived circulation through the 

lungs while only 20% rernained following circulation through 

th~ kidney (Weselcouch, Humphrey, Aiken, 1985). Rats with 

bilateral nephrectomy had increased ANF Tl/2 as compared to 

normal rats (L~ft et al., 1986: Katsube, Schwartz, 

Needleman, 1986) although not to the degree that would be 

predicted if the kidney were the major route of 

degradation. The role of the liver in ANF degradation is 

controversial. A substantial arterio-venous difference 

has been measured across the liver thus suggesting that it 

is part of the degradative pathway, although hepatectomy 

did not alter the Tl/2 of infused ANF (Murthy et al., 

1986) . 

since many small peptides are rnetabolized in the proximal 
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tubule (eg. LHRH, angiotensin) , MtF degradation has been 

assessed using several in vitro preparations of proximal 

tubular cells. Incubation of ANF with rat kidney cortex 

membrane and rabbit brush border leads to formation of one 

major degradation product corresponding to a single 

cleavage between Cys-7 and Phe-8 leaving the disul f ide 

bridge intact (Olins et al., 1987; Koehn et al., 1987). A 

simi1ar product was obtained during the incubation of pig 

brush border (stephenson, Kenny, 1987). The enzyme 

responsible for the cleavage has recently been identified 

as endopeptidase 24.11, a peptidase in the microvilli with 

its active site protrud1ng jnto the tubular lumen 

(Stephenson, Kenny, 1987). An important consideration in 

the site and mechanisrn of ANF degradation is that the 

peptide must survive passage through the tubule until it 

reaches the collecting duct or it must exert its actions on 

the contraluminal side of the tubule. 

1.4.3 Regulation of ANF Secretion From Atrial Myocytes 

A major focus of the physiology of ANF has been on the 

mechanism of release from the atrial myocyte and the 

associated natriuresis. Release is bel ieved to invol ve 

exocytosis and extrusion of pro-ANF or the biologically 

active ANF, although this was not demonstrated in electron 

micrographs of norlnal atrium 

Page et al. (1986) prcvided 

in the early observatior.s. 

the first ultraotructural 
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evidence for exocytotic extrusion in both thin-sectioned 

and freeze-fractured atrial myocytes. 

The direct effect of selective elevation of right or left 

atrial pressure on plasma iANF was investigated in dogs 

with mitral obstruction, pulmonary artery constriction or 

inflation of a balloon in the right atrium and showed that 

plasma iANF increased in direct relation to atrial pressure 

(Ledsome et al., 1985; Metzler et al., 1986; Akabane et 

al., 1987). Since atria1 stretch occurs as a result of 

volume expansion or water immersion, it was suggested that 

changes in transmural pressure, due to an increase in 

central venous filling pressure, signal ANF release from 

the atria1 myocyte and thereby contribute to the 

natriuresis of volume expansion and water immersion. The 

effects of volume expansion W( -.., similar in humans (Weil et 

al., 1985; Yandle et al., 1986), dogs and rats (Lang et 

al., 1985), producing an acute, rapid increase in plasma 

iANF which was directly correlated to right atrial pressure 

in dogs (Goetz et al., 1986). Interestingly, both the 

increase in ANF levels and sodium excretion were attenuated 

by atrial appendectorny in rats (Veress, Sonnenberg, 1984; 

Schwab et al., 1986). To evaluate this apparent 

relationship between the increase in ANF and the 

natriuresis of volume expansion, rats were infused with a 

dose of ANF sufficient to produce the same plasma levels 

as incurred by volume expansion (Khraibi et al., 1987). 
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The ensuing natriuresis was 40% of that caused by 

expansion, providing evidence that ANF, although 

contributing significantly to the natriuresis of volume 

expansion, is most likely only part of the response 

mechanism. 

Similar results were found with water immersion in a 

thermonet1tral bath which, as previously describéd, elevates 

venous pressure and central venous volume and is associated 

with a brisk natriuresjs (Epstein, Duncan, Fishman, 1975). 

Water immersed subjects had a rapid increase in plasma iANF 

which was correlated with urinary sodium excretion (Epstein 

et al., 1986; Anderson et al., 1986; Ogihara et al., 1986). 

In rats, horizontal water immersion had little effect on 

right atrial pressure and no effect on plasma iANF while 

vertical immersion elevated both right atrial pressure and 

plasma iANF (Katsube et al., 1985). Water immersed dogs 

also tended to have elevated plasma iANF although it was 

dissociated from changes in sodium excretion (Miki et al., 

1986) • 

Postural change, associated wi th al tered sodium handling, 

also effects changes in plasma iANF. Recumbency, 

associated with an increase in central venous i illing 

pressure and sodium excretion, elevated plasma iANF while 

return to the upright position, associated with a decrease 

in central venous filling pressure, depressed plasma iANF 

levels (Hollister et al., 1986; Ogihara et al., 1986; 
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Solomon et al., 1986). 

Several studies have investigated the effects of dietary 

sodium intake on plasma iANF 1evels. Normotensi ve subj ects 

maintained on a low sodium diet (10 rnrnoles per day) have 

lower plasma iANF than subj ects maintained on a normal 

sodium intake while subjects ingesting a high sodium diet 

(350 mmoles per day) had higher than normal basal iANF 

levels (Sagnella et al., 1985; Hollister et al., 1986). 

Interestingly, plasma iANF was remarkably stable at the new 

leve1s for as long as the subj ect was maintained on a given 

diet (Sagnella et al., 1986) sugge.sting a tight coupling 

between plasma sodium and ANF. 

It is clear from these studies that ANF is released in 

response to a variety of stimuli which al ter atrial 

transmural pressure. However, s ince cardiac mechano

receptors, 10cated in the walls of the right atrium respond 

to changes in atrial transmural pressure, it is possible 

that release of ANF can be mediated by a neural reflex 

mechanism rather than simply a mechanical response. 

Pharrnacological doses of adrenergic agonists 

(isoproterenol, phenylephrine, clonidine) can stimulate ANF 

secretion in vivo (Rankin, Wilson, Ledsome, 1987; 

Baranowska et al., 1987). The isolated perfused rat heart 

releases ANF in response to epinephrine or norepinephrine 

infusion while the b-adrenergic agonist, isoproteronol, and 

the a-2 agonist, BHT-920 have no effect. The a-l agonist, 
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phenylephrine, released ANF in a dose-dependent manner, an 

effect which was abolished by infusion of the a-antagonist, 

phentolamine (Currie, Newman, 1986). In vitro evidence 

supports a role for the sympathetic nervous system in 

release of ANF. Extracts of atria preincubated with 

epinephrine produced a significant natriuresis and di~resis 

when injected into rats while preincubatien with 

epi.nephrine and the a-antagenist, phentolamine, largely 

abolished the renal respense (Sonnenberg, 1984). The 

question of whether direct sympathetic stimulation to the 

heart can release ANF directly has net yet been addressed. 

There is clear evidence that ANF can be released in the 

absence of vagus and sympathetic innervation. Bilateral 

vagotomy and cardiac b-blockade in dogs did not prevent the 

increase in plasma iANF when atrial pressure was elevated 

by mitral obstruction (Ledsome, 1986). Similarly, cardiac 

denervated dogs increased plasma iANF in response te ùtrial 

stretch although there was no associated natriuresis (Goetz 

et al., 1986). 

These studies clearly show that ANF release from the 

atrial myocyte can be effected simply by increasing 

transmural pressure as weIl as suggest that stimulation of 

cardiac nerves may represent a second mechanism of release. 

However, it is presently not clear what the relative roles 

of these two pathways are under physiological or 

pathological conditions. 
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It was recently suggested that the anterior pi tu! tary 

may play a modulating role in ANF release since acute 

hypophysectomy in rats produeed an attenuated inerease in 

plasma iANF in response to volume expansion. 

Interestingly, the nonna l response was restored when the 

pi tui tary was ectopically transplanted to the kidney (Zamir 

et al., 1987). The importance of this modulation has not 

yet been 91ueidated but further indicates that ANF 

secretion is controlled by a variety of meehanisms, the 

interactions of which have not yet been described. 

1 • 4 • 4 ANF Receptors 

Autoradiographie studies localized ANF binding sites to 

the renal glomerulus, zona glomerulosa cells, adrenergie 

and noraarenergic cells of the adrenal medulla, 

hepatocytes, and various cells in the small and large 

intestine (Bianchi et al., 1985). A high density of 

reeeptors have been found in the hypothalamus and lower 

densities have been reported in the central nervous system 

(Nakao, 1986). within the kidney, specifie reeeptors have 

been localized in the glomeruli, vasa recta, and medullary 

collecting duct (DeLean, Vinay, cantin, 1985; Ballerman et 

al., 1985; Murphy et al., 1985). comparing receptor 

density in the various parts of the kidney demonstrated 

that greater than 90% of the total binding sites are in the 

cortex while only 2% are found in the papilla. Moreover, 
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the papillary receptors have a 10 fold lower affinity for 

ANF than the cortical receptors (Koseki et al., 1986: 

Suzuki et al., 1987). Binding characterization of ANF to 

rat renal glomeruli localized the receptor to the cu1tured 

mesangial but not epithelial cell (Ballerman et al., 1985). 

However, a recent study has characterized an epi thel ial 

cell ANF receptor in suspensions of inner medullary 

collecting duct cellb (Gunning et al., 1988). Both 

glomerular receptor density and affinity can be altered by 

sodium intake as rats on a low sodium diet upregu1ate their 

receptors while those on a high sodium diet downregu1ate 

the receptors (Ballerman et al., 1985: Gauquelin et al., 

1988). similar resul ts have been obtained wi th water 

deprivation in rats (Gauquelin et al., 1988). 

The mechanism through which ANF exerts its natriuretic 

effect following receptor binding involves the activation 

of a second messenger system. Hamet and his colleagues 

made an important observation in 1984 when they 

demonstrated that injection of crude atrial , but not 

ventricular, extract elevated urinary cGMP excretion and 

sodium excretion in the rat. This has since been confirmed 

in the dog (Seymour et al., 1985), rat (Hamet et al., 

1986), and man (Gerzer et al., 1985). The renal eff(~cts 

will be described in detail in ~he next section. 

waldman, Rappaport, and Murad (1984) and Hamet et al. 

(1984) demonstrated that ANF activates particulate 
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guanylate cyclase in a concentration- and time-dependent 

manner in crùde kidney membrane preparations while having 

no effect on soluble guanylate cyclase. The distribution 

of particulate guanylate cyclase in the various parts of 

the nephron correlated with ANF-induced increases in cGMP 

in the segments (Tremblay et al., 1985). This is a 

fascinating observation since ANF is the first endogenous 

agonist of the particulate fraction to be identified. 

similar resul ts have been obtained in vascular smooth 

muscle cells of the rabbit aorta (Winquist et al., 1984), 

human renal glomeruli (Ardaillon, Nivez, Ardaillon, 1985), 

and kidney cortical (Hamet et al., 1984) and collecting 

duct cells (Nonoguschi, Knepper, 11aganiello, 1987). 

Further evidence reveals that the vasorelaxant effects in 

vascular smooth muscle cells, mediated by cGMP do not 

depend on an intact endothelium (Winquist et al., 1984 i 

Ohlstein, Berkowitz, 1985). 

Direct evidence that cGMP mediates ANF's action in vivo 

is not as easy to obtain. Huang et al. (1986) demonstrated 

that the source of cGMP in Bowman's space is not from blood 

via filtration but rather from glomerular mesangial or 

epithelial cells. It has been demonstrated that cGMP does 

not increase in the proximal tubule (Stokes, McConkey, 

Martin, 1986) whereas cGMP increases two fold in the thick 

ascending limb, three fold in the collecting ducts and 50 

fold in the glomerulus (Tremblay et al., 1985). Despite 
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significantly lower affinity of ANF for the glomerular 

mesangial receptor, rats fed a lew salt diet accumulated 

cGMP in the giomeruli to the same degree as rats on a high 

saI t diet (Ballerman et al., 1985). similarly, saline 

loaded dogs had elevations in cGMP higher than when infused 

with ANF, neither of which could be correlated to sodium 

excretion (Seymour et al., 1985). These data indicate that 

although the sites of cGMP elevation correlate with ru~Fts 

known effects on sodium excretion, the direct relationship 

between increased cGMP and the natriuretic response te ANF 

has not been clearly shown in vivo. 

Affinity cross-linking techniques in combination with 

cGMP measurernents, used to examine the Al'~F receptor, 

provided strong evidence for the existence of two distinct 

ANF-binding sites of Mr approxirnately 66,000 and 130,000 

(Leitrnan et al., 1986). The srnaller receptor site accounts 

for 94% of binding sites in cultured endothe1ial celis but 

does not elicit an increase in cGMP in response to ANF 

binding and thus is most likely net coupled to guanylate 

cyclase (Scarborough et al., 1986). These receptors have 

been termed "silent receptors" CC-ANF receptors) and, 

although the y do not rnediate any of the known physio1ogical 

effects of ANF, they may be specifie storage-clearance 

binding sites for ANF (Maack et al., 1987). The larger 

receptor, accounting for only 6% of the total receptors 

liberates cGMP in a dose-dependent rnanner and appears te 
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link ANF to its biological actions (Leitman et al., 1986: 

Maack et al., 1987), The significance of two fleparate 

binding sites with two distinct second messenger systems 

has not yet been determined but will undoubtedly provide 

important clues as to both the mechanisms of ANF action and 

its degradation. 

1.4.5 Renal Response ta Infused ANF 

The commercial availability of 1-28 human and rat ANF 

prompted many studies assessing the natriuretic and 

diuretic effects of ANF under a variety of condi tians. ANF 

given as a bolus or continuous infusion produces a dose

dependent increase in urinary sodium excretion in control 

animaIs. In dogs, doses range from 30 to 600 ng/kg/min and 

eveke petent natriuretic responses which are usually 

accompanied by a significant diuresis. Several 

laboratories report a maximum sodium excretion of 150-200 

ueq/min (Blaine et al., 1986; Pollack, Arendshorst, 1986; 

Seymour et al., 1985) although larger natriuretic response 

have been obtained in ether laboratories (Burnett, 

Opgenorth, Granger, 1984). ANF infusion in human subjects 

at a dose in the upper physio1ogical range also enhanced 

sodium excretion (Anderson et al, 1987) providing important 

evidence that endogenous ANF is not simply an emergency 

hormone but one which most likely plays a role in the day 

to day regulation of sodium and volume homeostasis. The 

l 
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following sections will present an overview of the 

physiological (and pharmacological) effects of ANF and the 

present knowledge regarding the mechanisms of these 

actions. 

The effect of ANF on GFR has been an area of controversy 

over the past several years. Many investigators report a 

significant increase in GFR (cogan, 1986; Kramer et al., 

1986) which is postulated to be due either to afferent 

arteriolar vasodilatation and efferent arteriolar 

vasoconstriction (Maack et al., 1984; Ichikawa et al., 

1985; Marin-Grez, Fleming, steinhausen, 1986; Fried et al. , 

1986) leading to an increase in glornerular capillary 

hydrostatic pressure or a combined effect of efferent 

vasoconstriction and increased glomerular ultrafiltration 

coefficient (Fried et al., 1986). ANF infusion in rats 

produced an increase in glomerular filtration pressure 

(Schnermann, Marin-Grez, Briggs, 1986) while both an 

increase in glornerular capillary hydrostatic pressure and 

ultrafiltration coefficient were reported for the isolated 

perfused dog glomerulus (Fried et al., 1986). The 

importance of increased GFR in determining the natriuresis 

was further underlined by several studies assessing 

response to ANF when GFR could not rise. Under conditions 

of decreased renal perfusion pressure (aortic or renal 

arterial clamp), GFR did not rise and the natriuresis was 

abolished (Burnett, opgenorth, Granger, 1986; Sosa et al., 
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1986) . However, there are several studies which report a 

normal natriuretic response with no associated increment in 

GFR (Seymout' et al., 1985; Pollack, Arendshorst, 1986; 

Seymour, smith, Mazack, 1987) and, in fact, it has been 

reported in conseious dogs GFR increases in response to ANF 

infusion only at large doses (Johannessen et al., 1986). 

This disparity between results cannot be ascribe~ to 

anaesthetic effects, species differences, peptide 

differences (rat vs. human) or method of infusion. It 

seems likely that ar. increase in GFR and therefore 

increased fil tel. ed load of sodium can eontribute to the 

natriuretie effect of ANF although is not a major 

determinant of the ensuing natriuresis. 

ANF produces a transient ri se in renal blood flow 

following bolus injection in rats although has no r ffect 

during a continuous infusion in both dogs and rats (Maack 

et al., 1986; Seymour et al., 1983: Dunn et al., 1986). 

The eombined effeets of ANF on GFR and renal blood flow are 

reflected in sorne studies by an increase in filtration 

fraction (Burnett, Granger, Opgenorth, 1984). The effect 

of ANF on renal hemodynamics, while possibly augmenting 

sodium chloride delivery to the distal tubule, does not 

appear to be the primary determinant of i ts natriuretic 

action thus raising the possibility that the natriuretic 

action May be through a direct tubular effect. 

As previously mentioned, there are no receptors for ANF 
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in the proximal tubule (stokes, McConkey, Martin, 1986). 

Micropuncture and microperfusion of proximal tubular 

segments has demonstrated that there is no increase in 

sodium delivery out of this segment (Briggs et al., 1982). 

ANF applied to luminal brush border membrane vesicles 

prepared from normal rat kidneys decreased sodium 

reabsorption linked to both bicarbonate and phosphate 

reabsorption (Hammond et al., 1985). stop-flow perfusion 

of ANF in dogs indicated that, despite any smaI1 changes in 

sodium reabsorption in the proximal tubule, there is no net 

change in sodium handling in this segment (steigerwalt, 

Carretero, Beierwaltes, 1986). Similarly, mjcropuncture 

and microperfusion have shown that ANF has no effect on 

sodium or water handling in the thin loops of Henle 

(Sonnenberg, 1982; Roy, 1986) or sodium chloride transport 

out of the thick ascending limb (Peterson et al., 1987). 

It also does not interfere with Na/K/ATPase in rabbit outer 

medullary collecting duct cells or thick ascending limb of 

Henle (Zeidel et al., 1986) and, in fact, the data suggest 

a primary effect of ANF on sodium channels in the medullary 

collecting duct. A recent micropuncture study of rat 

papillary collecting duct demonstrated that while late 

distal tubule chloride delivery was not influenced by ANF 

infusion, fractional delivery to the base of the papillary 

collecting duct was significantly greater and the percent 

reabsorption (of fraction delivered) along the papilla was 
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less during ANF infusion (Fried, Osgood, stein, 19BB). 

There is accumulating evidence that ANF-induced 

alterations in peritubular starling forces governing tubule 

fluid reabsorption mal" play a maj or role in preventing 

sodium reabsorption in the late collecting duct. Elevation 

of renal perfusion pressure by angiotensin II infusion in 

rats enhanced the natriuresis evoked by ANF infusion while 

elevatiun of oncotic pressure in the postglomerular 

capillaries by hyperoncotic albumin €xchange abolished the 

natriuresis (r1endez et al., 1986). This was confirmed in 

dogs where constriction of the renal artery ta produce a 

32% deL"!rement in perfusion pressure abolj shed the 

natz.-iuresis (Sosa et al. f 1986), an effect which is not 

seen in the contralateral cont:col kidney (Davis, Briggs, 

1987). Changes in papillary vasa recta hydraulic pressures 

as found by microperfusion of rat kidney (Dunn et al., 

1986) may also contribute to the natriuretic effect of ANF. 

Fluorescence videomicroscopy of ANF action in the exposed 

rat renal papilla demonstrated that ANF does increase vasa 

recta flow al though later than the initial diuresis and 

natriuresis (Kiberd et al., 1987). 

These studies demonstrate that the modulation of sodium 

chloride handling by ANF does not take place in the 

proximal tubule, loop of RenIe, or distal tubule but rather 

the maj ori ty of action takes place in the medullary and 

papillary collecting duct. Indeed, the importance of 
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inhibition of sodium reabsorption in the medullary 

collecting duct, regardless of the mechanism, is relatively 

undisputed. Micropuncture of the outer medullary 

collecting duct demonstrated that the decrease in 

fractional reabsorption in this segment accounts for 

approximately 80% of the natriuresis (Sonnenberg 1 1982) and 

appears to represent both an inhibition of sodium 

reabsorption, possibly through modulation of a sodium 

channel, as weIl as secretion into this segment of the 

nephron. 

1.4 • 6 Cardiovascu1ar Response to Infused ANF 

Pharmacologica1 doses of ANF given as either a bolus or 

continuous infusion produce an acute decrease in mean 

arterial pressure in humans and most experimenta1 animaIs 

which appears to be dose-dependent (Hirata et al., 1985; 

Biollaz et al., 1986: Richards et al., 1985). This 

hypotensive response is accompanied bl' a fall in cardiac 

output and ei ther no change or an increase in total 

peripheral resista:1ce (Kleinert et al., 1986; Zimmerman et 

al., 1987). since blood pressure is a product of cardiac 

output and peripheral vascular resistance, t~e decrease in 

blood pressure must be due ta a decrease in cardiac output 

which was not due to a decrease in heart rate in animaIs 

studied (Zimmerman et al., 1987), and, in fact, an increase 

in heart rate was reported in human subjects (Richards et 
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al., 1985: Fujio et al., 1986: Bie et al., 1988) • 

Therefore, ANF' s effect on ca :-diac output must be a resul t 

of a decrease in stroke volume and/or a change in cardiac 

contractility. This hypothesis is consistent wi th the 

observation that ANF produces a decrease in central venous 

filling pressure in dogs and rats (Goetz, 1986). By the 

starling mechanism, this would resul t in a decrease in 

stroke volume and hence cardiac output. Cardiac 

contractility (dPjdt) has been shown to decrease in 

isovolumically paced rat heart and thus may also contribute 

to the decrease in cardiac output. 

The observed decrease in mean arterial pressure lS 

consistent with the demonstration that ANF relaxes vascular 

smooth muscle preparations which have been precontral.:::ted 

wi th a variety of vasoconstrictors including angiotensin 

II, norepinephrine, and vasopressin as weIl as the 

nonhormonal agonist ouabain {Aalkj aer, Mul vany 1 Nyborg, 

1985; Faison et al., 1985; Ishihara et al., 1985). The 

vasorelaxant ~ffect of ANF is most likely a direct effect 

on the vascular smooth muscle sinee it has been shown that 

the intact endothelial lining is not required to achieve 

relaxation (Winquist et al., 1984). 

These in vitro studies, in addition to the demonstration 

that ANF reduces human forearrn vascular resistance (Bolli 

et al., 1987) 1 appear to be in contrast with the increase 

in total peripheral resistance m~asured in response to ANF 

,,-
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in intact animaIs. This apparent vasoconstrictor action 

may, in fact, be a secondary reflex effect of a decrease in 

mean arterial pressure which produces an unloading of the 

aortic and carotid baroreceptors resulting in an increase 

in sympathetic activity and thus an increase in peripheral 

arteriolar resistance (Holtz et al., 1986). The decrease 

in baroreceptor activity may also account for the increase 

in heart ra te reported for human subj ects . The 

physiological signif icance of the cardiovascular effects 

of ANF can only be assessed at plasma ANF levels 

approxirl".ating those seen under normal cond i tj ons. ANF 

infusEO'd into conscious dogs to produce plasma ANF levels 

approximately three times normal did not change arterial 

pressure, cardiac output or peripheral vascular resistance 

while significantly decreasing cardiac filling pressure 

(Bie et al., 1988). 

1.4.7 ANF and the Renin-Angiotensin-Aldosterone System 

There has been a great deal of investigation into the 

relationship between ANF and the renin-angiotensin-

aldosterone system. Despite an acute fall in blood 

pressure, ANF infusion has also been shown to depress 

plasma renin activity (Freeman, Davis, Vari, 1985; Maack 

et al., 1984) at pharmacological levels as weIl as a t 

physiological levels (Zimmerman et al., 1987; Brands, 

Freeman, 1988) although many investigators find no change 
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in renin with either acute or chrcnic ANF infusion 

(Anderson et al., 1987; cody et al., 1986). The 

inconsistency in these results may be explained in part 

by the base1ine plasma renin activity in a given animal. 

Infusion of ANF into spontaneously hypertensi ve rats, in 

which basal plasma renin is high, produces a marked 

decrease in renin. Interestingly, the hypotensive effects 

of .liNF are also more pronounced in hypertensi ve, renin

dependent animaIs (Volpe et al., 1985). Infusion into dogs 

with 10w or normal plasma renin activity does net 

necessarily further depress renin. The mechanism most 

often invoked to explain the drop in renin with ANF 

infusion is an increased sodium load to the macula densa 

(Maack et al., 1984; Burnett, Granger, Opgenorth, 1984). 

However, a recent study of ANF's effect in a denervated, 

non-filtering kidney (vi11arrea1 et al., 1986) demonstrated 

a decrease in plasma renin comparable to that measured in 

the control kidney thus suggesting that an increase in 

filtered load to the macula densa is not necessary for the 

renin response to ANF. It has been suggested that ANF may 

interfere directly with the renal vascular receptor for 

renin or directly inhibit the juxtag10merular cells (Obana 

et al., 1985; Kurtz et al., 1986) but direct evidence i5 

still lacking. 

ANF' 5 effects on aldosterone secretion is more firmly 

documented. In i5clated adrenal g1omerulosa cells, ANF 

l 
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causes a dose-dependent inhibition of basal aldosterone 

secretion, as well as that stimulated by angiotensin II, 

ACTH and potassium (Atarashi, Mulrow, Franco-Saenz, 1985: 

Aguilera, 1987). Detailed investigation of the underlYlng 

mechanism has demonstrated that ANF inhibits the early path 

of steroidogenesls, decreasing the conversion of 

cholesterol to pregnanolone uhich i5 stimulated normally by 

adrenocorticotropin and angiotensin II. In a~~eement with 

the in vitro data, infusion of ANF produces decreases in 

plasma aldosterone (Brands, Freeman, 1988) and attenuates 

the secr~tory response to angiotensin II (Anderson et al., 

1986) . 

1.4.8 ANF and Vasopressin Interactions 

Intravenous infusion of ANF to normal human subjects or 

anaesthetized dogs does not alter plasma levels of 

vasopressin (Biollaz et al. 1 )86; Gnadinger et al., 1986; 

Kimura et al., 1986) although markedly reduces hemorrhage

induceà elevated vasopressin leveis (Samson, 1985). 

Incubation of posterior pituitary with ANF gives 

contradictory results, stimulating vasopressin release in 

one preparation (Januszewicz et al., 1985) and inhibiting 

its release in another (Obana et al., 1985). As the se data 

suggest, the interaction between plasma ANF and vasopressin 

is, at present, quite confusing. 
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1.5 ANF IN EDEMA 

As previously described, the pathogenesis of edema is 

only partially understood. with the discovery of ANF, it 

\Vas suggested that an impaired secretion of 1 or an impaired 

renal response to this important natriuretic peptide rnay be 

involved in the progressive sodium and water retention of 

ederna (Goetz, 1978). Recently, a great deai of 

investigation has focused on defining the relationship 

between ANF and the sodium retention of edematous patients, 

in particular those with C'irrhosis of the liver, congestive 

heart failure and nephratic syndrome, as weIl as various 

experimental models. 

There are severai avenues for potential disturbances in 

the pathway af ANF's function in extracellular fluid volume 

control including 1) an absolute or relative deficiency 

af releasable hNF, 2) secretion of abnormal or less 

bioactive farms af ANF, 3) a decrease in target organ 

responsiveness. These passibilities will be discussed in 

brief in terms of what is presently known about the role of 

ANF in ederna. 

An inability ta transmit the signal of increased atrial 

transmural pressure, impaired granular release or a 

deficiency of atrial ANF would result in a deficiency of 

circulating ANF and thus permit unopposed action of the 

renin-angiotensin system. Congestive heart tailure 

patients, however, with a variety of underlying etiologies 
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generally have very high circulating plasma ANF levels 

(Cody et al., 1986; Riegger et al., 1986). Moreover, 

elevation of cardiac fi11ing pressure (Burnett et al., 

1986) as weIl as exercise (Dietz et al., 1986) are 

associated with further increases in plasma iANF in these 

patients indicating that the relationship between secretory 

stimulus and granular release is normal. Therefore, the 

sodium retention and edema of congestive heart failura is 

not an ANF defic.l.ency state and, in fact, ANF release is 

enhanced to compensate for chronic volume uverload. This 

raises the qu-::stion of the relative effeetiveness of the 

renin-angiotensin system and ANF in volume control in edema 

states sinee, despi te elevated leveis of ANF, sodium and 

water retention persiste 

Studies of patients with cirrhosis of the liver and 

nephrotic syndrome have revealed some interesting resul ts. 

These patients have low, normal, or elevated plasma iANF 

levels (Brabant et aL, 1986; Burghardt, Wernze, Oiehl, 

1986) which can be further e1evated in response to 

thermoneutrai water immersion (Epstein et al., 1986). 

However, despi te an apparently normal response of the 

atria, both cirrhotic and nephrotic patients have a b1unted 

natriuretic response ta water immersion. In fact, there is 

a great deal of variation in individual responsiveness 

between the patients, despi te uni forro elevation of plasma 

ANF (Leung et al., 1987). This attenuated natriuresis was 

l 
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also demonstrated by intravenous infusion of ANF to 

cirrhotic and congestive heart failure patients (Hricik et 

al., 1986; Riegger et al., 1987; Wambach et al., 1988). 

The clinical data strongly suggests that plasma ANF in 

these disease states, reflecting normal stimulus-release 

coupl ing, is ineffecti ve in producing a normal natriuretic 

response at the levels of the renal tubule. This may 

explain, at least in part, the aPDarent dominance of the 

renin-angiotensin system over ANF in edema. Elevated 

aldosterone enhances sodium retention in the distal tubule 

while high concentrations of ANF cannot increase sodium 

excretion and bring the system back into equilibrium. 

The investigation of various experimental edema models 

supports such a conclusion. The dissociation between 

plasma iANF and the renal response to ':he peptide is 

emphasi zed by comparing two canine models of congestive 

heart failure. CavaI dogs have low circulating plasma ANF 

levels (paganell i et al., 1988) while dogs with aortocaval 

fistulas have high ANF levels (Villarreal et al., 1987). 

Both retain sodium, have an activated renin-angiotensin 

system and an impaired natriuretic response to infused ANF 

(Freeman et al., 1985; Chou, Reiser, Porusch, 1987). 

There is presently very little data to explain the 

attenuated natriuretic response to ANF in edema although a 

recent study suggests that the problem may be at the levels 

of the medullary ANF receptor. Rats with congestive heart 
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failure due to myocardial infarction have elevated plasma 

iANF and reduced ANF binding in the inner renal medulla. 

This decrease in binding is due to a decrease in receptor 

densi ty while the aff ini ty of the receptor for ANF is 

unchanged (Tsunoda et. al., 1988). In add i t i on, I<oepke, 

Jones, OiBona (1987) and colleagues demonstrated that renal 

denervation of cirrhotic and nephrotic rats, previously 

weakly responsive to ANF infusion, now had the full 

natriuretic response restored suggesting that the renai 

nerves are antagonizing the effects of ANF. 

1.6 PURPOSE OF THESIS EXPERIMENTS 

The experiments described in this thesis were designed 

to assess the role of ANF in two canine models of edema: 

the dog with thoracic inferio!' vena cavaI constriction 

(cavaI dog) and the dog with biliary cirrhosis of the Iiver 

(cirrhotic dog) . 

The cavaI dog is a weIl characterized modei of low-

output congestive heart failure. Its major advantage in 

the study of sodium retention and ascites is that it shows 

a biphasic pattern of sodium handling. Following a period 

of sodium retention in the presence of ascites, the dogs 

will return to sodium balance. The cirrhctic dog model 

closely mimics the human disease and has also been well 

characterized. Unlike chronic cavaI dogs, cirrhotiG dogs 

do not return to sodium balance in the presence of ascites. 
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However, the pre-ascitic phase, lasting approximately 8-12 

weeks, provides the opportunity to study the role of ANF 

during the development of cirrhosis of the liver. 

In these studies, the profile of atrial ANF in terms of 

cardiac storage and release was assessed by comparing 

atrial content, plasma iANF levels, molecular forros of the 

peptide in the atria and plasma, disappearance time and 

metabolic clearance rate of normal dogs with both the caval 

and cirrhotic dogs with sodium retention and ascites. In 

addition to establishing these characteristics in normal 

dogs, these data permitted the examination of one area 

where ANF physiology could be abnormai in the genesis and 

maintenance of edema. 

The renal response to exogenous ANF infusion in normal 

dogs was aiso compared to that in caval and cirrhotic dogs. 

When it became clear that the cavaI and cirrhotic doqs in 

sodium retention and ascites divide 50: 51) into natriuretic 

responders and non-responders, many parameters were 

examined in detail to attempt to delineate tne factor(s) 

which produce this heterogeneous renal response. 
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CHAPTER 2: METHODS 
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2.1 SURGICAL TECHNIQUES 

2.1..1. General Preparation and Re~~very 

AlI dogs prepared for sterile surgery were hand1ed in 

the sarne manner. Heal thy , cnronically condi tioned male 

and female dogs who had been in the Mclntyre Animal Center 

for at least 3-4 weeks were fasted overnight before the day 

of surgery and allowed Hater ad lib. surgery was carried 

out under sterile conditions using either inhalation 

(methoxyf.luorane) or pentcthal (2.5% sodium thiopental, 

Abbott Laboratories, Montreal, 25 mg/kg i. v.) anaesthesia. 

Dogs anesthetized with pentothal were intubated with a 

cuffed endotracheal tube and placed on a Harvard 

respirator. The area of the incision was cleansed with 

soap and water, and sterilized with alcohol and betadine. 

After surgery, a11 dogs were returned to the Recovery Room 

in the Mclntyre Animal Center, and tre~ted with Penlong-s 

(rogarjSTB Inc., Montreal, PQ) 2ml/day (approximately 

400,000 l.U. penicillin Gjday) for 5 days. 

2.1.2 cirrhosis - Bile Duct Ligation 

Through a midline abdominal incision, the common bile 

~uct was identified and doubly ligated above the entrance 

of the pancreatic duct and as high as possible te prevent 

later fistulaus reattachment of the proximal stump to the 

duodenum. Care ,.,ras taken ta iden tif Y and ligate aIl 

accessory branches to the common bile duct including the 
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cystic duct. While cholychystectomy was performed in most 

dogs, technical dlfflcul ties precluded this procedure in 

some dogs. 

development 

No differences in the recovery from surgery or 

of cirrhosis and ascites were seen and 

therefore aIl ;logS w(~re considered as a uniform group. The 

bile duct was dividlad between the ligatures. The abdomen 

was carefully closed in two or three layers. 

2.1.3 Thoracic Inferior Vena Cava Constriction 

Through a right thoracotomy between the 5th and 6th ribs, 

the vagosympathetic trunk was gently freed from its 

advential attachlllents to the inferior "ena cava, and then 

the cava was constricted approximately 50% with stout 

umbilical tape. The chest was closed with 1-0 chromic 

(Ethicon) sutures around both ribs. Care was taken to 

expel aIl air from wi thin the thoraclc cavi ty before 

complete closm,,"e. The chest was closed in 2 -3 muscle 

layers. 

2.2 General Protocols (Detailed methods for each protocol 

will be described in later sections.) 

2.2.1 Normal Dogs 

1. ANF-Dose Response 

Changes in renal function and blood pressure at four 

different doses of ANF' were assessed in rive normal 
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conscious dogs standing quietly in the Pavlov sling. 

Following control measurements, ANF was infused at 50 

ng/kg/min, 75 ng/kg/min, 125 ng/kg/min and 175 ng/kg/min 

for 45 minutes each while repeating the measurements taken 

in the control phase. 

2. Determination of Papillary Plasma Flow 

8 dogs were prepared for the determination of papillary 

plasma flow. 4 dogs were studied in the control state and 

4 were studied during the intravencus infusion of ANF at 

125 ng/kg/min. 

2.2.2 CavaI Dogs 

1. Sequential Response to ANF Infusion. 

14 chronic cavaI dogs were studied in the control phase 

and again following TIVC constriction in 2 phases when 

asci tes was present - sodium retention and when the dogs 

had returned ta sodium balance. The dogs were re-studied 

following mobilization of ascites with the LeVeen 

peritoneovenous valve. 

2. Hemodynamic Studies 

A group of cavaI dogs was prepared with chronic 

indwelling catheters for the determination of changes in 

systemic hemodynamics (cardiac output, mean arterial 

pressure, central venous pressure, and plasma volume). The 
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dogs were studied in the pre-surgical control phase and in 

the presence of ascites, both in the phases of sodium 

retention and sodium bal.ance. The hemodynamic parameters 

were mea::mred during a control period and again during the 

infusion of 175 ng/kg/min ANF. 

3. Determination of Papil1ary Plasma Flow 

10 caval dogs were prepared for the determination of 

papillary plasma flow during the infusion of ANF at 125 

ng/kg/min. 

4. Effects of Renal Denervation and Renal Vasodilatation 

Response to ANF (125 ng/kg/min) was determined in a 

series of anaesthetized dogs with 1eft renal denervation 

(the r ight kidney served as the control). In dogs not 

responding to the infus ion under control conditions or 

following denervation, acetylcholine was infused ;'n the 

1eft renal artery at a dose sufficient to raise renal blood 

flow and the response to ANF was determined. 

5. Sequential Measurement of Plasma Hormones 

8 dogs were use:d for the sequential measurement of plasma 

iANF, renin, aldosterone and ADH. Samples were obtained 

prior ta cavaI constriction and, fOllowing surgery, daily 

until the appearance of ascites. AlI samples were taken in 

the conscious state, with the dogs standing quietly in the 
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Pavlov sling. 

2 • 2 .3 Cirrhotic Dogs 

1. Response to ANF Infusion 

9 chronic dogs were studied in the control p:lase and 

following the development of cirrhosis, as determined by 

liver function tests, and ascites. LeVeen peritoneovenous 

shunt was inserted into 3 cirrhotic dogs and the response 

to ANF reevaluated. 

2 • Determimition of Papillary Plasma Flow 

7 cirrhotic dogs with sodium retention and ascites were 

prepared for the determination of papillary plasma flow 

during the infusion of ANF at 125 ng/kg/min. 

3. Effects of Renal Denervation and Renal Vasodilatation 

The response to ANF was measured under control 

conditions, and following left renal denervation (the right 

kidney served as control). When baseline sodium excretion 

had been restored, acetylcholine was infused into the left 

renal artery and the response to ANF reevaluated. 

4. Sequential Evaluation of Cirrhotic Doga 

A r.eries of 9 cirrhotic dogs were followed weekly after 

bile-duct ligation for the determination of plasma volume, 

sodium balance, plasma iANF, renin and aldosterone. In 
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addition, the response to ANF was studied in the conscious 

dogs biweekly from week 2 to week 8 and Onc.le again when 

ascites had developed. 

5. AcutEI Intrahepatic Hypertension 

6 acu·t:e, anaesthetized dogs were prt~pared for the 

determination of ANF responsiveness under control 

conditions and aga in during the intraportal infusion of 

histamine. 

2.3 ..;urgical Techniques 

2.3.1 LeVeen Peritoneovenous Valve 

A two inch longitudinal incision was made in the abdomen 

medial to the anterior axillary 1ine, 1ateral to the re,::tus 

sheath and below the live:c edge taking care to aVI":>id 

distended varices on the abdominal surface. The abdominal 

muscles were separated between fibres until the peritoneum 

was exposed. Two purse string sutures (3-0 nylon, Ethicon, 

Montreal) were sewn 100sely in concentric land 11/4 inch 

cireles, leaving at least 3 inch ends frae on each suture. 

A longitudinal incision was then made overlying the left 

jugular vein. A tunnelling instrument was routed 

subcutaneously from the incision at the neck and 

exteriorized through the abdominal incision. The solid 

venous tul.dng was attached to the instrument and pulled 

through the subcutaneous tunnel into the incision at the 

1_. __ . ________________________ ~ 
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neck. A small incision was made in the center of the 

purse string sutures and the perforated collecting tube wae 

passed through this incision into the peritoneal cavity. 

The sutures were pulled tightly and tied securely to ens\\re 

that no ascites could leak around the shunt. When flow was 

established through the valve, the end of the solid tubing 

was inserted into the internaI j ugular vein through a 

longitudinal venotomy. The vein was tied wi th 2-0 silk 

sutures above and below after insertion of the tubing. The 

abdominal muscles were pulle:i over the valve and sutured 

with 2-0 chromic suture to protect the valve. The 

abdominal and neck wounds were closed with 3-0 nylon 

sutures in the skin. 

• 
2.3.2 Chronic Catheters 

Chronic indwelJ ing catheters were placed in the right 

jugular vein and right carotid artery for measurement of 

cardiac output, arterial blood pressure and central venoue 

pressure. A longitUdinal incisiol was made overlying the 

right jugular veine Both the jugular vein and carotid 

artery were isolated, ligated and catheterized with 

polyethylene transmission tubing catheters. Catheters were 

routed subcutaneously and exteriorized through a small 

incision at the back of the neck. The catheters were 

fitted with 3-way stopcocks, flushed with heparinized 

saline and tied securely into a neck band. The catheters 
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were flushed daily with heparinized saline te maintain 

patency. 

2.4 Slinq Studies 

A series of experiments were carried out on alert, 

unanesthetized control, cavaI, and cirrhotic dogs standing 

quietly in a Pavlov sling. AlI dogs were mildly sedated 

with 1.0 mg i.m. ')f atropine sulfate and 20-30 mg xylazine 

at the commencement of the study. A Foley catheter was 

inserted into the bladder for collection of urine by a 

standard washout technique using 10 ml of sterile distilled 

water. Catheters were inserted into the antecubi tal veins 

by direct venipuncture for the infusion of either inulin 

(ta me.asure GFR) and para-aminahippurate (PAR, ta measure 

renal plasma flow) on one side or for the infusion of rat 

1-28 ANF (obtained from either Peninsula Laboratories, 

Belmont, CA or Armand Frappier, Montreal, Quebec) at 175 

ng/kg/min. Inulin and PAH were infused at a priming dose 

of 6 ml/min for 10 minutes (150 mg/min inulin~ 30 mg/min 

PAR) followed by a contin'llous infusion at 0.6 ml/min (15 

mg/min inul in; 3 mg/min PAR). Venous blood was sampled 

from a polyethylene catheter inserted into the abdominal 

vena cava by direct puncture of the saphenous vein. prior 

ta the control clearance collections (4 collections of at 

least 10 minutes duration) plasma was taken for the 

measurement of plasma ANF 1 plasma protein, hematocri t, 
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sodium. Following control clearance collections, ANF was 

infused at 1. 7 5 ngjkg/min (O. 58 ml/min in normal saI ine w i th 

a constant infusion syringe pump) . The sarne pump was used 

for each animal. After a 10 minute equilibration period, 

another 4 clearance periods were collected. Blood was 

sampled once more at the midpoint of these 4 clearance 

periods for the measurement of ANF, renin, aldosterone, and 

cGMP, and at the mid point of each clearance period for the 

measurement of plasma inulin and PAH. 5 ml al iquots of 

urine were taken fram two clearance periods and frazen for 

measù.rement of cGMP. Generally, no more th an 7-10 ml of 

blood was sampled for determinations at any one time (blood 

for plasma horr"one levels being staggered over 10 minutes) 

and was always replaced with an equal volume of isotonie 

saline, as were aIl urinary lasses. 

2 • 5 Balan~e Studies 

In arder te document the status of sodium balance, dogs 

were placed in large rnetabolic cages for the collection of 

24 hour urine. 

mEq/gm sodium. 

Food was standard dog chow cantaining O. l 

The dogs were fed approximately 45 mEq 

sodium per day with free access to water. Balance studies 

were carried out for at least 48 hours ta ensure accurate 

measurements • 

~----------------
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2.6 Hemodynamic Parameters 

2.6.1 Cardiac Output: 

Cardiac output was measured by dye dilution technique 

using indocyanide green (Cardiogreen, Hyson, Westcott and 

Dunning) . The carotid art:erial catheter was conr:ecteà to 

a densitorneter (Densitometer, D402A, Waters Instrument 

Inc.) and a dye inj ection syste'm (3 -way stopcock) was 

connected to the jugular vein catheter. l:'rior to the 

determination of cardiac output a standard curve w'as 

constructed using blank blood t..!ontaining 2-16 mg/ml 

cardiogreen. Blood was wi thdrawn at a constant rate from 

the arterial catheter with a constant infusion/withdrawal 

pump (Sage Instruments Orion Research) and 0.5 ml 

cardiogreen inj ec:ted quickly through the jugular catheter 

and the dens i ty curve inscr ibed several seconds la ter. Ta 

compute the area under the curve, the downslore af the 

curve is extrapolated to zero concentration on 4 cycle 

semi-log paper, beyond the beginning of recirculation. 

Because of exponential decay, the extrapolation is best 

effected on semilogari thmic paper which converts 

exponential curves to straight 1ines. The formula used ta 

compute the cardiac output in liters per minute is: 

C.O. = (I x 60 sec)j(E x: K) where I=amount of dye 

injected, E=total area of the curve, and K=slope constant 

of the calibration curve. 
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2 • 6. 2 Mean Arterial Blood Pressure: 

Mean arterial blood pressure was determined by mercury 

manometry through the catheter in the carotid artery. 

2.6.3 Central Venous Pressure: 

Central venous pressure was determined by saline 

manometry through the catheter in the jugular veine The 

reference point was taken at the anterior axillary line 

with the dog standing on aIl four legs. 

2.6.4 Plasma Volume: 

Plasma volume was determined by dye-dilution technique 

with T1824 Evan's Blue (Fisher Scientific, Montreal) 

prepared as a 5% solution. Blank plasma was obtained prior 

to infusion for the preparation of standards. 1.0-1.5 ml 

of dye (determined by gravimetric techniques) was inj ected. 

Blood sarnples were collected every 7.5 minutes until 30 

minutes had elapsed. Spectrophometric determination of 

the concentration of the dye was carried out at 620 nm. 

2.7 Preparation of Anaesthetized Dogs 

CavaI or cirrhotic dogs with ascites were anaesthetized 

with nembutal, (Abbott Laboratories, Montreal) 25 mg/kg 

intravenous, intubated with a cuffed endotracheal tube and 

ventilated with a Barvard respirator when necessary. Mean 

arterial pressure was recorded by a mercury rnanometer 

attached to a polyethylene catheter (PE 205) in a femoral 
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"1rtery. Arterial blood samples were collected from a 

catheter placed in the! other femoral artery. A PE 190 

catheter was placed in a femoral vein for the infusion of 

ANF. A PE 50 catheter was placed in the right jugular vein 

for infusion of inulin and PAR. Through flank incisions, 

each ureter was cannulated with PE 90 tubing to the level 

of the renal pelvis with great care being taken to avoid 

tearing the peritoneum and loss of ascites. Dogs were 

posjtioned on their right side to allow easy access to the 

left kidney for further manipulation. AlI infusions were 

administered with constant infusion pumps. 

2.7.1 Left Renal Denervation 

The left kidney was denervated by stripping the renal 

artery free of aIl attachments. The artery was then 

painted with a 5% phenol solution. In addition, the 

fihrofatty attac.hments surrounding the kidney and upper 

ureter and pelvis were stripped away as much as possible 

without causing bleeding or perforation of the peritoneum. 

2.7.2 Intrarenal Acetylcholine 

A 23 gauge needle was inserted and fixed ~n the left 

renal artery, attached to a PE 50 catheter, and connected 

to a constant infusion Harvard s:z-ringe pump. Nonnal saline 

was infused into the renal artery at 0.5 ml/min to keep the 

needle patent and was continued during the control 
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clearance periode Thereafter, acetylcholine bromide (Sigma 

Chemical Co., New York) was infused at 60-80 ug/rninute 

without changing the pump speed. 

2.7.3 Acu'ce Intrahepatic Hypertension 

The splenic pedicle was clamped and a PE 190 or 205 

polyethylene catheter ''las inserted through the splenic vein 

into the portal vein and advanced as closely as possible to 

the porta hepatis. Through a 3-way stopcock, this catheter 

was used either for the infusion of histamine or for the 

measurement of portal venous pressure by saline manornetry. 

Histamine, as the diphosphate (containing 30% free bë:.se) 

was infused into the portal vein in order to take advantage 

of its ability to selectively cause postsinusoidal hepatic 

venoconstriction in the doge The infusion of small doses 

(approximately 3-6 ug/min free base) was sufficient to 

significantly elevate portal, and thus intrahepatic 

pressures. Similar doses infused into a femoral vein were 

without effect on central hemodynamics. 

In control studies, the portal venous catheter was left 

filled with heparinized saline at 0.5 ml/min and a 

histamine infusion at the sarne rate (3-6 ug/min free base) 

was administered in the contralateral catheter. After a 

set of 3 clearance experiemtns, the saline infusion was 

replaced wi th an infusion of ANF at 175 ng/kg/min and a 

second set of clearances obtained. Following this latter 
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set of clearance, the animaIs were allowed a 30 minute 

resting period. A third set of clearances were taken wi th 

isotonie saline running in one fernoal venous catheter and 

histamine in the portal catheter sufficient to cause a 

signifieant incrernent in portal venous pressure. After 

this set of clearances, with portal hypercension 

rnaintained, the fernoral catheter was used to infuse ANF at 

the sarne dose as used during the control periods. During 

the initial clearance periods in the control phase of ~he 

study, and where ANF was being infused, the urin(' 

collections were 10-15 minutes in duration and comparable 

between aIl dogs. During the control collections where IHH 

was present, urine was collected for 20 minutes for aIl 

dogs. 

2.8 Papillary Plasma FI ~w 

A catheter (transmission tubing) was placed in the 

right jugular vein, fitted with a three-way stop-cock and 

closed. A second cannula, fitted with a 3-way stop-cock 

was placed in the left fernoral artery and threaded up into 

the aorta to a level just below the renal arteries. A 

PE-90 catheter was placed in the left femoral vein for the 

infusion of ANF at 125 ng/kg/min. The 1eft kidney was 

exposed through a flank incision without disturbing the 

peri toneal cavi ty. The renal pedicle was gently dissected 

and a piece of umbilical tape passed around it, and a 
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loosely tied knot made. Prior to determination of 

papillary plasma f1ow, transit time was measured for each 

doge Saline containing a small amount of cardiogreen (gjve 

supplier name) was infused through the jt1.gular vain and 

blood was withdrawn from the left femoral artery both 

attached to a reciprocal action pump (Harvard Apparatus 

Co., Mills, MA). The withdrawal catheter was attached to 

a densitometer (Gilson Medical E1ectronics, Midd1eton, WI) 

which was connected to the Harvard pump . Transit time was 

taken as the time for cardiogreen to appear at the 1evel of 

the renal artery as determine~ by the densitometer. 

ANF was infused at 125 ng/kg/min for 40 minutes and 2-3 

clearance periods colleeted. with the eontinued infusion 

of ANF, Albumin I125 (Dupont Canada, Mississauga, Ontario), 

100 uCi/ml, was infused through the jugu1ar catheter by the 

Harvard pump at a rate of 4 uCi/sec. After the transit 

time had elapsed, blood was withdrawn from the aortie 

catheter attached to the Harvard pump to exactly match the 

albumin infusion. After a simultaneous perfusion and 

collection period of 20-30 seconds, the umbilical tape knot 

around the lett renal pedicle was pul1ed tight and the 

blood stopped at the same time. The kidney was removed 

immediately, p1aced in ice and frozen at -10 C for 20-30 

minutes. The blood was plaeed in a heparinized tube, 

spun at 2500 x g for 10 minutes and plasma E 'parated. The 

papilla was eut into 50-100 mg pieces, weighed and counted 
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together with 1 ml and 0.5 ml aliquots of the plasma for 1 

minute in a gamma counter. PPF was calculated according ta 

the formula: 

PPF (ml/min/lOO g papilla) = CPM/lOO g papilla/CPM/ml 

plasma x 60 sec/perfusion time (sec) 

Mean plasma CPM/ml = 140,000 with a range of 47,000 -

330,000 CMP/ml Two dogs with PPF of 1 ml/min/lOO g were 

discarded because of the presence of kidney stones. 

2.9 Radioimmunoassays 

2.9.1 Atrial Natriuretic Factor - Plasma and Atria 

Atria1 Extraction: pieces of atrial tissue 

(approximately 50 mg) were eut out of 1eft and right atria 

and from the atrial septum in control dogs. Samples were 

immediately rinsed wi th iee-cold saline and homogenized 

with Polytron (Brinkman) for 30 seconds in 1 ml of iee-cold 

0.1 M aeetic acid with 0.02 N HCl, rinsing the probe 3 

times with the same solution. Boiling of the samples was 

omi tted since the preliminary experiments did not show any 

effeet of this step either on total iANF level, or on its 

chromatographie profile. The homogenate was centrifuged 
o for 20 minutes at 30,000 g (4 C) and the supernatant stored 

at _20 0 C for a maximum of 1 week until further analysis. 

3 ml of blood were collected in a chilled polystyrene tube 

containing the following protease inhibi tors, EDTA (1 

mg/ml), pepstatin (5 uN), and phenylmethyl su1fony1 
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fluor ide (PMSF} (lOuM) . The tubes were immediately 

centrifuged for 20 minutes at 4
Q
C at 1800 x g. The plasma 

was decanted and stored at -85 0 C and extracted within 3 

days. 

Plc.\sma Extraction: 1-3 ml of plasma were acidified with 

lM HCI to pH 4 and loaded on SEP-PAK C18 cartridge (Waters 

Associates, Millford, MA) activated by rinsing with 

methanol, urea (8M) and water. After washing the cartridge 

wjth water and 4% acetic acià, iANF was eluted with 3 ml of 

90% ethanol in 0.4% acetic acid. The eluate was evaporated 

to dryness under a stream of air and stored at -20°C. 

The extraction of ANF from dog plasma by this procedure is 

94%, as estimated by the recovery of 125I-human ANF99-126 

added to plasma. Immediately prior to the radioimmunoassay 

of iANF, the dried eluate was reconsti tuted in 0.4 1111 of 

assay buffer. RIA of iANP was performed in O.lM sodium 

phosphate buffer (pH 7.4) containing 0.05 M NaCI, 0.1% 

bovine serum ~lbumin (RIA grade, Sigma, st. Louis), 0.1% 

Triton X-IOO, and 0.01% sodium azide. 0.1 ml of 

reconstituted plasma, atrial extract (diluted 1/1000 ta 

1/4000 in RIA buffer) or 0.1 ml of standard (1.8 ta 120 pg 

of human ANP99··126, obtained from Peninsula Laboratories, 

Belmont, CA) was incubated at 4°for 24 hours with 0.1 ml of 

antiserum recognizing the c-terminal portion of ANP (rabbit 

anti-human ANP99-126antiserum, Peninsula). After addition 

of the radioligand (125I-ANF99-12 6, Arnersham, Oakville, 
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Ontario) and further incubation for 24 hours, the bound 

radioligand was precipitated with goat anti- rabbit IgG 

antiserum in the presence of normal rabbit serum. 

Radioactivity of centrifuged and washed pellets was 

measured in an automatic gamma-counter (Autonatic Gamma 

Counter, Micromedic Systems 4-600) Unknowns and standards 

were evaluated by logit-log transformation of data after 

correction of nonspecific binding. Maximum binding of the 

radio1igand averaged 35%, nonspecific binding was less than 

2% • 

2.9.2 Plasma Renin Activity 

Plasma renin activity was determined by the quantization 

of generated Angiotensin I by a commercial RIA kit, RIANEN 

Angiotensin-I (125I) (New England Nuclear Products, Dupont 

Canada, Mississauga, ontario). 7 . 0 ml of blood were 

collected into a chilled glass test tube containing EDTA 

(1mg/ml), placed on ice o and centrifuged at 4 C fer 15 

minutes at 1200 x g. Plasma was separated and stored at 

-20°C until assay at which time the samples were thawed in 

the refrigerator. Angiotensin I was generated as follows. 

To 0.5 ml plasma sample, the converting enzyme inhibitor 

and angiotensinase inhibi tors, dimercaprol and 

8-hydroxyquinoline, were added. pH was adjusted to pH 6.0 

with maleic aci:i, l ml aliquots of each sample were 

incubated for 1 heur at 37°C while the remainder was 
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incubated for 1 hour at 4°C. Standards (0.1 - 10.0 ng/ml) 

and both samples generated at 37 0 C and 4 0 C were then 

incubated overnight at 4°C with radiolabeled Angiotensin l 

(5-L-isoleucine) [tyrosyl-125I] and rabbit antiserum (in 

Tris-acetate buffer containing 0.1% sodium azide. A second 

incubation for 30 minutes at room temperature with a second 

antibody (anti rabbit gamma globulin in Tris-acetate 

buffer, 0.1% sodium azide and polyethylene glycol) was 

performed to precipitate the primary antigen--antibody 

complex, thus separating bound from free antigen. 

Following centrifugation at 100 x g for 10 minutes at 

room temperature, the supernatant was discarded and the 

p(lllet counted in a gamma counter for 1 minute. 

renin activity is expressed as ngjml/hr. 

2.9.3 Serum Aldosterone Concentration 

Plasma 

Serum aldosterone concentration was measured using a 

commercial RIA kit, RSL (125I)Aldosterone (Radioassay 

Systems Laboratories, Inc., Carson, CA). Care was taken to 

avoid excessive light exposure. 10.0 ml of blood were 

collected into glass test tubes and allowed to clot for 30 

minutes at room temperature. Plasma was separated and 

stored at -20°C until assay. Plasma samples were thawed 

at room temperature. 0.6 ml of plasma was extracted with 

ethyl acetate:hexane (3:2), evaporated under air and 
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reconstituted with the steroid diluent, 0.005% rabbit gamma 

globulins in O.lM phosphosaline gelatin buffer at pH 7.0. 

Samples and aldosterone standards (2-200 pgjml) were 

incubated at room temperature for 60 minutes in the dark 

with radioiodinated aldosterone and specifie antiserum. 

After a second 60 minute incubation at 4 0 C bound 

aldosterone was precipitated with a second antibody (goat 

anti-rabbit gamma globulin in phosphosaline buffer and 

polyethylene glycol) . Following centrifugation at 1000 x 

gfor 20 minutes, the supernatant was decanted and the 

pellet was counted in a gamma counter for l minute and 

eval uated as described for ANF. Maximum binding 0 f the 

radioligand averaged 34%, nonspecific binding was less than 

1. 5%. Plasma aldosterone eonceIl't:.ration is expressed as 

ng/dl. 

2.9.4 Plasma and urinary cyclic GMP 

Plasma and urinary cGMP were determined with a commercial 

RIA kit, cGMP-I125 (New England Nuclear Produets, Dupont 

Canada, Mississauga, ontario). 10.0 ml of blood were 

collected in cold, heparinized polyethylene tubes, and 
• • 0 

centr1fuged at 2500 x g for 10 m1nut~s at 4 C. Plasma was 

separated and stored at -20
0 

C until assay. 5 ml aliquots 

of undiluted urine were stored at -20°C until assay. AlI 

samples were thawed in an iee bath before RIA. 1.0 ml 

plasma was extracted with 1.0 ml cold 10% TCA, eentrifuged 
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and 100 ul of the supernatant used in the assay. urine 

samples collected during ANF infusion were diluted 1: 10 

with 0.05 M sodium acetate buffer, pH 6.2. AlI other urine 

samples were assayed undiluted. cGMP standards (1-100 

pmoljml) and samples were incubated for 18 hours at 4 0 C 

with the radioligand (succinyl tyrosine 1125methyl ester 

derivative of cGMP in 1. 0% normal rabbi t serum dnd 0.05 M 

sodium acetate buffer) and a pre-reacted antibody complexe 

At the end of incubation, 1.0 ml cold sodium acetate 

buffer, pH 6.2, was added. Following centrifugation at 

2000 x g for 15 minutes 
o 

at 4 C, the supernatant was 

decanted and the pellet counted in a gamma counter for l 

minute and evaluated as described for ANF. Maximum binding 

of the radioligand averaged 55%, nonspecific binding was 

less than 3%. Plasma cGMP is expressed as pmol/ml and 

urinary cGMP is expressed as pmol/min. 

2.9.5 Plasma Vasopressin 

RIA of vasopressin was performed with an allquot of the 

same dried ethanolic extract of plasma as that used for the 

assay of iAJŒ. standards (Args-vasopressin, 0.4 to 40 

pg/tube, Peninsula Laboratories) and samples reconstituted 

in RIA buffer (composition according to the manufacturer) 

were incubated for 24 hours at 4°C with antiserum (rabbit 

anti-Arg8-serum, RASS103, Peninsula Laboratories). After 

addi tion of the radioligand and the second 24 hour 



99 

incubation, bound and free antigen were separated by 

precipitation with goat anti- rabbit IgG serum and the 

bound radioactivity was counted in a gamma eounter for 20 

minutes. The standard curve was stable with the maximum 

binding of 22.5% and non-specifie binding of 2%. 

2.10 Reverse Phase-High Pressure Liquid Chromatography 

(RP-HPLC) was performed on a uBondapak C18 

column (3. 9x300mm) eluted with a linear gradient of 

acetonitrile from 20 to 50% in 0.1% trifluoroaeetie aeid, 

with a flow rate of l ml/min and slope of o. 5%/min. 

Fractions were collected, lyophilized, reconstituted in RIA 

buffer and assayed for immunoreaetive ANF. 

2.11 Gel Permeation Chromatography 

Gel permeation ehromatography was used to estimate the 

molecular weight of the main iANF-fractions, obtained 

during RP-HPLC. Lyophilized fractions were dissolved in l 

ml of the elution solvent (0.1 M acetle aeid containing l 

g of bovine serum albumin per liter) and chromatographed Ü" 

separate runs on Sephadex G50 column (98xl. 5 cm), e1uted 

with a flow rate of O. 5ml/min. 1 ml fractions were 

cOlleeted, lyophilized, and assayed for iANF as described 

above. The void (Vo) and total (vt) volumes of the column 

were determined with blue dextran and sodium iodide, 

respectively. The colurnn was calibrated with a series of 
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small proteins of known molecular weight deter.mining their 

elution volume (Ve) by monitoring of absorbance at 280 nm. 

Molecular weight versus distribution cop.fficient (Rav), 

using the following formula to calculate the latter: 

Rav = (Ve - Vo) / (vt - Vo) 

2.12 Analysis 

2.12. l Inu1in/PAH 

Inu1in in urine and plasma was measured by an anthrone 

method (Fuhr, Kaczmarczyk, Rruttgen, 1955). PAH was 

measured by the autoanalyzer method of Bratton and Marshall 

(1939) as modified by Smith et al. (1945). 

2.12.2 Plasma and Urille Na 

Plasma and Urinary sodium and potassium were evaluated 

by flame photometry (F1ame Photometer 443, Instrumentation 

Laboratories) against an internaI lithium standard. 

Resul ts are reported as uEqjm1. 

2.12 . 3 Li ver Function 

10 ml of blood were collected in a glass test tube and 

allowed to clot for 30 minutes. Serum was separated and 

stored at -IoDe until assay. 

Serum Bilirubin: 

Total serum bilirubin was measured in 0.2 ml serum with 
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a commercial kit (Hycel Bilirubin Test, Fisher Scientific) 

based on the Evelyn and Malloy method. Bil irubin is 

reacted wi th diazotized sulfanilic acid at a moderately 

acid pH to form azo-bilirubin, producing a strong purple 

color which is read at 550 nm (Beckman Spectrophotmeter). 

Methyl alcohol is used as the accelerator to cause 

unconjugated bilirubin to react thus giving total serum 

bilirubine 

Serum Alkaline Phosphatase: 

Serum alkaline phosphatase was measured in O.lml serum 

sample with a commercial kit (Hycel Alkaline Phosphatase, 

Fisher Scientific). Magnesium thymophthalein monophosphate 

is hydrolyzed by serum alkaline phosphatase at pH 9.85 to 

thymolphthalein and phosphate ions. The enzymatic reaction 

is stopped and free thymolphthalein is converted from the 

colorless to the blue form by the addition of alkali. Peak 

absorbance is 590 nm in the blue region where there is 

minimal interference from bilirubin (bath are usually 

elevated in cirrhosis). 

Serum Glutamate Oxalacetate Transaminase (SGOT): 

SGOT was determined in 0.2 ml sample with a commercial 

kit (SGOT, Dade) which is a modified version of the methed 

by Reitman and Frankel (1957). GOT catalyzes the exchange 

of an amine group of aspartate for an alpha-keto group of 
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alpha-ketoglutarate forming glutamate and oxalacetate. 'l'he 

addition of sodium hydroxide and 2, 4Dinitrophenyl-hydrazine 

forms a colorless complex which i5 read against a standard 

curve at 505 nm. 

2.13 Deten.:ination of Kinetic Parameters 

Metabolic clearance rate (MCR) was calculated by dividing 

the infusion rate by the steady-state plasma concentration 

of iANF. The latter was obtained by averaging the resul ts 

of 3 plasma samples taken at the plateau during the 

infusion. Pharmacokinetic parameters of iANF elimination 

from plasma after the end of infusion were obtained using 

a cornputer-assisted curve-stripping procedure. The best 

fit of the post-infusion iANF levels was obtained \.,rith a 

two-cornpartment model described by the equation ct::: 

A*e-~t + B*e-~t where ct is ?lasma iANF concentration at 

time t after completion of the infusion, A and B are 

constant coefficients giving the y-axis intercepts of the 

fast and of the slow component of the decay curve, and a 

and b are rate constants derived from the slope of the two 

components of the decay curve. The half-tirne (tl/2) 

corresponding to each cornponent was calculated using the 

formula: 

t1/2 = ln 2/d. and tl/2 = ln 2/~. 

1 
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The apparent volume of distribution during the steady state 

was calculated as MCR/ke, where ke represents the overa1l 

elimination rate constant given by the formula: 

ke = (A + B)/(A/a + R/~). 

2.14 statistical Analysis 

Data was analyzed by the paired t-test since each dog 

served as its own control. Where multiple ana1ysis was 

required, the data was analyzed by analysis of variance or 

the sign-Rank test. statistics were carried out on an IBM

PC using the statistics package, Epistat, or on a Hewlett 

p&ckard Model 4~CX calculator equipped with a statistics 

program. 

Data i9 reported as mean + st.andard error. 

Significance is taken at the 5% probabi1ity level. 
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CHAPT ER 3: ANF IN NORMAL, CONSCIOUS DOGS 
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3.1 INTRODUCTION 

The discovery of granules in mammalian hearts responsive 

to changes in extracellular fluid volume (deBold, Salerno, 

1983) and the subsequent identification of ANF purified 

from rat atria suggested that the heart is an endocrine 

gland which has a maj or role in fluid homeostasis. In 

determining the physiological importance of this 

natriuretic factor, histochemical and immunocytochemical 

analysis and bioassays were performed in cross-species 

comparative studies. Extracts of canine atria evoked a 

natriuretic and diuretic responsa upon intravenous infusion 

to the same extent as human atria al though to a much lesser 

extent than rat or mouse atrial extract (de Bold, Salerno, 

1983). In addition, histochemical analysis of canine atria 

showed a rather weak immunostaining reaction as compared to 

that abserved in rats (Chapeau et a1., 1985). These 

studies canfirmed the presence of iANF in aIl mammalian 

vertebrates hearts studied, and suggested that canine and 

human atria conta in substantially less immunoreactive and 

bioacti ve ANF than rode:lt atria. Al though the dog is often 

used in the study of ANF physiology, nei ther the total 

immunoreactive ANF nor the nature of the immunoreôctive 

forros present in the canine atria have been described. 

Plasma iANF has been quantified under basal conditions in 

the dog (Ledsome et al., 1985: Granger et a1., 1986: 

Verburg et al., 1986) although the nature of the 
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circulating forms of the peptide has not been established. 

The first series of experiments presented in this chapter 

were designed to quantify ANF in the plasma and in several 

sites of both atria using ac-terminus radioimmunoassay. 

Atrial extracts and plasma samples, extracted on SepPak 

cartridge were th en subjected to reverse phase-high 

pressure liquid chromatography to investigate the molecular 

heteregenêi ty of iANF. The atrial extracts were then 

analyzed by gel permeation chromatography to estimate the 

molecular weights of the sep~rated fractions. The second 

series of experiments are an investigatiC'n of the 

pharmacodynamies and pharmacokinetics of infused rat-ANF in 

the dog. The renal and blood pressure responses to 4 doses 

of ANF were measured in normal dogs and a dose-response 

curve constructed to enable accurate interpretation of the 

pharmacodynamie::: of ANF under varying experimental 

conditions and also te titrate the optimal dose for 

further studies in cavaI and cirrhotic dogs. 

3.2 DISTRIBUTION OF iANF IN CANINE ATRIA 

The distribution of iANF in the atrium is presented in 

Table 3.1. iANF was found in each si te analyzed, in 

concentrations approximately 5 - 10 times lower than that 

reported for rat, hamster (Chapeau et al., 1985) and 

1 
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TABLE 3.1 

Immunereactive ANF (iANF) in Different 
sites of Dog Atria 

site 

Appendage 

Anterior 
Wall 

Posterior 
Wall 

Atrial Septum 

~g iANF/g wet weight 

Right 

18.2 
±3.1 

14.7 
±2.2 

15.8 
±1.7 

14.0 
+2.2 

Left 

32.3** 
il. 5 

23.1*** 
±l. 3 

19.6* 
±1.1 

Values are mean + standard errer (n=7). Level of 
significance of the left Vt; right side as evaluated by 
paired Student's t-test: *p < 0.05, **p < 0.02, 
***p < 0.001. 
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rabbit (Synhorst, Gutk,owska, 1988). iANF was 

consistently higher on the l.eft side at each site analyzed 

with the greatest concentration found in the left 

appendage. Note that with the exception of the appendage, 

iANF is homogeneously distributed throughout the atrium 

(including the septum). 

3.3 CHROMATOGRAPHIe ANALYSIS OF CANINE ATRIA 

The RP-HPLC profi.le of atrial appendage extract, shown 

in Figure 3.1, reveals three distinct fractions of 

immunoreactive material. Fraction A, representing 4% of 

the total iANF is eluted 3 minutes earlier than synthetic 

h-ANF99-l26, and may represent one of the N-terminal 

truncated variants. 30-35% of the total iANF is eluted in 

fraction B while the remaining 65% of iANF, fraction C, 

elutes 8 minutes later. 

The molecular weights of fractions Band C were estimated 

using gel permeation chromatography on a Sephadex G50 

column (Figure 3.2). The column was calibrated wi th 5 

molecular weight markers: 1-aprotinin (6500), 2 -cytochrome 

C (12,400), 3-beta-lactoglobulir. (18400), 4-soybean trypsin 

inhibitor (20,100) and 5-trypsinogen (24,000). From the 

log-linear plot of molecular weight versus the distribution 

coefficient, the molecular weights of fractions Band C 

were estimated as Il,700 and 16,300 respectively. 
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FIGURE 3.1 Reverse phase HPLC of atrial extract obtained 
from normal dog atrium. The arrow indicates 
the elution time of human ANF(99-126). 
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FIGURE 3.2 Molecular weigh t estimation of fractions Band 
C on Sephadex G50 column. The arrows mark the 
Kav values of the indicated fractions. 
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3.4 CHROMATOGRAPHIe ANALYSIS OF CANINE PLASMA 

RP-HPLC of normal canine plasma is presented in Figure 

3.3, panel A. 92% of immunoreactive material is eluted 

from the column as a single sharp peak with the same 

retention time as both synthetic human and rat ANF(99-126). 

8% of iANF eluted at the same time as traction C found in 

the atrial extract. The Chromatographie profile of plasma 

sampled during the infusion of rat ANF at 175 ng/kg/min 

(panel B) displayed a sharp peak of iANF eluting at the 

same time as the control sample. No degradation products 

of the infused peptide were detected. 

3.5 RIA OF PLASMA iANF 

3.5.1 Directed Versus Extracted Plasma 

The original RIA of ANF involved the direct assay of 

plasma samples (Tanaka, Misono, rnagami, 1984). However, 

the analysis of human plasma revealed that sorne camponent 

of the plasma interfered in the assay leading ta 

sUbstantially higher levels than obtained following 

extraction (Gutkowska et al., 1984). Thus, direct assay 

was believed ta be unreliable in the determination of human 

plasma ANF. In order to establish a reliable method for 

the measurment of ANF in dog plasma, both the direct and 

extracted rnethods were perfarmed on 98 samples 
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FIGURE 3.3 HPLC-profi1e of dog plasma extract obtained 
before the infusion (panel A) and during rat 
ANF infusion (panel B). Arrows indlcate the 
retention time of Both rat ANF (99-126) and 
human ANF (99-126). 
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obtained from dogs prior to or during the infusion of rat 

ANF. 

Figure 3.4 depicts the relationship between plasma iANF 

levels as measured wi th the direct assay and the same 

plasma sarnples obtained following extraction on a SepPak 

C18 cartridge over a l'ange from 9.5 - 4000pg/ml. A direct 

correlation wi th coefficient of variation, r = 0.95 was 

deri ved for the two rnethods. Despi te this strong 

correlation, the slope of 1.1 indicates a systematic 

proportional error of at least 10% in addition ta a 

syste!natic constant error of 115.5 pg/ml (y intercept) in 

levels measured with the direct assay thus rendering it 

analytical1y unacceptable. 

3.5.2 Validation of the RIA 

The resul ts of the RIA are expressed as weight 

equivalents of ANF99-126, as read from the standard curve 

(%B/BO versus log pg ANF99-126 per tube). Maximum binding 

of the radioligand averaged 35%, non-specifie binding was 

less than 2%. The mid-point of the standard curve (ID50) 

was 12.6 + 0.7 pg/tube (mean ± SE from 9 consecutive 

assays), wi th the detection limi t of 1 pg/tube at 95% level 

of confidence. The assay was appropriately reproducible 

(intra-assay coefficient of variation (CV) of 6.7%, 

inter-assay CV of 12%) and 
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FIGURE 3.4 Comparison of direct RIA of plasma iANF (y
axis) with RIA after SepPak-extraction of 
plasma (x-axis). 
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and accurate (recovery of 85% of synthetic ANF added te the 

plasma. SeriaI dilutions of atrial extracts inhibited the 

binding of the radioligand in parallel wi th the standard 

curve. No inhibition was iound with ventricular extracts 

in dilutions as low as 1/50. 

3. 6 DOSE-·RESPONSE TO GRADED ANF INFUSION 

The renal and blood pressure responses to ANF infused 

intravenously at doses gradually increasing from 50 to 75, 

125, and 175 ng/kg/min were measured in 5 conscious dogs, 

each dose being infused for 45 minutes. As presented in 

Figure 3.5, ANF infusion produced a dose-dependent linear 

increase in sodium excretion (r=.991) and fractional 

excretion of sodium (r=.986) while urine flow remained 

constant. Sodium excretion rose from a control of 10 ± 4 

ueqjmin to 50 ueqJmin at 50 ng/kg/min and 150 ueqjmin at 

175 ng/kg/min, apparently not achieving a maximum at this 

highest dose. Despi te the marked natriuresis at each dose, 

ANF had no e f f ect on GFR, RPF or FF (F igure 3.6). Maximum 

hypotension was reached at a dose of 75 ng/kg/min, higher 

doses producing no further drop in blood pressure. As 

depicted in Figure 3.7, fractional excretion of sodium rose 

linearly despite the fall in blood pressure to 83 mmHg. 
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FIGURE 3.5 Effect of graded infusion of ANF (each dose 
during 45 minutes) on urine flow, sodium 
excretion, and fractional excretion of 
sodium. * p<O.05 versus control 
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FIGURE 3.6 Effect of graded infusion of ANF (each dose 
45 minutes) on sodium e>ccretion, GE'R, CPAH, 
and FF* p<O.OS versus control 
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FIGURE 3.7 Effect of graded infusion of ANF on Mean 
Arterial Blood Pressure (circles) and 
Fractional Excretion of sodium (triangles) * 
p<o.os v~rsus control 
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Pharmacokinetic parameters clf 1u~F were estimated' during 

infusion of 175 ng/kg/min in 13 conscious dogs. Renal 

response to the infusion, shown in Table 3.2, does not vary 

significantly from the five dogs used to examine the 

dose-response relationship. 

Plasma iANF (as measured in extracted samples) increased 

rapidly from the pre-infusion level of 99±14. 8 pg/ml to 

more than 2300 pg/ml during the infusion (Figure 3.8). 

Repeated measurements during the infusion indicated that 

steady state plasma levels were achieved in the first 10 

minutes and remained stable throughout the infusion. 

Baseline plasma iANF measured in 27 conscious dogs in our 

laboratory averaged 71.6 t 9.5 pg/ml. Metabolic clearance 

rate calculated as (infusion rate) / (steady state plasma 

iANF - baseline plasma iANF) was 1.09±.19 l/min. At the 

end of the infusion, plasma iANF declined to below the 

pre- infusion level, remaining low for at least 30 minutes 

suggesting a suppression of the endogenous secretion of ANF 

by the infused peptide. The rate of disappearance was 

linear (r=O. 98) over the first 6 minutes, as shown in 

Figure 3.8, panel B, corresponding to first order kinetics 

during this period with Tl/2 of 1. 8 minutes. However, the 

disappearance of ANF from the circulation is best described 



Control 
Mean ± SE 

ANF 
Mean + SE 

Control 
Mean ± SE 

ANF 
Mean ± SE 
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TABLE 

Urine Flow 
ml/min 

1.87±0.29 

2.64±0.33 

GFR 
ml/min 

46. 5±4.1 

* 48. 3±3. 5 

* 

3.2 

Sodium 
Excretion. 

I-Imol/min 

55.0+14.4 

243.0+53.7* 

RPF 
ml/min 

124. 4±12 • 1 

Potassium 
Excretion. 

}Jmol/min 

35.7±5.2 

60.9±5.5 

FF 
% 

37. 9±1. 3 

1l6.5± 9.5* * 41. 8±1. 6 

Data were obtained in 13 conscious dogs infused with rat 
atrial natriuretic factor (ANF) (175ng/kg/min) . FGR 
glomerular filtration rate~ RPF, renal perfusion flow; FF 
filtration fraction. Level of significance of differences 
between control (preinfusion) and ANF infusion values 
(paired t-test) are *P<0.02~ P<O.OOl. 
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FIGURE 3.8 A: Plasma iANF level before, during and 
after infusion of ANF (175 ng/kg/min) in 13 
dogs. Each point is me an of at least six 
measurements. B: Developed view of plasma 
iANF during first 6 minutes post-infusion. 
*p<O.05 vs. control. 
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by a biexponential equation, Ct=26ge-0.48t+29ge-.067 t 

(r=0.91). Disappearance half-time, calculated from the 

corresponding rate constants a (rapid phase) and B (slow 

phase), is 1. 44 minutes during the rapid phase, and 10.3 

minutes during the slow phase of elimination. The apparent 

distribution volume during the steady state is 3.66 L. 

3 .8 DISCUSSION 

The presence of iANF was demonstrated by immunohisto

and immuno-cytochemical techniques both in dog atrial 

myocytes (Chapeau et al., 1985) and in canine plasma 

(Ledsome et al., 1985). Release of ANF in the dog is 

stimulated by atrial distension (Ledsome et al., 1985), 

acute volume expansion (Salaza~et al., 1986) and high salt 

intake (Verburg et al., 1986) in a manner similar to that 

described in other species including man (Hollister et al. , 

1986). Although the complete amine acid structure of rat 

and human ANF have been described (Thibeau et al., 1985; 

Kangawa, Matsuo, 1984: Schwartz et al., 1985), neither 

atrial nor plasma canine forros have been purifiE::d or 

submitted to structural analysis. However, the structure 

of dog prepro-ANF was deduced from the nucleotide sequences 

of cloned cDNAs of mRNAs encoding these peptides (Oikawa et 

al., 1985). comparison wi th other species indicates a 

high degree of homology of proANF structure in man, dog, 

beef, rat, mouse and rabbit (Oikawa et al., 1985). It also 
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strongly suggests that the c-terminal sequence of 28 amino 

acids which constitutes the circulating hormone i5 

identical in man, beef and dog, differing from that in 

small rodents by a single substitution, the replacement of 

isoleucine in position l~ by methionine. 

The RP-HPLC profile of canine atrial extract revealed 3 

distinct immunoreacti ve fractions. The dominant form 

(fraction C), having an estimated molecular weight of 

16,300 most probably corresponds to the high molecular 

weight hormone precursor, pro-ANF. One-third of the iANF 

(fraction B) has a molecular weight of 11,700. No 

corresponding peptide has been identified in the sequence 

analysi; of the fractions from human (Miyata et al., 1985) 

or rat atria (Thibeau et al., 1985) although it has 

recent.ly been shown that rat atria do, in fact, contain a 

small quantity of iANF fragment of approximately the same 

molecular weight as we found in the dog (Dolan, Doborsz, 

19B7) • The physiological 5ignificance of this 

immunoreactive fragment is presently unclear. It may 

represent an intermediary product of intraatrial processing 

of the prohormone or may simply be an artifact due to the 

proteolytic degradation during the extraction procedure. 

Human atria contain a dimer of ANF, B-ANF, which has not 

been identified in any other species and appears to be 

cleaved prior to or during release from the atria (Miyata 

et al., 1985). 
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The HPLC profile of plasma i:::, more homogeneous than that 

of the atria and is very similar to the profile obtained 

for human (Yamaji, Ishibashi, Takaku, 1985) and rat plasma. 

The single peak coeluting with hANF and rat ANF (99-126) is 

further evidence that the 28-residue peptide is the 

circulating forro in the dog. It is apparent that the 

replacement of iso1eucine, an amine acid wi th a rather 

hydrophobie side chain, by methionine, one with a rather 

polar side chain, does not take place in a position of the 

ANF molecule which is sufficiently exposed to al ter the 

resulting hydrophobici ty appreciably. This is reflected by 

the inability of even high-resolution chromatographie 

systems, such as the O.5%jmin- acetonitrile gradient used 

in our study, to separate rat from human ANF-(99-126) and 

thus only purification and complete amine acid sequencing 

will confirm the structure of canine ANF. However, the 

plasma iANF profile obtained by HPLC in addition to the 

data obtained by cDNA sequencing (Oikawa et al., 1985) 

certainly indicates that canine and human circulating ANF 

are identical. The presence of only a small amount of 

pro-ANF in the HPLC profile is consistent with data from 

other species suggesting that small amounts of the 

prohormone are either released from or leak out of the 

atria (Yamaji, Ishibashi, Takaku, 1985). 

Of interest is the lack of circulating immunoreactive 

fragments which one would expect to find in the plasma as 
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a result of degradation. This may be explained by the 

rapidity of ANF disappearance from the circulation. In our 

normal dogs, the metabolic clearance rate of rat-ANF was 

1.09 liter/minute, agreeing well with the clearance rate of 

1.08 liter/minute measured during the infusion of human-ANF 

in conscious dogs (Verburg et al., 1986) and very similar 

to data by Bie et al (1988). The disappearance half-time 

found in our experiments (1.44 minutes in the rapid phase 

and 10.3 minutes during the slow phase) is considerably 

shorter than the time reported by Verburg et al. (1986). 

Their rapid-phase half-time of 3.8 minutes and slow-phase 

half-time of 21 minutes are most likely overestimates since 

the disappearance curves were constructed from a few 

samples taken over long intervals (10 minutes). Our 

curves 1 however 1 were constructed from 

every 30 seconds within the first 3 

samples obtained 

minutes of the 

post-infusion period thus ensuring a more accurate estimate 

of the half-life in the circulation. A recent examination 

of the hydrolysis of ANF in rat circulation using sequence 

analysis demonstrated that a 16-amino acid fragment was 

generated within the first 45 seconds (the earliest 

sampling period) of infusion and was followed by the 

generation of at least 3 other fragments by 2 minutes 

(Condra et al., 1988). It is presently unknown whether 

these fragments are large enough to exhibi t appreciable 

cross-reactivity with the c-terminal polyclonal antibody 
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assay and thereby ensure detection. 

there is ev idence tha t ANF may be 

internalized and degraded intracellularly (Hirata et al., 

1985) in which case the fragments would net appear in the 

plasma. The quantitative measurement of plasma ANF by 

radioimmunoassay has been one of the most important tools 

which has enabled rapid progress in this field. However, 

it was found in the early studies that the direct RIAs of 

plasma iANF l'Jave considerably higher values than those 

obtained after various extraction procedures. In human 

plasma, the positive bias of the direct RIA is as large as 

80 to 200 pg/ml (Gutkowska et al., 1986; Yandle et al., 

1986; Cernacek et al., 1988) thus giving higher values by 

a factor of greater than 3 when compared with thp aV0raQp. 

normal levels in man in the range from 10 to 30 r,g/ml 

(Gutkowska et al., 1986; Cernacek et al., 1988). The 

difference between the direct RIA and the values after the 

SepPak-extraction which we found in dog plasma is 

strikingly similar to that in other species, pointing te a 

common cause of this phenomenen, now generally assumed ta 

be due to interference of plasma proteins in the RIA 

(Cernacek et. al., 1988). In the present study, the resul ts 

obtained by the direct RIA were compared with those after 

extraction over a very broad concentration range, from 

normal to more than 4500 pg/ml. The combination of a 10% 

systematic proportional error of approximately 100 pg/ml 
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with a constant error leads to overestimation of plasma 

iANF levels when using the direct RIA. Plasma samples 

shou1d therefore be extracted before assay. 

The quantification of atria1 iANF in the present study 

demonstrated that canine iANF content is approximate1y 5-10 

times Iower than that reported for rat (Chapeau et al., 

1985) and rabbit (Synhorst, Gutkowska, 1988) atria whether 

expressed per mg tissue weight or per mg protein. iANF was 

consistently higher in the canine left atrium as compared 

to the right, the same pattern \vhich has recently been 

described in rabbits (Synhorst, Gutkowska, 1988). Th..:: 

opposite relationship is found in rat atria (Tanaka et al. 1 

1984; Ding et al., 1987) while human atria contain 

equivalent amounts of the stored peptide. The im?ortance 

of this species-spe~ific difference is unclear and may not 

be physiologically significant as bath rats and dogs have 

similar natriuretic responses to infused ANF (Lang et al. r 

1985) and can release similar quantities upon atrial 

stimulation. Indeed, this asymetry in ANF content does not 

reflect a difference at the level af gene expression since 

i t has been shown in rats that the baseline pro-ANF mRNA 

content is the same in both atria and increases to the sarne 

level with DOCA-sal t treatment (Lattion et al., 1986). 

Baseline plasma iANF reported in 27 conscious dogs (71. 6 :t: 

9. 5 pg/ml) , determined using extracted plasma, are 

remarkably consistent with levels previously reported for 
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normal anesthetized dogs (74 pg/rnl (Ledsome et al., 1985) 

and 68.8 pg/ml (Zimmerman et al., 1987)) and conscious dogs 

(75 pg/ml (Verburg et al., 1986) and 69 pg/ml (Granger et 

al., 1986)). Rat (1-28) ANF was chosen for the infusion 

studies before it became clear that dog and human ANF are 

iden~ical. However, a comparison of rat and human (1-28) 

ANF infusion in conscious dogs demonstrated that the two 

peptides elici t the same renal and systemic hemodynamic 

effects (Seymour et al., 1986). The dose-response of our 

5 conscious dogs to infused rat ANF was studied aL 

pharmacological levels, the lowest dose leading ta a 12 

fold increase in plasma ANF. Within the relatively narrow 

dose range, plasma iANF and sodium excretion rose as a 

direct linear function of 'the infusion rate indicating a 

closely dose-dependent natriuretic response. The 

natriuretic response did not appear to achieve a maximum at 

the highest dose of ANF (175 ng/kg/min). This is confirmed 

by a study in anesthetized dogs where intrarenal infusion 

of ANF at 300 ng/kg/min produced an almost 2 fold higher 

natriuretic response than what we measured with 175 

ng/kg/min (Burnett, Granger, Opgenorth, 1984). 

Natriuretic response to various doses of ANF producing 

plasma levels in the physiological range has recently been 

reported in conscious dogs (Bie et al., 1988) demonstrating 

that even at these low dose infusion rates, sodium 

1 
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and rises linearly in a 

It has been suggested that changes in renai hemodynamics 

play a major role in determining the natriuretic response 

to ANF (Goetz, 1988). As discussed in Chapter 1, the role 

of GFR has been particularly controversial. In the present 

study, GFR did not change at any dose of ANF, thus 

apparently having no role in the ensuing natriuresis. 

This, of course, does not suggest that an increase in GFR 

will not contribute to the natriuresis but rather 

emphasizes a more important role for the tubule in the 

natriuretic response to ANF. 

It has been demonstrated that reduction of renal 

perfusion pressure (Burnett, Opgenorth, Granger, 1986; Sosa 

et al., 1986) abolishes the natriuretic response to ANF. 

The natriuretic response to ANF was linear ev en in the 

presence of marked hypotension. However, it is possible 

that higher perfusion pressure would have permitted an even 

greater increase in sodium excretion. That is, preventing 

a fall in blood pressure by administration of a 

vasoconstrictor may enhance the natriuresis at each dose, 

although, clearly, a more substantial reduction in blood 

pressure would be required to abolish the natriuretic 

response in the conscious dogs. 
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CHAPTER 4: HETEROGENEOUS RENAL RE8PONSES TO ATRIAL 

NATRIURETIC FACTOR: CHRONIC CAVAL DOGS 
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4.1 INTRODUCTION 

It is clear from the investigation of normal dogs that 

ANF is secreted from canine atria, circulates with an 

average Tl/2 of 2 minutes, enhances sodium excretion and, 

as such, is most likely an important modulator or regulator 

of ECF volume in health. However, as discussed in section 

1.5, i ts role in the pathophysiology of edema is less 

certain. Atria of edematous patients or animaIs release 

ANF normally in response to ryhysiological stimuli such as 

volume expansion (Burnett et al., 1986) and water immersion 

(Epstein et al., 1986; Leung et al., 1987). However, the 

kidney excretes only a fraction of the sodium normally 

excreted in response to these stimuli. 

The experiments described in this chapter were undertaken 

to closely examine the profile of the renal and systemic 

hemodynamic response to infused ANF and its relationship ta 

plasma and atrial iANF in the chronic cavaI dog. This 

model of low-output heart failure was chosen because it is 

well defined and, following a variable period of avid 

sodium retention, the dogs will return to urinary sodium 

balance despi te the persistence of ascites. Sequential 

observations thus makes i t possible to study the renal 

response to ANF when sodium handling is either normal or 

abnormal, both phases co-existant with volume expansion and 

edema formation, and where the renin-angiotensin system 

(which exercises a reciprocal effect to ANF on the renal 
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tubule) is either normal or activated. Each dog was 

studied prior to cavaI constriction to establ ish i ts 

control response to ANF thus providing a basis for 

comparison with the other phases. 

4.2.1 CHARACTERISTICS OF TIVC DOGS 

Table 1 summarizes data obtained in 14 TIVC dogs studied 

in a control phase and again during a phase of active 

sodium retention and ascites formation. Ten of these 

animaIs were re-studied when they had returned to astate 

of urinary sodium balance despi te the persistence of 

ascites. The dogs were maintained on 45 mEq Na/day during 

aIl three phases of the study. Note that body weight 

increases as ascites collects within the peritoneal 

compartment, and that plasma volume increased from control 

levels. ABP and CO remained unchanged in the 

salt-retaining phase of the study despite a decline in CVP. 

The UNa concentration in aliquots of urine collected at the 

start of an experiment reflects the degree of sodium 

retention at the time and is confirmed by the 24 hour 

urinary sodium excretion data and the UK/UNa + UK ratio, an 

index of distal tubular cationic exchange. GFR and renal 

perfusion were unchanged regardless of the state of sodium 

balance. Plasma renin activity and aldosterone are elevated 

during the phase of avid sodium retention. The decline in 

aldosterone to control levels when sodium balance had been 

1 
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restored indicated a normalization of the 

renin-angiotensin-aldosterone system in this phase. 

4.2.2 HPLC OF ATRIAL EXTRACTS 

Figure 4.1 compares the RP-HPLC profile of immunoreactive 

iANF from an extract of TIVC atria to that from an extract 

of normal dog atria. This qualitative analysis revea1s no 

atypical peak of ~.nrnunoreactivity in the TIVC atria. The 

presence of the same fractions in both extracts indicates 

that the intracellular processing of the prohormone i5 

normal in the TIVC dog with sodium retention and ascites. 

4.2.3 ATRIAL iANF 

The atrial iANF content in 7 normal dogs and 8 TIVC dogs 

with avid sodium retention and ascites is presented in 

Figure 4. 2 . As reported in Chapter 3, atr ial content of 

normal dogs is higher on the left side. This difference 

disappears in the TIVC dog as left atrial iANF as measured 

in the atrial appendage talls to levels similar to that 

obtained from the right side. Note that the right atrial 

concentration is unchanged from control. 

4 .2.4 SEQUENTIAL MEASUREMENT OF PLASMA HORMONES 

Figure 4.3 depicts the sequential changes in plasma ANF, 

renin plasma renin activity, aldosterone and 
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TABLE 1 

SOME EXPERrr~ENTAL OBSERVATIONS IN TlVC nOGS lUTH ASCITES 

Body wei ght - kg 

Plasma volume - ml 

ABP - mmHg 

CVP - cm HLO 

CO - litres/mi n 

PVR - mmHg/L/mi n 

PNa+ - mEq/L a 

Pk+ - mEq/Lb 

GFR - ml/min 

CpAH - ml/min 

FF _ 'te 

UNa- mEq/L 

24 hr sodium 

Control 
(N = 14) 

14 ± 1.: 
532 ± 57 

49 ± 2 

117 ± 3 

4.2 ± 0.3 

2.06± 0.10 

62 ± 6 

149 ± 2 

4.3 ± 0.1 

42.3 ± 3.3 

104 ± 8.4 

41 ± 2 

106 ± 11.7 

44 ± 4 

excreti on - mEq/day 44.6 ± 1.8 

Plasma aldosterone 7.6 ± 1.6 
ng/l00 ml 

Pl asma Renin acti vit Y 
ng/ml/hr 2.36± 0.54 

Plasma AVP pg/ml 5.76± 1.08 

a plasma sodium 

b plasma potasslum 

c filtratlon fraction (GFR/C pAH ) 

Sodium Retention 
& Asci tes 
(N = 14) 

15.4 ± 1.3e 

635 ± 43 e 

35 ± 2e 

118 ± 3 

1.0 ± G.2 e 

2.0l± 0.21 

68 .!: 8 

147 ± 2 

4.6 ± 0.3 

42.2 ± 2.4 

108 ± 8.5 

42 ± 4 

3.1 ± 0.ge 

96 ± le 

J.J ± 0.8 e 

146 ± 31.g e 

12.65 ± 2.46e 

10.37 ± 2.7 e 

Sodium Balance 
& Ascites 
(N .: la) 

37 .!: 2 

149 :!: 3 

3.9 ± O.3 f 

41.7 ± 4.3 

113 t 26 

43 .!: 5 

93.8 ± 15.l f 

50 ± 5 f 

44.2 ± J.4 f 

8.7 :! J.3 f 

d Ut/a = urinary sodium concentration; !Ji( = urlnary potasslUm concentration. 
The ratlo Uk/Utla + Uk has been used as an index for distal tubular CrJtiO~lC 
exchange. 

e 

" 1 

P < 0.05 compared to control phase 

P < 0.05 compared to prev; OUS phase 
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FIGURE 4.1 RP-HPLC profile of atrial extracts from 
normal dog (upper panel) and TIVC dog (lower 
panel). Arrow indicates retention time of 
human ANF (99-126). 
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FIGURE 4.2 Comparison of atrial iANF content (ng/mg wet 
atrial weight) in control and TIVC dogs. 
right atrium, left atrium. *p<O.05 vs. right 
side. 
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FIGURE 4.3 Time course of plasma hormones, iANF, ren~n 
(PRA), aldosterone (PAC) , vasopressin (ADH) 
from control to Day 5 in TIVC dogs. *p< 0 • 05 
vs. control 
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vasepressin frem a pre-surgica1 control state te the 

appearance of ascitE::s in 8 TIVC dogs. Ascites was present 

in aIl dogs by 5 days post-constriction. Plasma iANF fell 

from 48.1±9.5 to I3.9±4.6 pg/ml on day 1 (p<.05) and 

remained at this low level throughol.lt the period of sodium 

retention. Similarly, plasma renin and aldosterone are 

elevated by 24 hours after surgery, rising even further to 

a maximum by day 4. Plasma vasopressin, while elevated 

until day 3, returned to normal by day 5. 

4.2.5 Pharmacokinetics of infused ANF 

T1/2 averaged 1.99 ± 0.09 minutes in the normal dogs and 

1. 88 ± 0.19 minutes in the TIVC dogs (p>O. 05). Metabolic 

clearance rate during the phase of active sodium retention 

and ascites (1.11 ± .19 l/min) was unchanged from the 

control rate of 1.09 !" .19 l/min. 

4.3 RENAL RESPONSE TO ANF INFUSION 

The study of the dose-response to ANF in normal 

unanesthetized dogs (Figure 3.5) showed a consistent 

natriuretic response with as little as 50 ng/kg/min. 

However, the highest dose, 175 ng/kg/min, was chosen for 

this study in order to enable comparison of the data wi th 

a previously published study in the cavaI dog also using 

175 ng/kg/min (Freeman et al., 1985). Figure 4.4 

summarizes the diuretic and natriuretic response to i.v. 
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1 Control Sodium RetentlonTSodlum Balance 

5 
N=14 

4 

N= 14 
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v 3 
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+ 
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FIGURE 4.4 oiuretic and natriuretic response to rat 
(1-28) ANF i.v. at 175 ng/kg/min in 14 dogs 
prior to surgery and in chronic cavaI phase 
with ascites, b~th in sodium retention and 
sodium balance. Values are mean + SEM 
of 3-4 clearance periods in each phase. 
*p<O.OS vs. pre-infusion. 
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ANF in 14 TIVC dogs studied sequentially from the control 

phase through the phase of active sodium retention in the 

presence of ascites to the phase of restored sodium 

balance. 

During the control phase of the study, there was no 

diuretic response to ANF, but a brisk and highly 

significant natriuretic response, with UNaV rising from 

56.3 + 9.8 uEqj.ain to 206 ± 14.1 uEqJmin. Fractional 

excretion of water rose by only 0.4% (NS). During the 

accumulation of ascites and active sodium retention, a 

diuretic response appeared and was magnified (' V = 0.76 vs, 

2.64 ml/min) during the r.alance phase. F. E. H20 rose by 

0.7% during the sodium retention phase (p<O. 05) and by 4. st 

(p< 0.05) during the final phase, this latter figure being 

significantly different from that obtained during the 

previous phase. Of interest was that the natriuretic 

response was severely blunted during the phase of sodium 

retention only to become magnified during the final 

experimental phase. Figure 4.5 compares the diuretic and 

natriuretic responses between the control and sodium 

balance phases of the study. ~UNaV was 132 uEqJmin 

during the control periodi 67 uEqJmin during the 

ascitic-sodium retaining phase and 265 uEqJmin during the 

final ascitic-Na balance phas8. Fractional excretion of 

sodium was 2.8% post-ANF in the control phase but averaged 

4.7% in the final TIVC phase. Similarly,â V 
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increased from 1. 5 m~/min in the control phase to 2.:2 

ml/min (p<O. 05) in the balance phase. 

Figure 4.6 summarizes the renai hemodynamic changes in 

response to ANF for each experimentai phase. The GFR 

response was qui te variable, being absent for control dogs 

and present to a variable extent for the TIVC dogs. CPAH 

did not change in any phase of the experiment. 

4.4 IDENTIFICATION OF HETEROGENEOUS NATRIURETIC RESPONSE 

Hhen the natriuretic response of the caval dogs was 

examined in detail during the sOdium-retaining phase, i t 

became clear that the animaIs were dividing into 

natriuretic "responders", i. e. those dogs that excreted a 

dUNaV of at least 30 uEqJmin in respense te ANF, and those 

who were completely "non-responders". Figure 4.7 

summarizes these data in relation to changes in renal 

plasma flow and GFR. Of 14 dogs, there was a 50:50 

division into 7 responders (mean .UNaV;:: 133 ± 32 uEqJmin: 

range: 30-265 uEq/min) and 7 non-responders (mean I\UNaV = 

l ± 1 uEqJmin) following ANF infusion. The natriuretic 

response or lack of response was correlated neither to 

changes in renal perfusion, GFR nor filtration fraction. 

This feature was also independent of the degree of daily 

sodium retention. Responders excreted on average 3.9 + 2 

mEqjday (9~. 3% dietary sodium retention) and the 
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FIGURE 4.6 Renal hemodynamic response to ANF in 14 dogs 
in the pre-surgical phase and in the chronic 
cavaI phase with ascites during both urinary 
sodium retention and balance. *p<O. 05 vs. 
pre-infusion 
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non-responders excreted 2.9 + 0.7 mEqjday (93.5% 

retention). These differences were not significant. The 

dissociation of GFR from the natriuretic response was also 

observed in dogs in the control and TIVC-sodium balance 

phases. AlI dogs in each of these phases responded ta ANF. 

This data is summarized in Figure 4.8. Note that in these 

experimental phases the range of natriuretic response was 

30-250 uEqjmin for 14 control dogs, and 70-415 uEqJmin for 

10 dogs studied while cavaI and in sodium balance with 

ascites. since completing the sequential studies report~d 

here, another 32 TIVC dogs have been prepared for other 

aspects of this investigation. When ANF was administered 

in the ascitic-salt retaining phase only, the 32 animaIs 

divided into 15 responders with a mean BJNaV = 185 t35 

uEqJmin and 17 non-responders having a mean ~UNaV = 2 ± l 

uEqJmin. These two groups did not appear to differ from 

the original 14 dogs and within the group could not be 

differentiated (natriuretic responders vs. non-responders) 

in terms of GFR: 39 ± 7 versus 41 ± 3 ml/min (NS), CPAH: 

123 + 10 versun 129 t 9 ml/min (NS), UNa of an aliguot of 

urine taken from a 24 hour collection: 18.5 ± 1.B versus 

15.3 ± 2.4 mEqjL (NS). Though ascites volume was not 

actually measured, the animaIs appeared to be randomly 

distributed with regard to this variable in each of the 

groups. AnimaIs with minimal amounts of ascites were not 
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relegated to the responders and dogs with large volumes of 

asci tes did not appear only among the non-responders. The 

natriuretic responrie to ANF is summarized in Figure 4.9 for 

these 32 dogs. As far as can be determined, these two 

groups of dogs did not differ from each other in terms of 

ABP, me an GFR, mean CPAH and the volume of ascites present. 

4.5 RESPONDERS AND NON-RESPONDERS IN SODIUM BALANCE WITH 

ASCITES 

Of the 14 dogs studied in the ascites-sodium retention 

phase, we were able to bring 10 (5 natr iuretic responders 

and 5 non- responders) into the final sodium balance phase. 

Figure 4.10 compares for each of these dogs, their response 

to ANF in each of the last two experimental phases when 

asci tes is present. Note that the 5 responding dogs still 

respond to ANF, and that the 5 non-responders now aIl 

demonstrate a significant natriuretic response, where none 

was demonstrated before. The dogs previously non-responding 

now showed a dUNaV in response to ANF that ranged between 

90 and 340 uEqjmin. It is worth noting that although 

time-control studies for the repetitive administration of 

ANF to normal dogs in sequential fashion has not been 

carried out, we have never found a single normal dog (of 

more than 80 now studied in our laboratory) that did not 

have a significant and pronounced natriuresis in response 
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FIGURE 4.9 Natriuretic response to ANF in 32 TIve dogs 
with ascites and sodium retention. 
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FIGURE 4.10 Natriuretic responses of TIVC dogs with 
ascites studied sequential1y in the sodium 
retaininq and sodium balance phases. 
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to ANF administered at ei ther 175 ng/kg/min or 125 

ng/kg/min intravenously. 

4.6 RESPONDERS VS. NON-RESPONDERS: PLASMA AND ATRIAL 

iANF 

A variety of data was examined in an attempt to determine 

important physiological differences between the TIVC 

natriuretic responders and non-responders. Figure 4.11 

summarizes the plasma i/l.NF levels for each phase cf the 

experiment. As shown previously in Figure 4.3, plasma iANF 

falls to very low levels as the dogs develop asci tes, but 

a return to sodium balance is associated with a return to 

normal levels. When the plasma values were analyzed during 

the sod..: um retaining phase for these dogs, i t was se en that 

plasma iANF for responders was slightly but significantly 

higher than in non-responding dogs (15.8 ± 2.1 vs. 10. l 

±1.8 pg/ml (p<O. 05). These data are shown in FIgure 4.12. 

Even when the lowest out-Iyer for the non-responders was 

removed from the calcula tiens, these resul ts di ffered 

significantly. This difference in plasma iANF did not 

exist for these two groups of dogs when separated in the 

control and balance (wi th ascites) phases of the 

experiment. In the control phase, plasma iANF was 39.4 

±5.9 pg/ml (N=ll) for a group of responders and 52.8 ± 7.6 

pg/ml (N=8) for non-responders (p>O. 05) . In a balance 

phase, 4 responders had 67.6 ± 35.2 and 64.6 ± 20.6 pg/ml 
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(N=5) was measured for the non-responders. The different 

natriuretic response between the responding and non

responding dogs was not due to differences in plasma 

levels of iANF produced by exogenous infusion. Plasma iANF 

was 2532 ± 315 pg/ml for all dogs in the control phase. In 

the sodium retention phase, the responders averaged 2141 ± 

301 pg/rnl while the non-responders averaged 2260 ± 421 

pg/ml. None of these values are significantly different 

from each other. During the balance phase, despi te a 

significant natriu~etic response, the level at the end of 

the infusion was less than previously achieved (1403 ± 137 

pg/ml), though this difference was not statistically 

significant. 

When the responding and non-responding dogs were 

categorized according to atrial content of iANF, the 

following data were obta~ned (Figure 4.13). F'or 5 

responding dogs, the left atrium contained 19.3 + 3.5 ng 

iANP jmg t issue and the right 18. 1 ± 2.4 ng/mg tissue. 

Three non-responding dogs had 24.9 ± 4.9 ng/mg right atrium 

and 21. 3 + 3.1 ng/mg left atrium. No value was 

significantly different from each other. Thus, albei t in 

a small sample of dogs, atrial content of iANF did not 

determine the magnitude of the natriuretic response in the 

salt- retaining ascitic phase of chronic cavaI 

constriction. 

There was no indication of altered ANF elimination from 
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the circulation of ei ther group. Plasma Tl/2 averaged 2.10 

+ 32 minutes in 4 responders and 1.71 ±,26 in 5 

non-responders (p>0.05). Similarly, metabolic clearance 

rate did not differ between the two groups. Responding 

dogs (N=6) cleared 1.12 ± .21 l/min as compared to 1.10 ± 

.16 l/min in the non-responders (N=7). 

4.7 RESPONDERS VS. NON-RESPONDERS: SYSTEMIC AND RENAL 

HEMODYNAMICS 

In an attempt to define responding and nC:1-responding 

TIVC dogs, the basel ine hemodynamics and renal function 

were examined prior to and following standard infusion of 

ANF in a group of dogs separate from those reported in 

Table 4.1. These data are presented in Table 4.2. The 

responding and non-responding dogs could not be 

differentiated prior to the infusion of ANF in terms of 

blood pressure or cardiac output. There was insufficient 

CVP data in these dogs, due ta technical problems with the 

venous catheters, to be useft:.l in separating responders and 

non-responders. However, because baseline cardiac output 

and blood pressure during ANF infusion were not different 

between these two groups, i t is unI ikely that CVP differed. 

Similarly, plasma volumes, baseline GFR, CPAH, urine flow 

rate (V) and UNaV did not differ between the two groups. 

Following the ANF infusion, only V and UNaV were 

significantly less for the non-responding dogs. GFR, 
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ANP RESPONDERS IH = 7) 
Pre-ANP Post-ANP 

123 := 5 

1.95 1: 0.39 

42 ± 4 

114 :!: 11 

0.36 :!: 0.0 

2.1 :!: 0.2 

13.6 :!: 8.9 

110 .!: 4* 

1.45 ± 0.31* 

51 ± 4* 

115 ± 6 

0.37 ± 0.02 

3.2 :!: 0.6* 

146 ± 39* 

For abbreviatlons see text and previous table. 

* p ( 0.05 compared to pre-ANP phase. 

ANP NON-RESPOHOERS IN = 7) 
P re-ANP Pos t-AtIP 

114 .!: 3 89 ! 10* 

2.09 ± 0.2'i 1.53 0.17> 

37 ± 5 

87 ± 18 94 ± 8 

0.42 ± 0.02 0.44 !- 0.02 

1.7 :!: 0.3 1.9 .!: D.3 

8.0 ± 6.0 la t 6 

For each val"1able, pre-ANP values were not dl fferent between the two groups of 
doge;. Except for V and U'JaV, all post-MIP values were a1so not signIFlcant 
between the two groups. 

TABLE 4.2 Responders vs. Non-responders 
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CPAH, cardiac output and blood pressure were not different 

post-ANF for each group. 'l'he degree of avidi ty of sodium 

retention of the TIVC dogs also did not correlate with the 

magnitude of post-ANF natriuretic response to ANF infusion. 

For 7 responding dogs, the range of UNa was between 1-12 

mEqjL (normal dogs 80 ± 9 mEqjL on similar diet) while in 

the responding dogs (n=7) ranged between 1-5 mEqjL. The 

mean for the former group was 3.8 mEqJL and 4.9 mEq/L fvr 

the responders (NS). Table 4.3 describes parameters 

relating to sodium handling in the distal tubule. The 

fiitered load of sodium was the same in both groups 

suggesting that distal delivery of sodium was aiso 

equivalent. There was no difference in baseline sodium 

excretion, 24 hour sodium excretion or distal cationic 

exchange. 

4. B RESPONDERS VS. NON-RESPONDERS: PLASMA HORMONES 

The responders and 

differentiated in terms 

non-responders could not be 

of plasma levels of renin, 

aldosterone, or vasopressine Plasma renin in the control 

phase (n=18) was 2.30 ± 0.54 ng/ml/hr. This rose to 12.7 

+ 2.5 foilowing the induction of ascites and sodium 

retention in TIVC dogs (p<0.05). For 4 responding and 

non-respûnding dogs each, the pre-iANF leveis were 11.5 + 

3.7 and 14.1 ± 1.6 ng/rnl/hr respectively (NS). 

Control plasma leveis of a1dosterone (n=12) were 7.6 + 
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TABLE 4.3 

Effects of ANF on distal tubular function. 

UNj! V 
~tBimin) 

24-hour 
UN aV 
(mEqJday) 

F~a 
~EqJmin) 

Responders 

13.6 ±8.9 

3.9 ±2.0 

0.95± .02 

5.9 + .4 

Non-Responders 

8.0 ±6. 0 

2.9 + .81 

0.96± .01 

6.2 + .7 
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1.6 ng/dl and this rose to 146 ± 31.9 ng/d1 for TIVC dogs 

retaining sodium with ascites (p<0.05). For 4 responding 

and non-responding dogs, the se pre-ANF 1evels were 130 ± 

50 and 177 ~ 42.3 ng/d1 respective1y (NS). 

Control vasopressin 1evels were 5.76 ± 1.08 pg/ml (n=8) 

and this rose to 10.37 ± 2.70 in TIVC dogs with ascites 

and sodium retention but did not reach statistical 

significance. For 4 responding and non-responding dogs 

each, the pre-ANF leve1s were 12.16 ± 5.45 and 8.59 ± 1.47 

pg/ml respecti vely (NS). Thus, for each of these 3 

hormones, there were no signif icant differences between the 

two groups of dogs. Figure 4.14 surnrnarizes the response of 

renin and aldosterone ta ANF infusion in several of the 

TIVC dogs. Although the data are limited, no consistent 

pattern appears which would enable the delineation of 

the two groups. 

4.10 TIVC Natriuretic Response at 75 ng/kg/min 

It is important ta emphasize that this phenomenon is not 

a unique feature of the infused dose of ANF (175 

ng/kg/min) . Figure 4.J5 summarizes the natriuretic 

response of 22 anesthetized TIVC dogs in the phase of 

active sodium retention and ascites ta ANF infused at 75 

ng/kg/rnin. Note that the dogs divide into 13 responders 

(mean . ...:UNaV = 139 ± 28 uEq/min) and 9 non-responders (rnean 

~ UNaV = 2 + 1 uEqJrnin). 
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FIGURE 4.15 Natriuretic response to ANF infusion at 75 
ng/kg/min inl2 TIVC dogs with ascites and 
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4.11 MOBILIZATION OF ASCITES WITH LEVEEN PERITONEOVENOUS 

VALVE 

Figure 4.16 compares the ANF response of aIl dogs once 

the ascites had been mebilized with a LeVeen 

peritoneovenous valve to the responses obtained when the 

dogs had ascites but had returned te sodium balance. 

previous data collected in our laboratory reveals that this 

shu~ting procedure is associated with increments of plasma 

volume and CVP and normalization of plasma levels of ranin 

and aldosterone (Levy, Wexler, McCaffrey, 1979). In 

addition, plasma iANF was 70.0 ±18.S pg/ml, not different 

from control levels but dlfferent than during sodium 

retention. Note that these levels were measured 1-2 days 

after the shunt was inserted. Beth urine flow and UNaV 

increase comparable ta the control state, but the response 

is not different from the "sodium balance" phase despite 

the removal of seguestered ascites volume and a replete 

expanded plasma volume. 

4.12 GENERATION OF ~YCLIC GMP (cGMP) 

The re1ationship between ANF natriuretic effects and its 

ability to generate cGMP is depicted in Figure 4.17. The 

responGe in normal doss is shown ~vr comparison. Despite 

the lack of natriuretic response in the non-responders, ANF 

infusion produced a marked in~rement in both plasma and 
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response to ANF infusion in control, TIVC 
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urinary cGMP excretion which was 

TIVC-responders and normal dogs. 

4.13 ROLE OF RENAL SYMPATHETIC NERVES 

comparable to both 

The role of the renal sympathetic nerves in the 

natriuretic response to ANF was investigated by acute 

renal denervation in 5 responding and 5 non--responding TIVC 

dogs in the phase of active sodium retention and ascites. 

These data are suromarized in Figure 4.18. The ANF-induced 

natriuretic response in responding dogs was 132 + 38 

uEqjmin which was markedly magnified following renaJ 

denervation to 298 ± 63 uEq/min (p<O. 05). ANF had no 

effect on sodium excretion in the non-responding dogs 

either prior to or after renal denervation (UNaV = 9 ± 8 

uEqJmin) . Denervation produced a slightIy enhanced urine 

flow rate in both groups while GFR and renal perfusion did 

i'Ot change in ei ther group prior to or following 

denervation. 

4.14 PAPILLARY PLASMA FLOW 

To investigate the role of the renai papilla in 

determining the natr i uretic response to ANF, the 

Lillienfield albumin uptake method was employed to measure 

papillary plasma flow (Lillienfield, Maganzini, Bauer, 

1961). The critica1 assumption of this technique i5 that 

no tracer leaves the tissue and that ~he reference sample 
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accurately reflects the concentration of tracer in the 

blood reaching the tissue. It has been shown that I125 

uptake is linear up ta 60 seconds in the dog and therefore 

mean transit time is long enough to allow for 30 second 

tracer infusion. 

The blood sampling catheter was placed in the abdominal 

aorta just below the renal artery to ensure that the 

concentration of tracer in the plasma sample reflected 

the concentration entering the kidney. The transit time 

was ~easured for each dog to know precisely the arrivaI 

time of the tracer. The data is presented in Figure 

4.19. The pre- and post-infusion ppp could not be measured 

in each dog since the technique requires sacrifice of the 

kidney. ppp measured in 4 normal d-::.ga during ANF infusjon 

(125 rg/kg/min) was 35.5 + 4.0 ml/min/lOog papilla, 

unchanged from baseline flow = 39.6 ± 3.2 ml/mini 100 9 

papilla. 10 TIVC dogs had an average PPF = 10.7 :t .7 

ml/min/lOO 9 during ANF infusion, sigIlificantly lower than 

during ANF infusion in the normal dogs. When the TIVC dogs 

were divided into natriuretic responders and 

non-responders, no difference in PPF during ANF infusion 

was demonstrated. Baseline blood pressure and renal blood 

flow as weIl as ANF- induced changes in these pararneters 

were the same in both groups of dogs. 

Al though the Lillienfield technique gives consistent, 

reproducible rates of papillary plasma flow, it is based 
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on severa1 assumptions (outlined previously) which are 

difficul t to verify. Recognizing the limitations of the 

method, a group of nan-responding dogs were subjected ta 

renal vasodila tatian wi th intrarenal acetylchol ine 

infusion. The data at"e presented in Figure 4.20. While 

vasodilatian raised nmal plasma flow, infmaan did not 

produce a natriuretic response. These data support the 

conclusion that changes in renal plasma flow, and papillary 

plasma flow .i ""' particular, do not al ter the tubular 

responsi veness ta ANF. 

4.15 DISCUSSION 

Following constrictian of the thoracic inferior ven a 

cava, dogs retain sodium, the renin-angiatensin system ls 

activated and significant ascites develops. As demon

strated in Figure 4.3, the advent of ascites and avid 

sodium retention is accampanied by an early fall in plasma 

iANF concomitant with a rise in plasma renin and 

a ldosterone, a relationship which persists throughout the 

phase of sodium retention and ascites. As ANF release is 

largely a result of atrial stretch, this rapid fall in 

plasma iANF appears to be an appropriate response to the 

drop in CVP pro(luced by caval constriction. This i5 

supported by the data demonstrating that plasma T1/2 and 

the metabol ie clearance rate are unchanged from the control 

state. Accompany ing the fall in plasma iANF is a reduction 

1 
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in atrial iANF content. since atrial iANF was measured 

several days after the appearance of ascites and ther.efore 

an even greater time followl.ng the initial decline in 

plasma ANF levels, the reduction in atrial content most 

likely represents a new equilibrium betweEn the quantity of 

ANF released from the atria and that of pro-ANF 

synthesized and subsequently stored. These data suggest 

that a feedback mechanism exists in which the quantity of 

ANF released from the atria regulates the ~ ate of 

synthesis. Though the possibility of such a mechanism has 

not been inv€stigated in this study one couJd measure 

atrial iANF content or pro-ANF mRNA level along the same 

time course as that reported for plasma leveis to evaluate 

the sequential changes in both parameters. 

To address the possibility that low plasma ANF levels 

result from an impaired coupling between atrial stimulation 

and ANF re1ease, 2 cavaI dogs wi th active sodium retention 

and ascites were given a 7% body weight acute saline load. 

Figure 4.21 shows that both dogs with low baseline plasma 

iANF and CVP were able to release ANF in direct relation ta 

the rise in CVP as produced by the saline infusion. 

Moreover, once the infusion was complete, plasma ANF fell 

as CVP returned to baseline. These data demonstrate that 

stimulus-release coupling is normal in the cavaI dogs and, 

furthermore, emphasizes that plasma iANF can be rapidly 
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altered as a result of changes in CVP. 

As the cavaI dogs returned to sodium balance, the plasma 

levels of iANF and aldosterone returned to baseline levels. 

Although technical difficulties prevented the measurement 

of CVP as the dogs returned to sodium balance, a recent 

study showed a correlation between the ri se in CVP and 

plama iANF as one cavaI dog returned to sodium balance 

(Freeman et al., 1987). It is not clear from the data 

whether the changing plasma level of ANF, or rather the 

reciprocal relationship between ANF and mineralocorticoids 

is the prime mover in causing both the sodium retention and 

return to sodium balance. Indeed, several investigators 

have questioned whether or not in the physiological range 

observed in our study, ANF may have a role to play in the 

regulation of sodium excretion (Anderson et al., 1987: 

Cuneo et al., 1987). Ta address this question, paganelli 

et al (1988) released the venous constriction in chronic 

cavaI dogs and observed a 6-fold increment in daily sodium 

excretion, but a return of depressed plasma ANF only to 

control levels, despite a marked increment in right atrial 

pressure. It was thus concluded that non-ANF factors were 

playing a major role in producing the natriuresis. 

Conversely, in the phenomenon of mineralcorticoid escape, 

i t seems clear that elevated level~ of plasma iANF 1 in the 

presence of excess mineralcorticoid, may be mediating much 

of the natriuresis (Ballerrnann et al., 1986). 
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Despite our observations that support a role for ANF in 

both the sodium retention and balance phases of the TIVC 

dogs with ascites we have apparentIy uncovered a unique 

response of the renal tubule of these edematous animaIs to 

exogenous:ly administered ANF. In the phase of sodium 

retention with the ascites, approximately 50% of conscious 

TIVC dogs will re-spond with a normal natriuresis to a large 

dose of ANF (175 ng/kg/min) while 50% do not. This 

phenomonon is also evident in anesthetized dogs at 75 and 

125 ng/kg/min. The lack of natriuretlc response should not 

be viewed as sorne unique attribute of these animals, but 

rather as a distinct physiological response, functional 

and reversible, since dogs who did not have a natriuretic 

:::esponse to ANF in the phase of sodium retention had 

previously responded normally in the control state and 

responded agaln when sodium balance had been restored. It 

is also worth emphasizing that available data suggest that 

while "low" doses of ANF (50 ng/kg/min) may not cause a 

brisk natriuresis in either human subjects or experimental 

animaIs, "moderate" doses (50-500 ng/kg/min) and "high" 

doses (500 ng/kg/min) appear to cause only a brisk 

natriuresis without causing aberrant physiological 

responses (Goetz, 1988). 

Our finding of a heterogeneous natriuretic response in 

TIVC dogs i5 different from that obtained by other 

investigators using this model (Freeman et al., 1985»). 
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These investigators however, administered ANF te only 5 

TIVC degs and it is possible that they missed this 

natriuretic response pattern. Of the 46 cavaI dogs tested, 

runs af 5-6 dogs shawing a single pattern of natriuretic 

response have aften been noted. 

heteroqenf?i ty of na-criuretic 

exper imental hepatic cirrp~sis 

We have aIse abserved this 

response in dags with 

(Chapter 5). Al though 

investigators using other madels, e.g. cirrhotic rat 

(Olivera et al., 1988), nephrotic rat (Koepke, and DiBona, 

1987) and dogs with heart failure ather than cavaI 

constriction (Chou et al., 1987) have reported absent or 

blunted natriuretic effects, small numbers were tested and 

no comment is made upon the degree of heterogenei ty of the 

natriuretic respanse. Several investigators however, have 

reported heterogeneous natriuretic responses to ANF in 

other volume-overload conditions. Winaver et al. (1988) 

administered ANF ta rats with high output heart failure due 

ta an aortocavdl fistula. Balance studies showed two 

distinct patterns of sodium handling i:1 this model. Rats 

with progressive sodium retention developed very high 

levels of plasma renin activi ty and aid not respond to 

exogenous ANF with either a diuresis or natriuresis. sixt Y 

% of rats returned to sodium balance within 7-10 days 

after surgery 1 did not show elevatE::d plasma levels of renin 

activity, and showed a significant natriuresis in response 

to exogE:nous ANF while 40% did not return to baIa!'1ce. 
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Hildebrandt and Banks (1988) evaluated the renal affects of 

ANF in rats with nephretie syndrome at varying time 

intervals after induction of the glomerulopathy. Despite 

increasing proteinuria and falling GFR up to 14 days 

pest-aminonucleoside treatment, ANF produced a blunted 

natriuresis at 2 days compared ta controls, no natriuresis 

whatsoever at 4 and 6 days and a return of the natriuretic 

response (albei t attenuated) at 14 days. The authors 

postulated that this changing renal responsiveness ta ANF 

might be due te inereased ABP levels at 14 days. This 

however, would not explain the lack of response at 4 and 6 

days sinee ABP was unchanged from control levels at this 

time. 

The novel observation of this study is both the 

heterogeneity of natriuretic response in weIl defined 

aseitic dags with sodium retention, and the reappearance 

of a natriuretic response in the non-responders when they 

regain sodium balance. What is the physioJ.ogical basls for 

this phenomenon? Whatever the explanation, it 15 possible 

that the tubular unrespol1siveness to ANF in the sodi um 

retaining state is peculiar ta chis peptide. Preliminary 

data in our Iaboratory (Maher, E., Levy, E. unpublished 

observatiLmsl suggest that natriuretic non-responders will 

react nonnalJ.v to \"arious diuretics. It is of interest ta 

note that cavaI dogs with a blunted response te ANF will 

respond normally to furosemide and hydrachlorothiazide 
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infusion (Blaine et al., 1986). Similarly, Hildebrandt and 

Banks (1988) have demonstrated that nephrotic rats not 

responding to ANF will respond to a bolus of furosemide. 

Our resul ts show that the TIVC responders and 

non-responders cannot be differentiated in terms of breed, 

gender, supply source, length of stay in the Animal Center 

and previous à.ietary history. They were aIl studied in the 

forenoon at an equivalent time period physiologically 

post-cavaI constriction. In terms of systemic 

hemodynamics, renal perfusion, plasma volume, plasma levels 

of renin and aldosterone (as weIl as the response of theee 

variables to ANF), and baseline sodium excretion, both the 

responders and non-responders were equivalent. The only 

differentiating factor that we have adduced to date is the 

lower plasma iANF level in the non-responders prior to 

receiving the exogenous infusion. It is difficult to see, 

however, how this small difference could be physiologically 

important, especially sinee several dogs wi~h the same 

plasma iANF level had sueh remarkably different natriuretic 

responses. Furthermore, if this difference is important, 

one might expect ANF receptors to be up-rern1lated in the 

non-responders and produee both a greater natriuresis and 

hypotension. Moreover, the plasma levels of ANF reached 

extremely high levels during the infusion and were 

equivalent in each group. Since it was t:he response to 

exogenous ANF that determined whether or n'Jt a TIVC dog was 
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a natriuretic responder, it seems unlikely that the 

endogenous plasma levels of ANF could be playing a 

deterrninant role between these two groups. 

The biphasic response of the renal tubule to an exogenous 

infusion of MlF in 50% of tested TIVC dogs is perhaps best 

explained in terms of the events that cccur as TIVC dogs 

with ascites pass from a state of avid tubular sodium 

retention to that of tubular sodium rejection and the 

re-atta:.nment of sodium balance. Several laboratories have 

produced evidence that this physiological progression is 

associated with expansion of the plasma volume, return of 

the plasma levels of renin and aldosterone to normal, a 

probable decrease in renal sympathetic nervous activi ty, a 

rise in CVP, and loss of angiotensin dependence of the 

arterial blood pressure. In a similar progression, as 

cavaI dogs retain sodium and deve10p ascites papi1lary 

plasma flow falls to approximately 30% of normal and return 

to sodi 'lm balance is associated with a recovery of 

papillary flow to base1ine (Faubert et al. , 1982). The 

relationship between low papillary plasma flow and enhanced 

sodium reabsorption in the cavaI dog may be of some 

importance since it has been suggested that ANF-induced 

increments in papillary flow mediates in large part the 

natriuretic effect of this peptide. Indeed! rats with 

3elective destruction of the renal papilla by BEA were 

unable tc respond to ANF infusion (Fried et al. , 1987). 
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Moreover, dogs with aortocaval fistula infused with ANF 

have a blunted natriuretic response and papillary plasma 

flow only 30% of normal. While these data suggest an 

important role for increments in papillary plas~a flow in 

mediating the natriuretic response to ANF, the two evants 

may not be causally related. Fluorescent videomicroscopy 

of the normal rat papilla demonstrated that vasa recta flow 

increases wi th ANF infusion al though not until after the 

diuretic and natriuretic response has been initiated 

(Kiberd et al., 1987). 

Papillary plasma flow was measured in this study by the 

Lillienfield radiolabelled albumin uptake method. ANF 

infusion at 125 ng/kg/min produced a dramatic increase in 

sodium excretion (264 ± 53 uEqjmin) in four normal dogs 

while papillary plasma flow did not change indicating a 

dissociation between papillary flow and ANF' s natriuretic 

effect. Furthermore, the lack of natriuretic response in 

50% of TIVC dogs is not a resul t of the reduction in 

papillary plasma flow during the phase of sodium retention 

and edema, since 50% of TIVC dogs with the same reduced 

papillary plasma flow had a normal natriuretic response to 

ANF infusion. Recently, DiBona and colleagues (1987) have 

pre~':\ented evidence that renal denervation will reverse the 

blunted natriuresis ta ANF in both nephratic and cirrhotic 

rats. It is therefore possible that altered renal 

sympathetic nervous activity or the intrarenal 
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catecholamine profile may be playing a role in 

differentiating non- responders from responders. In this 

study, acute renal denervation enhanced the ANF-induced 

natriuresis in responding dogs although did not produce a 

natriuresis in the non-responding dogs. It seems likely 

therefore that the renal sympathetic nerves are 

antagonistic to ANF in the cavaI dog such that the 

sympathetic tone serves to Iimit the degree to which sodium 

excretion can be enhanced. Thus removal of this 

syml- ..:.~'hetic tone 

natriuretic effect. 

allows complete expression of ANF's 

ReversaI of the blunted natriuresis by 

renal denervation in cirrhotic and nephrotic rats may 

indeed reflect removal of the inhibi tory effect of the 

renal nerves on ANF action since it been shown that 

basE:.:Iine efferent renal nerve activity is enhanced in 

cirrhotic and nephrotic rats (DiBona, 1988). This, 

however, does not imply that the complete lack of response 

in the non-responding cavaI dogs is a resul t of an even 

greater sympathetie tone, sinee renal denervation had no 

effect in these animaIs. Rather, it provides clear 

evidence that the renal nerves are not involved in the 

inhibition of the natriuretic response in 50% of cavaI dogs 

and, in fact, only after the ability to respond to ANF is 

restored will the modulatory role of 

also be restored. 

the renal nerves 

This heterogeneous natriuretic response ta ANF in TIVC 
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dogs with sodium retention and ascites cannot be explalned 

on the basis of renal hemodynamics, systemic hemodynamics, 

the renin-angiotensin-aldosterone system, renal nerve 

activity or changes in medul1ary or papillary blood flow. 

AlI the analysis suggests that there is a problem at the 

level of ANF receptors in the inner medulla. An indirect 

measure of the binding of ANF to i ts receptor and the 

transduction of the signal is the generation of ANF' s 

second messenger, believed to be cyclic GMP (Hamet et al., 

1984) . 

In the present study, there is a complete dissociation 

of cGMP generation and natriuretic response in the TIVC 

dogs. A comparable increase in plasma cGMP is not 

surprising since both groups show a similar degree of 

hypotension. In fact, the enormous addition of cGMP to the 

glomerular filtrate may mask small but important changes in 

cGMP production along the nephron. Moreover, it h~s been 

demonstrated that in response to ANF cGMP increasl s only 

2-fold in the thick ascending 1imb and 3-fold in the 

medu11ary col1ecting du ct where ANF is believed to exert 

its major natriuretic effect. Conversely, the glomerulus 

produces a 50-fold increase in cGMP and yet the 

involvement of GFR in ANF'-induced natriuresis is minimal. 

The existence of a second receptor of MW 60,000 accounts 

for 94% of aIl ANF endothelia1 receptors and, as discussed 

earlier (1.5), is not coupled to cGMP generation although 
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its second messenger system has not yet been jdentified. 

The relative density of receptors or proportion of cGMP 

generated by ANF does not necessaL'ily assign a relative 

importance to receptors in a given area. However, the 

observation that both plasma and urinary cGMP rises to 

normal levels in non-responding dogs is certainly 

suggestive of a dissociation between this response and the 

ability to produce a natriuresis in cavaI dogs with avid 

sodium retention and ascites. This dissociation has aIs') 

been reported in normal dogs where ANF was infused 

intrarenally to produce a natriuresis in only the infused 

kidney. Of interest was that cGMP rose comparably in both 

kidneys (Seymour et al., 1985). Similarly, water immersed 

cirrhotic patients not undergoing a natriuresis will 

demonstrate elevated cGMP (Skorecki, 1988). Thus, it is 

clear that ANF can bind to i ts receptor, couple to 

guanylate cyclase and generate cGMP normally. However, 

none of the data address the possibility that the lack of 

natriuretic response is a result of an event occurring 

later in the transduction of the signal. Specifie in vitro 

receptor studies need to be conducted in order to examine 

this possibility. 
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CHAPTER 5: RESPONSE TO ATRIAL NATRIURETIC FACTOR IN DOGS 

WITH ACUTE SELECTIVE INTRAHEPATIC HYPERTENSION 
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5.1 INTRODUCTION 

Acute intrahepatic sinusoidal hypertensio~ is generally 

associated with a reduction in the urinary excretion of 

sodium in a variety of species, inc1uding man and a variety 

of experimental animals (Levy, 1974; Campbell ,"!t al., 1382; 

Blanchart et al., 1987) and 1.l&ually occut's wi thout 

simul taneously changing systemic hemodynamics::. If 

prolonged, this experimental manipulation is associated 

with the production of largG volumes of ascites (Levy, 

1978) and, in dogs, with ~ reduction in endogenous seJ.~~lm 

levels of ANF and unresponsiveness to exogenous infusions 

of this peptide (Chapters 4,6). 

The heterogeneous natriuretic response to exogenous ANF 

in cavaI dogs with chronic intrahepatic and portal 

hypertension i5 not determined by GFR, renal plasma flow, 

papillary plasma flow, renal nerve activit~l or systemic 

hemoctynamics (Chapter 4). To assess the role of acute 

intrahepatic hypertension (IHH) per se f wi thout confoundil:g 

physiological disturbances (e. g. activated renin-

angiotensin system) in producing natriuretic 

unresponsiveness to ANF infusions, a series of dogs were 

prepared wi th selective acute IHH by histamine infusion. 

Responses to infusions of ANF were compared in both the 

absence and presence of IHH. 
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5.2 Effect of Systemic Histamine Infusion 

The average body weight of the dogs used in this study 

was 12.7 kg and the average dose of histamine base was 4.07 

ug/min (range 3-5). Compared to the pre-infusion state, 

the administration of sma1l doses of histamine into the 

femoral vein did not alter arterial blood pressure (98.0 ± 

4.4 vs 94.2 :t 49 mm Hg; p>0,,05); central venous pressure 

(4.8 ± 0.42 vs 4.6 t 0.44 cm H20 p>0.05) or portal venous 

pressure (13 ± 0.2 vs 12.9 ± 0.3 cm H20 P>0.05). Though 

not measured in this study, previous investigations made in 

our laboratory with identical infusion rates of 

histamine base, have confirmed that GFR, renal plasma flow, 

urine flow, urinary sodium excretion and cardiac output are 

not altered when this substance is infused into the femoral 

vein at these dosage levels (Levy, 1974). 

5.3 Effect of ANF in the Presence of Normal Intrahepatic 

Pressure 

Figure 5.1 summarizes the effect of ANF infused into the 

contralateral femoral vein at 175 ng/kg/min on renal 

function while histamine was continued. Both sodium 

excretion and urine flow rose dramatically without changes 

in GFR or CPAH though filtration fraction rose 

significantly. The fractional excretion of sodium rose 

from 0.82 + 0.14 to 4.3 + 0.4% (P<0.05). Fractional 

excretion of water rose from 1.7 + 0.12 to 5.8 + 0.14% 

1 
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(P<O.05). Blood pressure declined significantly from 94.2 

± 4.9 to 83.3 ± 5.1 mm Hg P>O.05, while portal 

venous pressure remained constant (13.0 t 0.2 vs 13.3 + 0.8 

cm H20 P>O. 05) . 

5.4 Effect of Intraportal Infusion of Histamine 

When histumine was Infused into the portal vein, portal 

pressure rose from 13 ± 0.3 cm H20 to 19 t 2.2 cm H20 

(P<O.05), a 46.2% increment in pressure. The remaining 

changes are summarized in Figure 5.2. Arterial blood 

pressure did not change significanly, GFR and CPAH now 

fell significantly and urinary sodium excretion declined, 

but did not reach statistical significance. 

5.5 Effect of ANF in the Presence of Intrahepatic 

Hypertension 

Figure 5.3 summarizes the response to ANF while histamine 

in an equivalent dose to that previously infused into the 

femoral vein, was being infused into the portal vein to 

maintain intrahepatic pressures. GFR rose significantly; 

CPAH also increased, but tbis change did not achieve 

statistical significance. As a result of these increments 

in renal hemodynamics, FF remained constant. As previously 

noted for the control phase of the experiment, both sodium 

excretion and urine flow increased dramatically. In terme 

of fractional excretion, the F.E. of water increased from 
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1.37 ± 0.14% to 5.17 ±0.15%, P<0.05. F. E. of sodium 

changed from 0.67 + 0.17 to 3.6 ± 1.5% (P<0.05). 

The changes in fractiona1 excretion of sodium and water 

were not significantly different from each other whel1 ANF 

was adrninistered either during the control or axperimental 

phdse (portal pressure elevated) . 

Figure 5.4 summarizes the changes in the major variables 

in both control and experill1.ental phases of the experiment. 

Though there were minor differences in the response of 

renal hemodynamics to the ANF infusion between the control 

and experimental phases of the study, there was no blunting 

of either water or sodium excretion during IHH. 

5. 6 DISCUSSION 

As noted previously in our laboratory, the infusion of 

small doses of histamine base into the systemic circulation 

does not influence cavaI or portal pressure, arterial blood 

pressure or renal function (Levy, 1974). When this ~ame 

dose is infused into the portal vein, there is a 

significant increment in portal (and presull1.ably 

intrahepatic) pressure without anv change in ABP. Our 

laboratory (Levy, 1974), as weIl as others (Campbell et 

al., 1982; Blanchart et al., 1987) using mechanical means 

to raise intrahepatic pressure have shown that intrahepatic 

hypertension (but not elevated portal venous pressures) 
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whether produced in this way or with histamine, is 

generally associated with the tubular retention of sodium. 

It should be noted that in the present study, IHH was 

associated with a decline in urinary sodium excretion, 

though the change did not reach statistical significance. 

This was probably due to experimental design; in the 

present study dogs were hydropaenic; in the previous s~udy 

demonstrating IHH-induced anti-natriuresis the dogs were 

saline loaded (Levy, 1974). Thi.s study was performed in 

hydropenic rather than volume-loaded dogs in order to 

"sensitize" the tubule to the effects of ANF in a 

physiological setting of IHH uncomplicated by o~her 

possible interfering physiological variables, particularly 

altered renal responsiveness to exogenous ANF in the 

presence of acute saline expansion. 

When ANF was infused into the systemic circulation, there 

was the anticipated drop in ABP, concomitant with a 

sj.gnifi .... ùnt increase in the renal excretion of water and 

sodium. This natriuresis occurred without any significant 

increment in GFR or CPAH, though filtration fraction did 

increase. When ANF was infused in the presence of IHH, GFR 

rose, though not renal plasma flow or filtration fraction 

and there was still a marked natriuresis and diuresis. It 

is not clear why GFR rose in this latter instance when it 

did not during the initial control periods. It could not 

be the influence of histamine since this base was infused 
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in identical amounts during each phase of the 

experiment. It is possible, however, that since IHH 

depressed GFR (and RPF) from control levels, ANF either 

suppressed an angiotensin effect or in other ways the renal 

micro- vasculature was now more sensitive to a potent 

vasodilator. 

As discussed in section 1.2, stimulation of low-pressure 

mE~chanoreceptors located on the portal venous side of the 

hepatic circulation, increases renal efferent sympathetic 

nerve activity, and reduces urinary sodium excretion and 

renal blood flow. Of interest is whether this is simply 

a neural reflex loop whereby the increase in renal nerve 

activity directly enhances sodium reabsorption or acts in 

some way to modify a humoral pathway. It has beon shown 

that hepatic denervation abolishes the responses to 

elevated hepatic and portal pressure (Lautt, 1983) but 

this may be the resul t of removing the neural afferent 

input to a humoral mechanism. In particular, i t is 

presently unknown if stimulation of hepatic 

mechanoreceptors can al ter the release of ANF or, 

conversely, alter the renal responsiveness to the peptide. 

Chronic IHH could alter renal sodium excretion through 

a signal to inhibit the release of ANF from the atrial 

myocyte. Indeed, both cavaI and cirrhotic dogs with sodium 

retention and ascites have chronically low plasma iANF 

levels. However, more important is that 50% of cavaI and 

--------------------
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cirrhotic dogs do not respond to exogenous A:~F infusion 

where plasma levels reach up to 2500 pg/ml. Therefore, if 

IHH is rnodulating ANF action, it must be at the level of 

the kidney. It is unlikely that the increase in renal 

sympathetic nerve activi ty as produced by the ri se in 

intrahepatic pressure is antagonizing the renal response to 

ANF since renal denervation did not restore the natriuretic 

response in cavaI non-responding dogs. 

If one compares the response of ANF in both the control 

and hepatic hypertensive phase of the experiment, there 

were no differences in the blood pressure response or 

sodium and water excretion. During IHH, ANF increased GFR 

and CPAH significantly compared to the response during the 

control phase and yet sodium excretion did not increase out 

of proportion emphasizing that the natriuretic effect of 

ANF is independent of the GFR effect. These data are 

perhaps best cornpared with the chronic cavaI dog which, 

despite the presence of ascites and IHH, has returned to 

sodium balance. In these dogs, as in the dogs wi th 

histamine-induced IHH, the natriuretic response to ANF is 

normal. 

These data permit the conclusion that acute IHH, by 

i tself, wi thout any confounding physiological disturbances, 

does not prevent a normal renal tubular response to ANF. 

Thus, it is unlikely that chronic IHH, per se, is the 

primary cause of the heterogeneous natriuretic response to 
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ANF in chronic cavaI and cirrhotic dogs with sodium 

retention and ascites. 
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CHAPTER 6: HETEROGENEOUS RENAL RESPONSES TO ATRIAL 

NATRIURETIC FACTOR: CIRRHOTIC DOGS 
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6. 1 INTRODUCTION 

The ro1e of ANF in cirrhosis of the 1iver i5 quite 

cenfusing. Data from cirrhotic patients indicates that 

plasma iANF is low (Bonkovsky et al., 1986), normal 

(Henriksen et al., 1986; Burghardt Wernze, Diehl, 1986; 

Shenker et al., 1985), or elevated (Leung et al., 1987) 

while the rena1 response to manoeuvers raising endogenous 

ANF (volume expansion and water immers ion) or exogenous ANF 

infusion is largely blunted. A recent investigation of 

water immersed cirrhotic patients with cscites dernonstrated 

the phenomenon of heterogeneous natriuretic response 

similar to that described in the caval dogs (chapter 3) 

where 6 patients had a normal natriuretic response and 6 

patients had no natriuresis. 

The experiments presented in this chapter were designed 

te characterize ANF in a canine model of experimental 

cirrhosis in terms of i ts relationship to renin and 

aldosterone and plasma volume as the disease progresses. 

The renal response to exogenous ANF was rneasured several 

times prior to the developrnent of ascites and again in 

great detail when ascites was present in arder to define 

the possible heterogeneity of response. 
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6.2 CHARACTERISTICS OF CIRRHOTIC DOGS 

6.2.1 Baseline Features 

Table 6.1 summarizes the data obtained from 9 cirrhotic 

dogs followed sequentially from the pre-surgical phase to 

the phase of cirrhosis and ascites accumulation. Unlike 

chronic caval dogs, presented in Chapter 4, cirrhotic dogs 

do not ordinarily return to a state of sodiunl balance 

coexistent with the presence of ascites. The 1055 of body 

weight despite the accumulation of ascites is repeatedly 

observed in this canine model and is due to progressive 

muscle atrophy. Note that renal function is maintained 

despite plasma volume expansion and the severe 

deterioration of liver function. Plasma levels of renin 

and aldosterone are elevated. Though not measured in this 

particular group of dogs, arterial blood pressure is 

invariably slightly reduced, cardiac output increases and 

central venous pressure remains unchanged (Levy, Allotey, 

1978) . As observed for the chronic caval dogs, plasma 

levels of iANF were reduced in cirrhotic dogs with ascites, 

falling from a control level of 71.6 ! 9.5 pg/ml to 34.7 ± 

5.4 pg/ml (p<O.05). 

6.2.2 HPLC of Atrial Extracts 

Figure 6.1 compares the RP-HPLC profile of atrial iANF 

from a cirrhotic dog with avid sodium retention and 

ascites to the iANF profile obtained from normal canine 
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COnTROL 
(II = 9) 

15.9 : 1.4 

632 ! 34 

149 t. 1.0 

4.3 :t 1.2 

106 t. 11.7 

45.1!: 1.9 

55.3 = 9.8 

44 t. 4 

42.3 t. 3.3 

104 t. 8.4 

41 :t 2 

29 ± 3 

0.22 ± 0.10 

24 :t 5 

5.3 ± 0.16 

48 ± 1.1 

1.4lt. 0.47 

4.33: 0.31 

CIRRIl(\SIS 
(N a 9) 

13.2! 1.1* 

789 ! 24* 

148! 2 

4.2 ! 0.2 

3.5 1.0* 

1.9 1.2* 

6.1 i 2.2* 

91 :t 2* 

37.9 ! 4.6 

110 ± 15 

40 : 5 
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8.3 ± 0.4* 
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4.0 ± 0.14* 

40 : 1.2* 
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* FF = flltratlon fractlon; * p < 0.05; t UlJaV = urinary sodium excretion in 
acute clearance study. 

TABLE 6.1: Characteristics of cirrhotic dogs 
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atria. Three peaks of immunoreactivity eluted from the 

column with the same retention time in each extract 

indicating that the intraatrial processing of pro-ANF is 

normal in the cirrhotic dog. 

6.2.3 Atrial iANF 

The atrial content of iANF in cirrhotic dogs is compared 

to iANF content of normal atria in Figure 6.2. Left 

atrial contp.nt fell from 32.3 "t 1.5 to 24.2 ± 2.8 ng/mg 

atrium (p<O. 05) in the cirrhotic dog while right atrial 

content did not change. Of interest, this is the same 

pattern as observed in the TIVC dogs, and, in fact, left 

atrial content was the same in the cavaI (21.4 ± 2.7 ng/mg 

atrium) and cirrhotic dogs. 

6.2.4 Plasma Tl/2 

Plasma TI/2 did not change once the dogs became cirrhotic 

and developed ascites. Control Tl/2 = 1.99 + 0.09 min 

versus cirrhotic T1/2 = 2.15 ± .11 min. 

6.3 RENAL RESPONSE TO ANF INFUSION 

Nine animaIs were tested in a control phase a.,d again 

when they were clearly cirrhotic with significant amounts 

of detectable ascites and avid urinary sodium retention. 

In 3 dogs the ascites was mobilized with a LeVeen 

peritoneovenous shunt and the response to ANF was 
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reevaluated. AlI dogs were handled identically, appeared 

te... be uniform in their pathophysiological evolution and 

generally were studied 10-12 weeks post bile duct ligation. 

Figure 6.3 summarizes the effect of intravenous rat 1-28 

ANF infusion at 175 ng/kg/rnin on urine flow and sodium 

excretion in all 3 phases of the experirnent. There was no 

diuresis in any phase of the experirnent, a significant 

natriuresis in the control phase (.0.UNaV = 1J2 ± 22 uEqjrnin) 

and a markedly attenuated nQtriuresis in the rernaining two 

phases (~UNaV = 29 ± 12.5 uEq/min and 34 t 18.9 uEqJrnin 

respectively) . Fractional excretion of sodium was 

significantly increased as weIl in each phase, though 

rnarkedly blunted in the last two. Figure 6.4 summarizes 

the effect cf exogenous ANF on renal hernodynarnics in each 

phase of the experiment. None of the variables depicted 

changed in response to ANF for each experimental phase. 

6.4 IDENTIFICATION OF THE HETEROGENEOUS NATRIURETIC 

RES PONS E 

When the natriuretic response ta ANF infusion was 

exarnined in greater detail during the cirrhotic phase, the 

dogs were seen to divide into two groups, natriuretic 

responders and non-responders. Data for the original 9 

dogs plus an additional 10 dogs studied in the presence 
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of sodium retention and ascites is presented in Figure 

6.5. The responding dogs excreted dUNaV of a t least 20 

uEqjmin and ranged as high as 114 uEqjmin with a mean AUNaV 

of 59.6 ± 10.6 uEqjmin. The non-responders excreted 

virtuall~' no extra sodium except for one dog whose dUNaV 

was 6 uEqjmin. On average, the non-responders excreted an 

increment of 1.3 ± 0.6 uEqjmin urinary sodium. Figure 6.6 

correlates the sodium excretory data to changes in GFR, 

CPAH and filtration fraction. Neither the magnitude of the 

natr iuretic response nor the lack of such response could be 

correlated to equivalent changes in GFR or renal perfusion. 

6.5 

6.5.1 

RESPONDERS VERSUS NON-RESPONDERS 

Plasma and Atrial iANF 

Di fferences in plasma levels of iANF did not 

differentiate responding from non-responding dogs. These 

data are presented in Figure 6.7. The me an plasma iANF 

level of 40.2 ± Il.4 pg/ml in the responders was not 

significantly di fferent from the value of 34.2 ±. 11.1 pg/m1 

obtained in the non-responders. Atrial content of iANF was 

comparably depressed in responding and non-responding dogs 

(Figure 6.8). Left atrial content averaged 24.8 + 4.5 

ng/mg atrium for the responders and 20.1 ± 2.1 ng/mg atrium 

for the non-responders (p>O. 05) . 
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a~ci tes and sodium retention in response to 
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FIGURE 6.7 Plasma iANF in 7 responders and 7 non
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Right atrial content averaged 18.8 ± 2.9 ng/mg atrium for 

the responders and 16.3 + 2.6 ng/mg atrium for the 

non-responders. 

6.5.2 Renal Hemodynamics 

Figure 6.9 summarizes sorne renal functional data of the 

original 9 cirrhotic dogs bafore and after exogenous 

administration of ANF. There were no differences in urine 

flow, GFR or CPAH at baseline or post-ANF between the two 

groups. 

6.6 cGMP Generation 

The generation of cGMP in response to ANF infusion in 

normal and cirrhotic dogs is presented in Figure 6.10. 

Despi te a blunted natr iuretic response in 5 responding 

cirrhotic dogs and a complete lack of natriuresis in 4 

non-responding cirrhotics, both groups demonstrated similar 

elevations of plasma and urinary cGMP as observed in normal 

dogs. 

6.7 Effects of Renal Denervation and Vasodilatation 

The natriuretic response to renal denervation and renal 

vasodilatation are presented in Figure 6.11. Baseline 

sodium excretion was not affected by denervation in either 

responding or non- responding dogs. The natriuretic 

response to ANF was magnified in the 
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responding dogs in the denervated kidney (64.3 ! 22 

uEqJmin vs 44 ± 10 uEqJmin, p<.05). Non-responding dogs 

remained non-responders. similar results were obtained 

following intrarenal infusion of Ach-Br to raise renal 

blood flow. Baseline sodium excretion and the natriuretic 

response was again magnitied in the responding dogs. 

Although Ach-Br increased renal blood flow in the 

non-responding d~gs, there was still complete attenuation 

of the natriuretic response in these dogs during ANF 

infusion. 

6.8 Papillary Plasma Flow 

Figure 6.12 sununarizes the effect of ANF infusion at 125 

ng/kg/min on papillary plasma flow, as measured by the 

Lillienfield technique, in 4 normal and 7 cirrhotic dogs 

with avid sodium retention and ascites. Papillary plasma 

flow was elevated in the cirrhotic dogs (46.3 t 1.1 

ml/min/100g) as compared to the normal dogs (35.5 ± 4.0 

ml/min/100g) despite a markedly blunted natriuretic 

response to ANF. When the cirrhotic dogs were divided into 

responders and non-responders no difference in papi1lary 

plasma flow was demonstrated between the two groups. 

6.9 Sequential Plasma Hormones 

A group of cirrhotic dogs were studied weekly (or 
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bi-weekly) to determine the relationship between changes 

in plasma volume, plasma iANF, renin and aldosterone, and 

state of sodium balance as the disease progresses and the 

animaIs developed ascites. Figure 6.13 summarizes the data 

for plasma vol ume as a percentage of body \-leight, plasma 

iANF, and 24 hour sodium excretion. In the control state, 

plasma volume was 3.7 ±.2 %Bwt., increased to a peak of 

5.2 + .4 % at week 4 during the pre-ascitic phase, and rose 

even higher ta 5.7 + .3 % when the dogs had developed 

ascites. Plasma ip~F fell to significantly lover levaIs 

than control for the first three weeks, vas elavated at 

week four reaching a peak at week 5 at a leveI 2x greater 

than control and 5x greater than the first three weeks (150 

:t 31 pgjml; p<0.05 vs. control). These levels declined ta 

control by week 7 but were markedly depressed when ascites 

was present at leveis similar ta the first three weeks. 

The dogs were in sodium balance at each of the time pe't'iods 

measured during the first 8 weeks excep~ for a period of 

marked sodium retention at veek 4 (daily sodium excretion 

= Il ±.3 mEvday). Figure 6.14 depicts the changes in 

plasma renin activity and plasma aldosterone concentration 

as compared to plasma iANF. Al though no samples were taken 

during the first 3 weeks after surgery, bath renin and 

aldosterone were normal at four weeks and remained at these 

levels until 7 weeks. It is interesting to note 
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that both renin and aldosterone were normal during the 

period when plasma iANF was elevated and did not rise until 

iANF had returned to at least baseline levels. 

6.10 sequential Response to ANF Infusion 

The renal response to ANF was measured at biweekly 

intervals from week 2 to week 8 after bile-duct ligation 

and again when ascites had developed (Figure 6.15). The 

heterogeneous natriuretic response reported previously for 

the cirrhotic dogs with ascites was also present at week 4, 

the dogs splitting into 5 responders and 4 non-responders. 

The mean natriuretic response was the similar to the 

co~trol response in aIl other weeks studied. As shown in 

Figure 6.16, aIl dogs consumed 45 mEgjday during week 4 and 

excreted only minimal amounts of sodium. The natriuretic 

response of the individual dogs is shown in Figure 6.17 

for week 4 and the ascitic phase. Note that two responders 

in week 4 became non-responders while 2 responders remained 

responders when ascites had developed. similarly, 3 

non-responders became responders while 1 non-responder 

again did not respond in the ascitic phase. 



~UNaV 
(~Eq/min) 

221 

250 _ Contrai PRE-ASCITES ASCITES 

® ® 
® 

200 

t 
® ~ 

f 150 CD ® 
@) (1) Q) 

® @SJ 

100 Œfd§J ®@ ® 

0 @ ® 

50- CD f)® 
CD ~ ® 

0 ______ ~~ __ -----~~~~II~~4~5~~7~------L-----~--rrm,~®5iliID®9~ 

~ 
week week week 
246 

post -ilgation --

week 
8 

FIGURE 6.15 Natriuretic respanse ta ANF measured 
biweekly after bile-duct ligatian and in 
ascites. Sequential responses are shawn 
far 9 individual dogs. 



~UNaV 
(fJeq/mln) 

250 

200 

150 

100 

50 

Responders 

• 

• 

• 

• 

• 

222 

WEEK 4 
Non

Responders 

o~------------------~----~·~·~·~·--______ ~ 
50 

Na mtake 25 
(meq/day) 

1 

50 

UNa V 
25 (meq/day) 

L~_--L-.lo 
b.l.!1 

FIGURE 6.16: Responders and non-responders at week 4: 
natriuretic response as compared to daily 
sodium intake and 24 hour sodium excretion. 



, , 

l 

300 

200 

100 

~UNaV 0 
(I-/eq/mln) 200 

100 

0 

FIGURE 6.17 

223 

Week 4 Ascites 

0 
tj,.t:

I
; 

A V" , ... 
B ;:(~~~ :;, 

4~~~~':1 F~'· 
, " = h· ... ,h>"t\l~ ~ '~"1J). C !t"\-'11,"<"· ~~:;f ~~~f :~~t 

1;;";~ ~'S:;.t. '-'I:,f. .. : 
~~~~ ";'{L.,I..+. ... I~~ 

~~:~?î ."l"';--~ Jo 1" '}"'; :.;.; ... '\ ,.~ 1,"'r"l' 
~fi\.~ -,-(,,, : ;~~t '.ki -
;:~:r~, • ~f~ ",.~~, . 
,~ttf!i '~€J! ;:"~ A 8 '.f''f..r

" 
... 'l'.~l ~~, IC" 
" . 

E F G 
r:"'rt''A " 
':,~1'1'; .. .';;~,'" 
, -.fi- ~ l't'); 
w ... t':J ' ~y-

1 ~.,.i' :1 l' 

'~j} ,:;tX ' il E F G H "',, t 
~~, ~ 

'.f,f~r. '.'(~\ 

Natriuretic response of 8 cirrhotic doge 
studied at week 4 and in the presence of 
ascites. 

H 



224 

6.9 DISCUSSION 

The present study was designed to assess baseline plasma 

and atrial ~2\.NF levels as weIl as the renal response ta 

exogenous ANF infusion at defined physiological time 

points as cirrhosis of the liver developed in dogs with 

b ile-duct 1 igation. This model is characterized by 

progressive degeneration of liver function accompanied by 

sodium retention and ascites formation. Weekly plasma iANF 

measurements in the dogs demonstrated a biphasic pattern. 

Plasma iANF levels fell dramatically by l week post-biliary 

l igation, remained low for approximately 4 weeks, then rose 

te a peak 2x greater than normal and 5x greater than levels 

during the first three weeks. Plasma Ievels fell steadiIy 

after week 6, reaching the Ievels approximating those 

measured during the early post-ligation period when the 

dogs wen? retaining sodium in the presence of ascites. 

Plasma Ievels of renin and aldosterone were normal in these 

degs from four to eight weeks post- Iigatiûn at which time 

they rose to 200% of normal and increased even further wh en 

the dogs developed ascites. A study of the early time 

course of hormones in cirrhotic dogs (Better et al., 1988) 

demonstrated a marked rise in renin, aldosterone, and 

angiotensin II in the first week after surgery followed by 

a return towards normal and Ievelling off at a levei 

slightly qreater than normal during the first 5 weeks. We 

did not measure renin and aldosterone samples in the first 
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three weeks and therefore it is possible that we missed an 

early change in these hormone levels. 

The pre-asci tic ri se in plasma iANF presumably reflects 

a true increase in effective plasma volume which supports 

the pathogenesis of ascites as described by the overflow 

theory. In addition, the fall in plasma iANF concomitant 

with the rise in renin and aldosterone just prior to the 

development of ascites is further support for this theory. 

Although in this study the early ri se in plasma volume was 

not statistically significant, the ratio of plasma 

volume/body weight was significantly elevated concomitant 

wi th the rise in plasma iANF and a peri ad of sodium 

retention at around the four week post-ligation period. 

Interestingly, Olivera et al (1988) have demonstrated a 62% 

increment in plasma iANF in cirrhotic rats in the 

pre-asci tic sodium retaining phase, a period which they 

previously reported is assoriated with volume expansion in 

these rats (Lopez-Novoa et al., 1980). Unfortunately they 

did not measure plasma ANF in the presence of ascites 

although other investigators have reported a marked 

elevation in cirrhotic rats wi th ascites (Vakil et al., 

1988; Koepke, Jones, DiBona, 1986). Plasma iANF varies 

considerably in patients with cirrhosis and ascites, some 

studies reporting elevated levels (Leung et al., ] 987) , 

while sorne report normal or even 10w 

Wernze, Diehl, 1986). These data 

levels (Burghardt, 

are difficul t to 
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interpret since sodium intake, diuretic therapy and stage 

of the disease are factors which can influence the plasma 

levels. 

In both the cirrhotic and cavaI dogs with sodium 

retenti on and ascites, the reduction in plasma iANF was 

accompanied by a decrease in left atrial content. The 

disappearance time (Tlj2) and metabolic clearance rate of 

infused ANF are normal in these dogs indicating that the 

low plasma levels are a consequence of a decrease in 

peptide release. Under these conditions, without a change 

in the rate of ANF synthesis, one would expect a rise in 

atrial ANF content. There are two possible mechanisms 

which would resul t in both low plasma and atrial ANF 

levels. First, the stimulus for release may be normal 

while the stimulus for synthesis is reduced. If, under 

steady state conditions, reJease is a constant percentage 

of atrial content, then a reduction in stored ANF would 

produce a decrease in the absolute quantity of ANF 

released. Secondly, the stimulus for release and synthesis 

may both be reduced renulting in a fall in bath plasma and 

atrial levels. This is certainly ;:} possibility in the 

chronic cava 1 dog where, despi te elevation of renin and 

aldosterone and plasma volume expansion, central venous 

pressure and thus right atrial pressure remain 

significantly lower than normal. This fall in transmural 

pressure would produce a decrease in ANF release and may 
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also influence the rate of ANF synthesis. Indeed, plasma 

ANF levels remain low until the dogs return to sodium 

balance, a phase associated with normalization of CVP. 

Atrial content has not yet been measured in this phase. 

The reduction in atrial content has aiso been 

demonstrated in cirrhotic rats (Jimenez et al., 1986) and 

cardiomyopathie hamsters (Edwards et al., 1986). However, 

both have elevated plasma ANF leveis indicating that the 

reduction in atrial content may be a result of atrial 

oversecretion. This may also be the case for cirrhotic 

dogs despite low plasma ANF levels in the ascitic phase 

since there is marked elevation of plasma ANF for at least 

a two week period during the pre-ascitic phase. If there 

is no stimulus for an increase in synthesis, then atrial 

content will remain low. It is not clear why plasma levels 

are reduced in the cirrhotic dog in the presence of ascites 

since central venous pressure is normal in these animaIs. 

Perhaps high bilirubin or some other consequence of acute 

biliary obstuction can al ter atrial ANF release. This, 

however, does not explain why cirrhotic dogs have low 

plasma levels whj le cirrhotic patL",nts and rats with 

presumably the same degree of hepatic dysfunction have 

normal or elevated ANF levels in the presence of ascites. 

Al though the dogs in the control phase of the study 

responded to infused ANF with a dramatic natriuresis, when 

retested in the presence of advanced hepatic cirrhosis and 



228 

ascites there was a significant blunting of the natriuretic 

response by an average of 78%. This degree of blunting is 

slightly higher than the 55% suppression observed in the 

cavaI dogs with sodium retention and ascites (chapter 3) 

and probably reflects the low8r baseline b100d pressure in 

the cirrhotic dogs. In 9 dogs studied sequentially 

through 3 phases of the experiment, and an additional 10 

cirrhotic dogs studied only in the presence of ascites, 

there was approximately a 50:50 division into natriuretic 

responders (N=9) and non-responders (N=lO) when sodium 

retention and asci tes are present. This 50:50 

heterogeneity of natriur~tic response to infused ANF ~&s 

also demonstrated in the cavaI dogs (chapter 3). The only 

difference in the profile of responses in these two models 

is that cirrhotic responders had an attenuated natriuretic 

response relative to the control phase while the cavaI 

responders showed a normal natriuretic response. 

Al though it is generally agreed that the natriuretic 

renal response te infused ANF is attenuated in cirrhotic 

patients (Fyhrquist et al., 1985; Hricik et al., 1986; 

Brabant et al., 1986) and rats with experimental cirrhosis 

(Koepke, Jones, DiBona, 1986), the heterogeneity of 

natriuretic response has also been demonstrated. Cirrhotic 

patients undergoing thermoindifferent water immersion have 

elevations in plasma iANF levels comparable to normal 

subjects although only half exhibit an increase in sodium 
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excretion (Leung et al., 1987). Salerno et al (1988) 

recently reported that ANF (1 ugjkg) administered to 

cirrhotic patients without or with only modest retention 

produeed a natriuresis comparable to that observed in 

normal subj eets. However, when ANF was given to eirrhotics 

with avid sodium retention, the natriuretic response was 

completely or markedly attenuated. Of the 14 patients 

studied, 7 responded while 7 did not respond to the 

exogenous infusion. Sinee the responders were generally 

without ascites and had normal or only modest sodium 

retention while the non-responders had ascites and were 

avidly retaining sodium, it was concluded that the 

natriuretic responsiveness to ANF infusion was dependent 

on basal sodium retention. This result differs from our 

eirrhotic dogs where basal sodium retention was equivalent 

in the responding and non-responding dogs. It is important 

to point out that the response to ANF was measured in 

eirrhotic dogs with ascites at approximately the same time 

frame in their physiological expression (i.e. sodium 

retention, volume of ascites). Looking more closely at the 

study by Salerno et al. (1988), the 7 patients with 2-3+ 

asci tes di vided 4: 3 into non-responders and responders. 

Thus, even in this group, the heterogeneity of natriuretic 

response is present. Responding and non-responding 

eirrhotic dogs could not be differentiated by degree of 

hepatie dysfunction, the liver function tests being 
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equiva1ent in both groups. Although the volume of ascites 

was not measured, it was clear by gross examination that 

responding dogs were not solely those with little ascites 

and nei ther were the non-responders solely those wi th large 

volumes of ascites. Plasma levels of iANF as weIl as 

infusion-induced increments in the plasma iANF were also 

equivalent in the two groups. In addition, responders 

could not be separated from non-responders either by 

baseline or ANF-induced changes in renal hemodynamics. In 

fact, neither in the pre- cirrhotic control phase nor the 

ascitic phase did the ANF infusion influence GFR, CPAH or 

filtration fraction in either group. 

Since ANF is believed to exert its major natriuretic 

effects in the distal nephron (Goetz, 1986) we examined the 

possibility that differences in the fractional distal 

delivery of sodium could explain variable responses to 

infused ANF. 

of sodium 

(UkjUNa+UK) 

24 hour sodium balance, urinary concentration 

and the distal cationic exchange ratio 

did not differ between the two groups. 

Furthermore, baseline sodium excretion, as weIl as base1ine 

and post-ANF filtered load of sodium during the acute 

clearance experiments were the sarne in responders and 

non-responders. These data strongly suggest that the 

distal sodium delivery is equivalent in the two groups 

under steady-state conditions thus making it unlikely that 

the lack of natriuretic response in 50% of the cirrhotic 
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dogs is related to the fractional sodium delivery to the 

distal tubule during ANF infusion. 

Other possible causes of the blunting or complete 

attenuation of the natriure:tic response in the cirrhotic 

dogs include changes in systemic hemodynamics or the 

renin-angiotensin system. Blood pressure and cardiac 

output were not measured in the cirrhotic dogs. However, 

it was shown in the cavaI dogs (~hapt~r 3) that a 40% fall 

in cardiac output accompanied by a 15% drop in blood 

pressure was associated 'tlÏth a potent natriuresis in one 

dog and no natriuretic response whatsoever in another dog. 

Indeed, neither baseline nor ANF-induced changes in cardiac 

output or blood pressure differed between the two groups. 

Thus it is unlikely that exaggerated hypoten8ion or fall in 

cardiac output can account for the heterogeneous response 

in the cirrhotic dogs. 

Although not large numbers of renin and aldosterone were 

measured in the cirrhotic dogs, there did not appear to be 

a difference between responding and non-responding dogs. 

This is supported by the data from cavaI dogs which showed 

no differences between the groups for renin, aldosterone or 

vasopressin. However, i t is possible that high intrarenal 

angiotensin II is stimulating cGMP hydrolysis such that 

there is insufficient cGMP effectively generated to produce 

the natriuretic actions of ANF. This is supported by a 

recent study by smith and Lincoln (1987) showing that 
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Angiotensin II decreases cGMP accumulation in cultured 

aortic smooth muscle cells by stimulating cGMP hydrolysis. 

To determine if e1evated angiotensin II (resu1 ting from 

elevated renin) was offsetting the natriuretic potential in 

cirrhotic rats, Koepke, Jones and DiBona (1987) 

administered the converting-enzyrne inhibitor, captopril, at 

a dose which did not influence blood pressure. They found 

that inhibition of the renin-angiotensin system did not 

restore the natriuretic response to ANF in cirrhotic rats 

nor augment the response in control rats. Further evidence 

indicating that abnorrnally high levels of these hormones is 

unlikely to produce the attenuated responsiveness in the 

cirrhotic dog is that mobilization of ascites with a LeVeen 

peritoneovenous valve, a procedure known to result in 

normalization of plasma renin and aldosterone, further 

plasma volume expansion (Levy, Wexler, McCaffrey, 1979) and 

rnarked elevation of plasma ANF (Campbell et al., 1987; 

Burghardt, Wernze, Diehl, 1986), no augmentation of the 

natriurEtic response occurred in the three cir~hotic dogs 

tested. Two of the dogs had been natriuretic responders 

and one was a ntn-responder prior to ascites mobilization. 

The responding dogs now showed a similar natriuretic 

response as in the asci tic phase, remaining blunted as 

compared to control, while the non-responder again had no 

natriuretic response to the exogenous infusion. 

unfortunately, an insufficient nurnber of cirrhotic dogs 
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could be studied in this phase as a resul t of deteriorating 

condition of the dog or failure of the LeVeen valve we do 

not know if the normal natriuretic response to ANF would be 

restored in this final phase of the experiment. However, 

it is unlikely since these cirrhotic dogs are known to 

remain as salt retainers despite complete mobilization of 

asoi tes (Levy, Wexler, McCa ffrey, 1979). Furthermore, 

chronic cavaI dogs not responding to ANF in the presence 

of ascites and sodium retention regain responsiveness only 

when sodium balance has been restored despite the presence 

of ascites. Moreover, mobilization of ascites did not 

enhance the natriuretic re:::;prlnse to infused ANF further 

indicating that the state of sodium balance i8 the 

determining factor in ANF action. 

natriuretic response persists in 

tubular handling of sodium. 

Thus, the heterogeneous 

the face of abnormal 

Other possible factors mediating the blunted or 

completely attenuated response to ANF in the cirrhotic dog 

with ascites were divided into 3 categories: 1) enhanced 

sympathetic nerve activity, 2) intrarenal hemodynamics, 3) 

signal transduction at the receptor level. Each of these 

factors has been discussed in detail in chapter 3 as they 

pertain to the caval dogs and thus will be addressed here 

only as they pertain to cirrhosis. It is generally agreed 

that efferent renal sympathetic nerve activity (ERSNA) 

plays an important role in the control of sodium excretion 
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and renin release (DiBona, 1982; others). It has been 

suggested that specifie stimuli involved in the pathology 

of the cirrhosis serve to enhance ERSNA which, in turn, 

promotes renal sodium retention. Indeed, there is evidence 

that ERSNA is enhanced in cirrhosis (DiBona, 1984; OiBona 

et al., 1988) althou.gh neither acute unilateral renal 

denervation nor renal arterial infusion of the a-adrenergic 

bloeker, phenoxybenzamine, were able to increase sodium 

excretion in bile-duet ligated cirrhotie dogs (Chaimovitz 

et al., 1977) . Al though the interaction between renal 

nerve activity and ANF action has not yet been 

characterized, it is possible that enhanced ERSNA in 

cirrhosis could prevent the full expression of ANF 

natriuretic action. This was investigated in cirrhotic 

rats wi th ascites by chronie renal denervation. Rats wi th 

previously blunted natriuretic responses to infused ANF now 

respanded normally despi te the presence of ascites and 

sodium retentian (Koepke, Jones, DiBona, 1987). The 

investigatars cancluded therefore that enhanced renal nerve 

activity mediated the blunted natriuretic response in 

cirrhosis with ascites. The data frcm the cirrhotic dogs 

does not support sueh a eanel usion. Al though only 3 

non-responding cirrhotie dogs were studied following acute 

renal denervation, it is clear that removing renal 

sympathetic nerve activity was ineffective in produeing a 

natriuretic response to ANF. This is consistent with the 
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data from caval non-responding dogs (Chapter 3) where renal 

denervation also had no effect. Of interest, was that in 

the cirrhotic responding dogs, as in the caval responders, 

renal denervation exaggerated the natriuretic response to 

ANF. This data supports the conclusion that renal 

sympathetic tone limits the degree to which sodium 

excretion can be enhanced by ANF al though is not the 

primary factor producing complete inhibition of natriuretic 

responsiveness in 50% of caval and cirrhotic dogs with 

ascites and sodium retention. The role of inner medullary 

hemodynamics in ANF action is current:ly under 

investigation. As described in chapter 3, augmentation of 

renal blood flow does not appear to play a role in the 

natriuretic response to ANF. Indeed, renal blood flow did 

not change when ANF was infused in cirrhotic dogs with 

ascites. However, redistribution of blood flow, in 

particular an increase in papillary flow has been invoked 

as a major mechanism of ANF action (Goetz, 1986). 

papillary plasma flow in control dOg5 was unaffected by ANF 

infusion despite an increase in sodium excretion of 240 

uEqjmin. In addition, papillary plasma flow is 

approximately 30% of normal in cavaI dogs with sodium 

retention during ANF infusion and does not differ between 

responding and non-responding dogs. The data in cirrhotic 

dogs provides even st ronger evidence that flow rate in the 

papilla is unrelated to ANF' s evoked natriuresis. 

1 
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Papillary plasma flow in the&e dogs was significantly 

greater than normal dogs dur1ng ANF infusion yet 50% had a 

markedly blunted natriuretic response and 50% had no 

natriuretic response whatsoever. The flow rates in the 

cirrhotic dogs reached levels comparable to that measured 

in dogs vasodilated with bradykinin or acetylcholine (Fadem 

et al., 1982). Of interest is that these increases in 

papillary plasma flow have been invoked to explain the 

natriuresis associated with intrarenal infusion of these 

vasodilators. Since ANF had no effect on papillary plasma 

flow in normal dogs or cavaI dogs with ascites and sodium 

retention (i. e. post-ANF levels equivalent to baseline 

levels previously measured in cavaI dogs (Faubert et al., 

1982»), the elevated papillary plasma flow in cirrhotics 

would also be expected under baseline conditions, 

especially since renal plasma flow is unchanged from 

basel ine. Why PPF would be 50 markedly elevated under 

conditions of almost complete sodium retention is unclear. 

previous measurements of the distribution of renal blood 

flow in cirrhotic patients using the Xenon22 washout 

technique have indicated that there is a fall in cortical 

blood flow while inner medullary flow is maintained. 

Clearly, whatever signaIs the renal tubule to retain sodium 

and water in cirrhosis is not infl uenced by changes in 

inner medullary hemodynamics. Even raising renal blood 

flow by i:"n:rarenal acetylchol ine, a procedure associated 
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with a potent natriuresis in normal dogs (Fadem et al., 

1987) was ineffective in overcoming the tubular resistance 

to ANF in 50% of the cirrhotic dogs. 

The data strongly suggests that there is a problem at 

the level of the renal tubular receptors which produces the 

blunted or completely attenuated responsiveness in 

cirrhotic dogs. Generation of second messenger, cGMP, was 

measured in these dogs, yielding the same resul ts as 

described in the cavaI dogs (chapter 3). Plasma and 

urinary cGMP were equivalent in the responding and 

non-responding dogs despite the heterogeneity of 

natriuretic response. Consistent with this finding i8 that 

cirrhotic patients undergoing thermoindifferent water 

immersion have equivalent increases in plasma iANF and 

urinary cGMP excretion despite only halt of the patients 

having a natriuretic response (Leung et al., 1987). 

Perhaps the most interesting observation in these 

cirrhotic dogs was that the heterogeneity of natriuretic 

respcnse to exogenous ANF infusion was demonstrated in the 

pre-asci tic phase during a period of sodium retention, 

volume expansion and elevated plasma iANF levels. Of 9 

dogs tested biweekly throughout this phase, 5 were 

natriuretic responders and 4 were non-responders. This 

period of partial renal refractoriness ta ANF infusion has 

also been reported in cirrhotic rats in the pre-asci tic 

phase when they were also retaining scdium, volume expanded 

-
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and had elevated plasma iANF levels (Olivera et al., 1988). 

The most interesting point in the sequential measurement in 

the cirrhotic dogs is that natriuretic responsiveness had 

been present in aIl dogs prior to week 4 and was restored 

in the non-responders by week 6 and maintained during the 

week 8 measurement. Furthermore, the heterogeneity was 

reestablished when the natriuretic response to ANF was 

examined in the presence of ascites. It is important to 

note that there was no correlation between a given response 

at 4 weeks and that measured when ascites had developed. 

These data are very similar to the cavaI dog where 

natriuretic responsiveness was restored in the non-

responding dogs once they had returned to sodium balance. 

These results emphasize that the heterogeneity of 

natriuretic response to ANF infusion is a physiological 

phenomenon related to the saI t-retaining kidney rather than 

some unique characteristic of an individual dog. 



CHAPTER 7: GENERAL DISCUSSION 
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7.1 DOES ANF HAVE A ROIE IN THE REGULATION OF 
EXTRACELLULAR FLUID VOLUME? 

Distension of a balloon in the 1eft atrium of an 

anaesthetized dag eliei ts a diuresis and natriuresis 

(Henry. Gauer, Reeves, 1956; Ledsame, Linden, 1968; 

Kappagoda, Linden, snow, 1973; Shultz et al., 1982). As 

discussed in chapter 1 (section 1. 1), many studies were 

conducted in the 1960' sand 70' s examining the rneehanism 

of this reflex renal response in order te gain further 

understanding about the regulation of extracellular fluid 

volume. It was demonstrated that cardiopulmonary atrial 

receptors initiate a neural reflex which involves the vagus 

and possibly the renal efferent sympathetic nerves (Karim 

et al., 1972; Weaver, 1977 i Linden, Mary, Weatherill, 

1980) . This neural cornponent however, only partially 

mediates the renal respanse as coneluded from an elegant 

study by Carswell, Hainsworth and Ledsome (1970). In 

cross-perfusion experiments, the donor dog atrium was 

stretched and a diuretic response was elicited in the 

recipient dog thus providing clear evidence that a humoral 

mechanism must, in part, be responsible for the observed 

renal response ta atrial distension. since 1eft atrial 

distension was associated \V'ith a faii in plasma vasopressin 

coneorni tant Ivi th a rise in 1eft atrial pressure (Gauer, 

Henry, 1963; Johnson, Moore, Segar, 1969; Brennan et al., 

1971) it was postulated that reduction of vasopressin was 
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the humoral rnechanisrn mediating this reflex. However, the 

importance of the inhibition of vasopressin release in 

response to distension is ITlinimal sinee several studies 

report a normal renal response in the presence of high 

vasopressin levels (Ledsome, Linden, O'Connor, 1961) or an 

ablated pituitary gland (Kappagoda et al., 1975). 

The observation that secretory granules within the atrial 

cardiocytes (Kisch, 1956) are responsive ta changes in 

sodium and water balance (De Bold, 1979) led ta the 

discovery of ANF (DeBold et al., 1981), a new hormonal 

system believed to exert an important influence on 

extracellular fluid volume regulatian. Two questions have 

been a maj or focus in the investigation af this new 

hormonal system. 1) Ooes ANF mediate the renal effects 

induced by a va ri et y of physiological stimuli which elevate 

atrial pressure and 2) Does it have a primary role in the 

normal regulation of sodium balance and extracellular fluid 

volume. If ANF is to be considered as a possible rnediator 

of the renal effects of atrial stretch, it must be shown 

that stretch elici ts release of ANF and, furtherrnore, 

that the concentrations are sufficient to produce a 

diuretic and natriuretic response of the sarne magnitude as 

occurs with atrial stretch. 

Release of ANF has been convincingly demonstrated under 

a variety of experimental conditions. Mechanical 

distension of the atria in an isolated rat heart-lunq 
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preparation results in increased plasma natriuretic 

activity in relation to changes in central venous pressure 

(Dietz, 1984). Acute volume expansion, eliciting a 

significant increase in central venous pressure, decrease 

in arterial pressure and increase in urinary sodium 

excretion also stimulates iANF release in direct 

proportion to the volume load in man (Sagnella, 1985; 

Takaku, 1985), dogs (Salazar et al., 1986) and rats 

(Petterson et al., 1985; Schwab et al., 1986; Veress, 

Sonnenberg, 1984). That an important link exists between 

the rise in ANF and the natriuretic respollse to volume 

expansion is supported by studies demonstrating attenuation 

of bath the ri se in plasma ANF and sodium excretion after 

saline expansion in atrial appen-dectomized rats (Veress, 

sonnenberg, 1984; Schwab et al., 1986). It is important to 

note that in addition to release being stimulated by acute 

volume expansion, it has been demonstrated that acute 

volume contraction, such as hemorrhage, produces a fall in 

plasma ANF (Verberg et al. f 1986). This capabil i ty to 

modulate levels in a bidirectional manner is an important 

criterion for a volume regulatory hormone. 

similar conclusions have been drawn from studies of water 

immersion, a procedure which produces marked and sustained 

central hypervolemia without the necessity of exogenaus 

volume expansion (Epstein, 1978). Three hour water 

immersion to the neck in sOdium-replete humans is 
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associated with an increase in plasma iANF which promptly 

returns to nor~al during the recovery period (Epstein et 

al., 1986; Anderson et al., 1986). Moreover, the water 

immersion-induced increase in plasma iANF in rats waa 

correlated with increases in right atrial pressure (Katsube 

et al., 1985). The functional relationship between these 

parameters has not been clearly established however, sinee, 

in dogs, there was no correlation between hormone levels 

and the natriuresis observed during 1 1/2 hours of water 

immersion (Miki et al., 1986). It is interesting that the 

nocturnal inhibition of the renal responses to water 

immersion are not mediated by a similar eircadian rhythm in 

plasma ANF sinee water immersion in humans indueed 

comparable elevations in plasma levels at night as measured 

during the day (Miki et al., 1988). 

Another experimental paradigm used to examine the same 

question is postural changes sinee atrial pres~ure ia 

higher in the supine as compared with the upright position 

(Guyton, 1973). As would be predieted, iANF was also 

elevated in the supine position and was higher in subjeets 

on a high salt intakf... indicating that both posture and 

sodium intake ean influence the plasma levels of ANF 

(Hollister et al., 1986). 

These studies clearly demonstrate that ANF can be 

released in response to stimuli whieh alter atrial 

pressures most likely as a funetion of inereasing 
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transmural pressure (See Introduction, section 1.1). That 

pharmacological doses of ANF infused under steady-state 

condi tions produce a natriuresis in a dose-dependent manner 

has been shown in our cortscious dogs (Chapter 3) , 

confirming the findings of other investigations in dogs 

(Seymour et al., 1985), and rats (Pollack, Arendshorst). 

Dose response has also been demonstrated in the 

physiological range in man (Anderson et al., 1987) and dogs 

(Bie et al., 1988). It is generally agreed, therefore, 

that ANF can be released in response to acute changes in 

plasma vol ume, sodium balance, and posture and is 

natriuretic in aIl mammals studied. The inhibition of 

vasopressin release by atrial stretch may be a direct 

effect of ANF. Intravenous ANF administration is a potent 

inhibi tor of hemorrhage- or dehydration-induced vasopressin 

release in normal rats (Samson, 1985). However, it is not 

clear what contribution activation of ANF makes as compared 

to that made by the neural component in the reflex response 

to atrial distension. Chronic cardiac denervation in dogs 

abolished the renal response to left atrial distension 

(Fater et al., 1982: Kamarczyk et al., 1981) even though 

plasma iANF rises normally in these dogs (Goetz et al., 

1986) . Although these data suggest that ANF is not 

rnediating the natriuresis of atrial stretch, the data is 

rather confusing. Plasma levels of ANF measured during 

atrial stretch in the cardiac denervated dogs were 
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comparable to levels achieved by ANF infusion at 25 

ng/kg/min, a dose shown previously to be natriuretic in 

dogs (Bie et al., 1988), yet: did not increase sodium 

excretion in either the cardiac denervated or normal cl~gs. 

Moreover, infusion at 100 ng/kgjmin, a dose which prcduced 

a marked natriuretic response in our normal dogs, also was 

not natriuretic in the experiments described above. Thus 

the data from cardiac denervation must be interpreted with 

caution and the question of the relative contributions of 

ANF and neural reflex in mediating the natriuretic response 

to atrial stretch must remain unresolved. 

Ta more directly assess the role of ANF in the 

natriuresis associated with volume expansion (and therefore 

atrial stretch) Khraibi et al. (1987) measured plasma iANF 

and sodium excretion in rats expanded with 5% body weight 

saline infusion. Upon return to baseline levels, exogenous 

ANF was infused to produce the same plasma levels as 

measured during saline expansion. The assoc:!.ated 

llatriuresis .vas approximately 40% of that observed with 

volume expansion establishing that ANF can contribut.e a 

maj or proportion of the natriuresis but is only one pathway 

in the mechanism. It is thus generally agreed that ANF ls 

an important hormonal component of the daily and long-term 

regulation of sodium balance in the control of 

extracellular fluid volume. 
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7.2 IS THERE AN ABNORMALITY IN ANF PHYSIOLOGY IN EDEMA 

STATES? 

Recently, the role of ANF in the pathophysiology of edema 

has become the focus of a great deal of investigation. Tt 

has been postulated that a disturbance in normal ANF 

physiology may contribute to the sodium retention and 

ascites formation in edema (Goetz et al., 1986). In order 

to deterrnine the validi ty of this hypothesis, two questions 

need to be addressed. 1) Is MiF being released normally? 

2) Is the kidney responding normally to the hormone? The 

purpose of tnis thesis was to examine, in great detail, the 

relationship between ANF and the handling of sodium in two 

canine models of edema. The dog with thcracic inferior 

vena cavaI constriction (cavaI dog) was chosen because it 

represents a condition of al tered systemic hemodynamics 

(fall in central venous filling pressure) and a period of 

sodium retention with the development of ascites followed 

by return to a state of sodium balance. Thus, this model 

presented the unique opportunity to study ANF in relation 

te changes in systemic hemodynamic3, sodium balance and the 

renin-angiotensin system. The dog with biliary cirrhosis 

of the liver was chosen in order to study, as in the cavaI 

dog, the interactiC'n between ANF and changes in the factors 

which determine the fullness of the circulation (i. e. 

plasma volume, renin, aldosterone) over a period of time 

when the dogs progress from heal th through the various 



247 

stages of clrrhosis of the liver leading eventually to 

unrelenting sodium retention, ascites, and plasma volume 

expansion. This experimental model has been weIl described 

and closely mimics the human disease state. 

Plasma levels of ANF have been measured in a variety of 

edema states as an index of atrial release. congestive 

heart fa il ure patients have very high circulatin~ plasma 

levels regardless of the etiology of the disease, 

demonstrating that this disease state does not result from 

a deficiency of ANF. This has been confirmed in 

cardiomyopathie hamsters (Edwards et al., 1986) as weIl as 

rats and dogs with A-V fistulas (winaver et al., 1988; Chou 

et al., 1987). The chronic cavaI dog, however, has very 

low circulating plasma ANF levels as confirrned by ireeman 

et al., 1987. As shown in the daily measurements of plasma 

levels in these dogs, ANF falls dramatically by 24 hours 

after surgery (the earliest measurement) and remains 

remarkably constant at this low level throughout the period 

of sodium retention. It may be that release is normal, as 

suggested by the congestive heart failure data, but the 

atria is responding to a sustained inhibi tory stimulus, 

most likely the fall in central venous pressure. Indeed, 

acute saline infusion in 2 cavaI dogs produced a rapid rise 

in plasma iANF levels in direct proportion to the rise in 

central venous pressure (Figure 4.2). Following the 

infusion, recrNery of central venous pressure was 
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accompanied by a return of plasma iANF levels to baseline. 

These data, in addition to the studies demonstrating that 

plasma ANF can be further increased in congestive heart 

failure patients by elevation of cardiac filling pressure 

(Burnett et al., 1986) and exercise (Dietz et al., 19B6) 

confirm that release of ANF is normal in congestive heart 

failure and cavaI constriction. In fact, the difference in 

plasma levels, despite many common disturbances i~ sodium 

and water balance (i. e. sodium retention, plasma volume 

expansion , activation of the renin-angiotensin system), 

suggests that ANF 1 S abili ty to act as a regulator of 

extracellular fluid volume is being overridden by a strong 

antinatriuretic signal to sorne part of the nephron (the 

possible sites will be discussed later). 

Similar conclusions have been drawn fram cirrhotic 

patients and animal mr ~~ls. Plasma iANF can be low 

(Bonkovsky et al., 1986) 1 normal (Shenker et al., 1985; 

Burghardt, Wernze, Diehl, 1986) or elevated in cirrhotic 

patients (Gines et al.~ 1988), is high in cirrhotic rats 

(Vakil et al., 1988; Koepke, Jones, DiBona, 1986) and 

depressed in our cirrhatic dags. The variation in plasma 

levels in cirrhotic patients may be due to timing of the 

samples and the conditions under which they were obtained. 

As demonstrated in the sequential measurement of plasma 

levels in the cirrhotic dogs, there are two periods when 

plasma iANF i~ markedly depressed (i.e. first 3 weeks post 
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bile-duct ligation and in the presence of ascites) and a 

period when the levels are substantially elevated. In 

addition, as previously discussed, variables su ch as daily 

sodium intake and posture can significantly alter plasma 

iANF levels. It is therefore cri tical to study the 

hormonal system under strictly defined physiological 

conditions including presence of ascites, plasma volume, 

sodium intake, sodium balance and body position during 

sampling. 

The data on atrial release of ANF in cirrhotic patients 

is similar to that obtained in congestive heart failure 

patients and cavaI dogs. cirrhotic patients with sodium 

retention, ascites and high plasma iANF showed a comparable 

increase in the plasma levels to normal subjects in 

response to water immersion (Epstein et al., 1986: Skorecki 

et al., 1988). It is important to note that the RP-HPLC 

from cirrhotic and cavaI dog atrla as well as plasma did 

not show any aberrant forms of the peptide (Chapter 4, 6), 

indicating that the intraatrial processing and therefore 

the circulating forro of ANF are normal in these two models. 

The metabolic clearance rate and disappearance half-time 

(T 1/2) üf ANF were assessed in the normal dogs to enable 

comparison wi th the cavaI and cirrhot ic dogs si nce the 

effectiveness of released ANF could be reduced by enhanced 

degradation of the peptide. Although major strides havE 

been made in the molecular biology of ANF and its 
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physiological actions, very li ttle is known about the 

mechanism of clearance from the circulation. In humans, 

the T 1/2 varies from 1.7 (Nakao et al., 1986) to 3.1 

minutes (Yandle et al., 1986) which is similar to the time 

we measure ln the normal dog ( 1.9 minutes). There is 

conflicting evidence for the raIe of the liver in ANF 

degradation. A substantial arterio-venous difference was 

measured across the li ver al though hepatectomy did not 

al ter the T 1/2 of infused ANF. Both T 1/2 and the 

metabolic clearance rate were unchanged from control in the 

cavaI and cirrhotic dogs and similar resul ts have been 

reported in cirrhotic patients (01 i vera et al., 1988). 

These data minimize a role for the liver in the metabolic 

pathway of ANF since cirrhotic dogs with severe hepatic 

dysfunction have the same T 1/2 as cavaI and normal dogs in 

which liver function is normal. These data permit the 

conclusion that in the caval and cirrhotic dogs, 

intraatrial processing and release of ANF is normal and 

that the 1-28 form of the peptide circulates in the plasma 

and is degraded and cleared from the circulation at the 

same rates as measured in normal dogs. Thus any breakdown 

in ANF action must be at the target-organ level. 

The second question regarding ANF in edema therefore, 

concerns whether the kidney is responding normally to the 

hormone. This has been examined mainly by exogenous 

infusion of ANF to edematous patients and animal models and 
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consistent1y demonstrates that there is some degree of 

renal refractoriness in virtually aIl edema models tested 

including congestive heart failure (Cody et al., 1986 i 

Winaver et al., 1988), cirrhosis of the liver (Skorecki et 

al., 1988; Olivera et al., 1988; Epstein et al., 1986), and 

nephrotic syndrome (Hildebrant, Banks, 1988; Koepke, 

DiBona, 1987). The maj or observation of this thesis is 

that chronic cavaI and cirrhotic dogs div ide 50:50 into 

responders and non-responders when the natriuretic response 

to ANF is considered. Many parameters have subsequently 

been examined in these canine models of ascites in order to 

ascertain the level at which the kidney loses the ability 

to excrete sodium in the presenc.e of ANF. Al though each 

model has been discussed in detail in the previous 

chapters, the res 11 ts will be summarized here and discussed 

in relation to each other and in terms of normal ANF 

physiology. 

A source of great controversy over the pa st few years 

has been the role of GFR in mediating the natriuretic 

response to ANF. There are many studies which report that 

ANF infusion increases GFR (Cogan, 1986; Kramer et al., 

1986; Huang et al., 1985; Mendez f • ... . "" al., 1988) due to an 

increase in glomerular capillary hydrostê.. tic pressure as 

produced primarily by efferent arteriolar vasoconstriction 

(Maack et al., 1984; Ichikawa et al., 1985; Fried et al" 

1986) al though afferent arteriolar vasodilatation and an 
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'" increase in Kf contribute to this increase (Fried et al., 

1986). However, there are many studies which report that 

GFR ~.s constant (Seymour et al., 1985; Pollack, 

Arendshorst, 1986; Seymour, Smith, Mazack, 1987; Zimmerman 

et al., 1987) and sorne in which GFR is reduced (Roy, 1986). 

While GFR was constant at aIl doses in our normal and 

cirrhotic dogs, i t rose significantly in our cavaI dogs. 

Perhaps in cavaI dogs, wi th acti vated renin-angiotensin 

system and thus higher levels of circulating angiotensin II 

than normal dogs, ANF 1 S vasoconstricti ve effect at the 

efferent arteriole is synergistic with the angiotensin II 

vasoconstrictor effect already present, resul ting in arise 

in GFR. Of importance is that the mean increase in GFR in 

the cavaI dogs in the phase of sodium retention was the 

same regardless of whether the dog was a responder or non-

responder. Indeed, evaluating the change in GFR as 

compared to the change in sodium excretion revealed no 

relationship between the two pardmeters emphasizing that 

an increase in GFR, while possibly contributing to the rise 

in sodium excretion, dfJes not mediate the natriuretic 

i'\rt: ion of ANF. 

It is generally agreed that ANF do es not influence renal 

plasma flow more than perhaps by producing an acute reflex 

increase at the beginning of an infusion. This was 

confirmed in the present experiments in normal as weIl as 

caval and cirrhotic dogs in both the conscious or 
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anaesthetized state. 

There is a great deal of evidence to support the 

hypothesis that changes in inner medullary sodium handling, 

through medullary hemodynamic events or direct inhibition 

of sodium transport in this segment, mediates the 

natriure~ic action of ANF (Briggs et al., 1982: Sonncnberg 

et al., 1982). Several investigators report that ANF can 

increase medullary blood flow which would washout the 

medullary concentration gradient, and thus reduce sodium 

reabsorption from the ascending thin limb of Henle (Maack 

et al., 1985; Sonnenberg et al., 1986). Borenstein et al. 

(1983) demonstrated that infusion of atrial extracts in 

anaesthetized rats resulted in a ri se in blood flow to the 

inner medulla and papilla. In addition, papillary necrosis 

abolished the increase in sodium excretion produced by ANF 

infusion in rats (Chen, Caldwell, Hsu, 1984) providing 

evidence that the papilla plays an important role in 

mediating the natriuretic response to ANF. ANF infus.i.on in 

euvolemic rats raised vasa recta hydraulic pressure in 

excess of the rise in efferent arteriolar hydraulic 

pressure demonstrating that ANF preferentially vasodilates 

the medullary vasculature (Mendez et al., 1988). However, 

it has aiso been shown that a rise in papillary flow 

()ccurred after the initial natriuretic response ta ANF 

infusion in normal rats (Kiberd et al., 1987) and rats with 

renal denervatian and adrenalectomy (Takezawa et al., 1987) 
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indicating that the change in vasa recta blood flow rnay be 

a consequence of the natriuretic action of ANF rather than 

its prirnary rnediator. 

Papillary plasma flow was measured in the present 

experiments to assess whether changes in inner medullary 

hernodynamics could account for the heterogeneity of 

natriuretic response to ANF in the cavaI and cirrhotic dogs 

with sodium retention in the presence of ascites. Normal 

dogs were also examined under control conditions and during 

the infusion of NIF to establish ANF's effect on papillary 

plasma flow under control conditions. since the technique 

requires sacrificing the kidney, it was not possible to get 

pre- and post-infusion measurements in each dog. ANF at 

125 ng/kg/min had no effect on papillary plasma flow in 

normal anaesthetized dogs despite an increase in sodium 

excretion of greater than 200 uEqjmin. Demonstrating even 

more clearly this lack of relationship between the 

natriuretic response to ANF and papillary plasma flow was 

that in b0~h cavaI and cirrhotic dogs with sodium retention 

and ascites, the 50% which had a natriuretic response to 

ANF had the same papillary flow rate as those who did not 

respond to the infusion. This data is interesting, not 

only in terms of the mechanism of action of ANF, but also 

in relation to the mechanism invoked to explain the 

natriuretic response to vasodilators bradykinin and 

acetylcholine (Fadern et al., 1982). It has been suggeEted 
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that without a rise in papillary plasma flow, as i9 sean 

with infusion of the vasodilator, secretin, no natriuresis 

will occur. Clearly this is oversimplified since ANF, a 

potent vasodilator, can evoke a marked natriuresis without 

any change in papillary plasma flow. 

Another point of interest is the relationship betwaen 

papillary flow rate and the sodium retaining state in these 

two edema models. The reduction in papillary flow in the 

cavaI dogs from 35 to 15 ml/min/ICC g papilla has been 

suggested to play a deterrnining role in the progressive 

sodium retention in this model and, in fact, only when 

papillary plasma flow rises to normal do the dogs regain 

sodium balance in the presence of ascites (Faubert et al., 

1978). However, this may not represent a cause and effect 

phenomenon but may rather be two consequenc~s of sorne other 

change occurring in these dogs sinee cirrhotic dogs, also 

with progressive sodium retention and ascites have 

papillary plasma flow rates 37% higher than normal dGgs and 

337% higher than cavaI dogs. 

rates were measured only in 

Unfortunately these flow 

the presence of ANF as 

technical eonstraints precluded the measurement under 

baseline conditions. However, since papillary plasma flow 

did not change in the normal dogs where the natriuresis was 

large, it is unlikely that ANF produced sueh an enormous 

increase in papillary plasma flow without any increase in 

sodium excret:!..on in half of the cirrhotie dQgs and an 
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attenuated response in the remaining 50%. The major 

question arising from these results is why the tubule is 

retaining sodium when vasa recta flow is so greatly 

enhanced. The inner medullary solute gradient should be 

washed out, as it is when papillary pl~sma flow increases 

to comparable levels with acetylcholine or bradykinin 

infusion in normal dogs, thus inhibiting the sodium 

retaining mechanisms. These results clearly suggest that 

the signal for sodium retention in these cirrhotic dogs 

and, by extrapolation, in the cavaI dogs must be 50 strong 

that i t can overcome the hemodynamic forces normally 

producing a massive natriuresis and thus may explain why 

these animaIs are unable to excrete a saline load. 

A second mechanism of ANF action in the medulla is 

thought to be through direct inhibition of sodium transport 

at the tubular level. A comparison of ANF infusion with 

Kel infusion in anaesthetized rats demonstrated that, 

al though both increase sodium deli very to the medullary 

collecting duct (whether by washout or an increase in GFR) , 

the natriuretic effect of ANF was considerably greater 

(Sonnenberg et al., 1986). These investigators concluded 

that ANF inhibi ts sodium reabsorption from the medullary 

collecting duct. This was shown directly by sodium 

transport studies of inner meduIIary, outer medullary, and 

thick ascending l imb cell suspensions. ANF inhibited 

oxygen consumption in innl~r medullary collecting du ct cells 
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by a mechanism similar to that of amiloride indicating that 

ANF reduces Na/K/ATPase activity by inhibiting sodium 

channel-mediated sodium entry into inner medullary 

collecting duct cells (Zeidel et al., 1986). No effect of 

ANF on o~igen consumption was found in thick ascending limb 

or outer medullary collecting duct cell suspensions, 

confirming the data obtained from micropuncture studies of 

juxtamedullary nephrons (Roy, 1986; Peterson et al., 1987). 

It is generally agreed that ANF induces a marked 

hypotension under MOSt experimental conditions (Hirata et 

al., 1985; Biollaz et al., 1986; Richards et al., 1985) 

which can be attributed, at least in part, to a fall in 

cardiac output (Kleinert et al., 1986; Zimmerman et. al., 

1987) . In our conscious normal dogs, maximum hypotension 

was reached at a dose of ANF of 75 ng/kg/min. A further 

fall in blood pressure with higher doses of ANF (when 

sodium excretion increased linearly) may be prevented by 

reflex increases in peripheral resistance by unloading of 

the arterial baroreceptors. It has been demonstrated that 

ANF induces a greater fall in blood pressure in dogs with 

sinoaortic dener/ation and vagotomy than neuraxis intact 

dogs (Koyama et al., 1986) supporting a role of the 

baroreceptors in minimizing the hypotension induced by ANF. 

In examining the heterogeneous natriuretic response to 
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ANF it was clear that changes in blood pressure and thus 

changes in renal perfusion pressure could ~lter the 

natriuretic response since an increase in renal perfusion 

pressure is norrnally associated with inhibition of tubular 

reabsorption in the juxtamedullary nephrons (Haas f Granger, 

Knox, 1985). Increasing renal perfusion pressl..re by 

partially clarnping the abdominal aorta and partially 

constricting ~he mesenteric and celiac arteries enhanced 

the natriuretic response to ANF in renal denervated and 

adrenalectornized rats (Takezawa et al., 1987). similarly 

in normal rats, intravenous angiotensin II infusion 

superimposed on ANF infusion enhanced the natriuresis in 

direct relation to the rise in blood pressure and thus 

renal perfusion pressure (Mendez et al., 1986). Confirming 

this relationship between perfusion pressure and the 

natriuretic effect of ANF is the data dernonstrating that 

pre-renal arterial clamping blunts or abolishes the ANF-

induced natriuresis (Sosa et al., 1986: Davis, Briggs, 

1987) • 

In the 50% of cavaI dogs with sodium retention and 

ascites which did not have a natriuretic response to ANF 

infusion, blood pressure and cardiac output fell to the 

sarne degree as those dogs which responded norrnally. 

Although perfusion pressure was not rneasured directly, if 

one accepts that it is a direct reflection of blood 

pressure, then the lack of natriuretic response is not due 
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to a more substantial decrease in perfusion pressure than 

the responding dogs. 

One of the most important "clues" as to the source of 

heterogenei ty of natriuretic response in the cavaI and 

cirrhotic dogs with sodium retention and ascites is that 

when cavaI dogs return ta sodium balance in the presence 

of ascites and when the pre-ascitic cirrhntic dogs are in 

sodium balance, the natriuretic response to ANF is normal. 

Therefore, there is a mechanism acting in the salt

retaining kidney which can override the natriuretic effects 

of ANF in 50% of the dogs. since the renin-angiotensin

aldosterone system is activated in these two models in the 

presence of sodium retention and ascites, perhaps it can 

override the effects of ANF when these hormone levels reach 

sorne critical concentration. Preliminary renin and 

aldos~erone levels in the cavaI salt retaining dogs 

indicated that neither baseline nor ANF-induced decreases 

in either hormone differed between the responding and non

responding dogs. 

It has recently been shawn that intrarenal angiotensin 

infusion at a non-pressor dose of 1. 5 ng/kg/min in 

anaesthetized dogs markedly attenuated the rise in both 

absolute and fractional excretion of sodium (Showalter et 

al., 1988). It i5 possible therefore that a difference in 

the intrarenal concentration of angiotensin II could 

produce the heterogeneous natriuretic response. In fact, 
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angiotensin II levels increasing by only 10-15 pg/ml in the 

rena1 arterial b100d reportedly reduce sodium excretion 

markedly (Fagard et al., 1976: Waugh, 1972). ANF's 

suppressive effect on renin ûnd aldosterone must be taken 

into consideration when evaluating this hypothesis sinee it 

is the lack af response to infused ANF which differentiates 

respondinJ from non-responding dogs. Considering that 

renin and a Idosterone, and therefore intrarenal angiotensin 

I:, fall during the infusion of ANF, the baseline 

angiotensin II activity must be sufficiently elevated such 

that a decrease in these levels will still blunt the 

natriuresis. This seems un1ikely as angiotensin II is a 

function of plasma renin activity which was not different 

between the two groups. Furthermore, levels of intrarenal 

anglotensin II as described above 'VlOuld 1ikely manifest 

other observable differences between the two groups. 

Enhanced levels would decrease haseline renal blood flow 

and probably raise GFR as weIl (Hall, 1986). However, no 

differences in these parameters were demonstrated between 

responders and non-responders in either cavaI or cirrhotic 

dogs. Moreover, infusion of captopril to reduce intrarenal 

angiotensin II levels did not reverse the attenuated 

natriuretic response in cirrhotic rats wi th sodium 

retention and ascites (Koepke, Jones, DiBona, 1987). 

Since the systemic and rena1 hemodynarnics do not appear 

tlJ play a role in producing the heterogeneity of 
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natriuretic response, we post\1J ated that the problem could 

be at the ANF receptor level. As we were unable te 

directly measure receptor binding 1 we examined the ANF 

effect on cyclic GMP (cGMP) generation. It i6 wall 

established that cGMP is the second messenger of one class 

of ANF receptor (Hamet 2t al., 1984; Gerzer et al., 1985; 

Seymour et al., 1985) through the activation of particulate 

guanylate cyclasB (Waldman, Rappaport, Murad, 1984: Hamet 

et al., 1984). However, it has not clearly been shawn that 

the activation of this system accounts for the biological 

activity of ANF. Comparing cGMP activity in various parts 

of the nephron, Tremblay et al (1985) demonstrated that ANF 

infusion produces the greatest elevation in cGMP in the 

glomerulus (50 fold) 1 although ANF's effect on GFR are 

minimal. Dat~ from both plasma and urinary excretion of 

cGMP in normal dogs appeared to correlate weIl with the 

ANF-induced increase in sodium excretion. However 1 both 

cavaI and cirrhotic dogs demonstrated a similar rise in 

cGMP despi te a mar'kedly blunted natriuretic response. 

These data indirate that the increase in cGMP 18 

functionally dl!;sociated from the natriuretic action of 

ANF. It has been suggested that cGMP in i3ov:man 1 s space 

(and therefore the final urine) is from glomerular 

mesangial or epi thelial cells, not from the blood via 

filtration (Huang et al. 1 1986). However, in the normal, 

cavaI, and cirrhotic dogs, the increase in plasma cGMP was 
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substantial and thus contributed to the final urinary 

excretion of cGMP. In fact, i t is possible that small 

changes occurring in the collecting duct, where ANF exerts 

a maj or influence and where cGMP rises only 2 fold, cannot 

be detected because of the enormous outpouring of cGMP from 

the glomerulus or filtered from the blood. The calculated 

values for nephrogenous cGMP (excreted load - fil tered 

load) were far too variable to be able to dissect out any 

small differences between responding and non-responding 

dogs. A second possible explanation for the apparent 

dissociation of !.NF from the natriuretic response is that 

there is a defect in the pathway at a step after cGMP has 

been generated which functionally dissociates the receptor 

from the target response. Thus, in the non-responding 

dogs, ANF may bind llormally to its receptor, couple "Co 

guanylate cyclase, liberate cGMP but may not elevate 

intracellul~r calcium levels. 

The second class of receptors, the so-called silent 

receptors (C-ANF receptors) were first identified in 

vascular smooth muscle cell and endothelium and are not 

coupled to cGMP (Lei tman, et al., 1986; Scarborough et al. , 

1986). It has recently been shown tha t the silent 

receptors comprise the majority of renal receptors and do 

not meàiate any of the known renal effects of the hormone 

(Maack et al., 1987). It is not known whether these 

receptors produce a funct10nal response which has not yet 
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been identified. The evidence suggests that they serve as 

specifie storage-clearance binding sites for ANF (Maack et 

al., 1987) and that the high ratio of c-receptors to the B

receptors (biologically active) indicates a very controlled 

regulation of ANF action. Future investigation of the 

second messenger of this receptor site in addition to the 

relative affini ties of these two receptors for ANF under 

conditions of sodium loading and depletion and in the 

presence of edema may add to the understanding of the 

mechanisms of lU~F action. 

Perhaps the rnost intriguing finding of the experiments 

presented in this thesis is that the heterogeneous 

natriuretic response to ANF was found in pre-ascitic 

cirrhotic dogs. The profile of cirrhotic dogs, in terms 

of liver function, plasma hormones, renal sodium handling, 

and plasma volume status changes during the pre-ascitic 

phase. Thus the profile of the renal response to ANF over 

the same time course provides insight into the mechanisms 

of ANF action and the development of cirrhosis and ascites. 

At \o/eek 2 post-biliary ligation, a.ll dogs, with markedly 

elevated bilirubin levels and depressed plasma iANF, had a 

normal natriuretlc response to ANF infusion. It is unclear 

what stimulates the fall in plasma iANF and what maintains 

these low levels for the first 3 weeks fc1lowing surgery. 

Since the dogs are in sodium balance and plasma volume is 

normal, one would expect normal plasma iANF levels. It is 

------------------
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important to note that these levels are not a consequence 

of interference from bilirubin in the radioimmunoassay, as 

determined in our laboratory. However, the marked 

elevation in circulatin~ bilirubin or sorne consequence of 

biliary obstruction may somehow inhibit the release of ANF. 

At present however 1 there are no data regarding this 

possible interaction. 

The dogs di vided 50: 50 into responderG and non-responders 

when the natriuretic response to ANF was assessed at 4 

weeks post biliary ligation. During this time period, the 

dogs were retaining sodium and plasma volume was 

increased. Plasma renin and aldosterone were normal while 

plasma iANF was increased (the rise was not statistically 

significant at 4 weeks due to the large variability between 

dogs in the degree to which plasma ANF rose during the 

initial increase). 

these data. 1) 

Three interesting questions arise from 

What causes the sodium retention during 

this period? 

3) Why do 

2) What stimulates the ri se in plasma iANF? 

the dogs divide into responders and nan-

responders during this period? 

The pre-ascitic sodium retention is predicted by the 

overflow theory of ascites formation (as described in 

Chapter l, Section 1.5). This sodium retention appears ta 

be a consequence of two factors: 1) the defense of the 

extracellular fluid volume including the need to fill 

venOUB collaterals in the splachnic circulation and 2) 
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extra sodium retention, mediated by intrahepatic 

hypertension (Unikowsky, Wexler, Levy, 1983). The present 

data extend these observations. Plasma volume as a 

function of body weight is increased by 4 weeks while 

plasma renin and aldosterone are normal. If one USf::!S these 

hormones as markers for the "fullness of the circulation", 

then i t would appear that the cir.culation is adequately 

filled. Thus the stimulus for this pre-asci tir. sodium 

retention must be sorne factor other than the need to 

replenish the extracellular fluid volume. Confounding 

this analysis i5 the dramatic rise in plasma iANF. Plasma 

levels remain elevated for a period of approximately three 

weeks and, in fact, are still elevated wh en sodium balance 

has been restored. One could argue that it i9 precisely 

this rise in ANF, in response to expansion of the plasma 

volume or possibly a feedback mechanism initiated by sodium 

retention, which brings the dogs back into sodium balance. 

Indeed, plasma volume is also reduced as compared ta week 

4. However, it can also be ar 'd that the factor 

stimulating sodium retent ;.cm at Vleek <1 also stimulates ANF 

release. Since we did not measure sodium balance or 

response to ANF during either week 3 or week 5, we do not 

know how long the period of sodium retention persisted and 

therefore cannot distinguish between these two 

possibili ties. 

The heterogeneous natriuretic response ta ANF was sean 
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twice in these dogsi once, as described above, at 4 weeks 

post-ligation, and again when ascites was present. It is 

important to note that for a given dog, a response in week 

4 was not necessarily the same response measured during the 

ascitic phane (i.e. a responder could become a non-

responder or vice versa) which emphasizes that this 

heterogeneity is not a unique feature of individual dogs. 

The baseline characteristics of the dogs in these two time 

periods are qui te different. Renin and aldosterone are 

normal in week 4 but markedly elevated in the presence of 

asci tes. Conversely, ANF is elevated during week 4 but 

markedly depressed in the ascitic phase. Plasma volume, 

while increased at week 4, is further increased whpn 

ascites develops. Clearly, the depression of plasma ANF 

prior to and during the ascitic phase is a response to a 

non-voluml3 stimulus since one would expect a marked rise in 

this hormo~e when plasma volume is expanded. Despi te the 

different profilss of plasma hormones and plasma volume in 

these two time periods, the dogs divide 50:50 into 

natriuretic responders and non-responders. Thus it is 

clear that none of the parameters describe above influence 

the natriuretic responsiveness ta ANF. However, the common 

feature in these two periods is avid sodium retention. 

Moreover, return to sodium balance in the pre-ascitic phase 

restored the natriuretic responsiveness regardless of the 

status of the plasma hormones or plasma volume. This is 
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similar to the chronic cavaI dogs, where non-responding 

dogs in the phase of active sodium retention and ascites 

regained natriuretic responsiveness when they returned to 

sodium balance despite the persistence of ascites and 

plasma volume expansion. 

These data permit the conclusion that the heterogenei ty 

of natriuretic response to exogenous ANF infusion is a 

property of the sodi um-retaining kidney. This phenomenon 

is not influenced by renal or systemic hemodynamics, 

papiIIary plasma flow, renal sympathetic efferent nerve 

activity or plasma levels of renin, aldosterone or ANF. 

This phenomenon may not be strictly a consequence of the 

edema state but rather may be a consequence of sodium 

retention. In the canine models described in this thesis, 

chronic sodium retention manifested itself as ascites. It 

is important to emphasize that our results indicate that 

the presence of ascites itself does not influence the 

heterogeneous 

Furthermore, 

characterized 

nature of the natriuretic response. 

l would predict that any state which is 

by sodium retention will demanstrate this 

heterogeneous response ta exogenous ANF infusion. 

preliminary studies in our laboratory have shawn that 

the non--responding dogs will have a normal natriuretic 

response te furosemide, hydorchlorathiazide and 

acetazolamide, indicating that this heterogeneous response 

to ANF is unique for this hormone. Al though we were not 

1 

________ ~ ________ ""'"" __ =_~_JI 



268 

able to precisely determine the site at which ANF interacts 

with sodium handling to produce the heterogeneity of 

natriuretic response, it may be predicted in general terms 

from the knowledge of ANF action. The role of GFR, as 

discussed in detail in this thesis, appears to be minimal 

in influencing the natriuretic response to ANF. Although 

ANF may inhibit bicarbonate-coupled sodium transpo"t"t in the 

proximal tubule and thereby increase sodium delivery out of 

this segment of the nephron, these changes are most likely 

to be minimal since the proximal tubule lacks ANF 

recept.ors. Similarly, the loop of Henle has been sh0wn to 

be relatively unresponsive to ANF, producing only modest 

increases in the delivery of sodium to the distal nephron. 

There is substantial evidence, as described in detë\il 

above, supporting the hypothesis that ANF acts primarily 

at the level of the medullary and papillary collecting 

duct, most probably influencing a sodium channel (Zeidel et 

al., 1987). The mechanism of ANF interaction with the 

sodium channel is presentll' unknown. However, as a point 

of speculation, the heterogeneity of natriuretic action 

when avid sodium retention is present must ultimately 

involve an al teration in the ANF-receptor coupling with the 

sodium channel. Implici t in this hypothesis is the 

suggestion that the interaction between ANF and the sodium 

channel 1S modulated by sorne mechanism sensing the degree 

of sodium retention by the kidney. 
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