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ABSTRACT

PLASMA ATRIAL NATRIURETIC PEPTIDE
IN
REDUCED RENAL MASS

by

Marilyn Brandt

The maintenance of sodium balance in animals with
experiﬁentally induced reduced renal mass (RRM) is
accomplished by a progressive increase in the absolute rate
of sodium excretion per nephron so that the serum
concentration of this solute remains normal. The increased
fractional sodium excretion per nephron 1is a hallmark of
chronic renal disease, the mechanism of which is unknown.
The recently discovered atrial natriuretic peptide have
potent natriuretic and diuretic activity and increased
plasma ANP concentration occurs in volume expansion. I
therefore hypothesized that plasma concentration of ANP
increases with RRM thereby aiding in the control of sodium
excretion. The present study was undertaken in conscious
chronically instrumented rats with 5/6 nephrectomy and in

sham operated control rats so that repeated measurements
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Marilyn Brandt

could be obtained in the same animal over time. All rats
were housed in metabolism cages and received 1 mEq of sodium
intravenously per day for 1 week; after which some animal
were switched to &6 mEq of sodium per day for 1 week, while
the remainder of the rats continued to receive 1 mEq of
sodium per day. Plasma ANP was elevated from an average
control value of 196 fmoles/ml to 417 fmoles/ml and 444
fmoles/ml on experimental day 10 and 14 (E10 and E14) in the
rats which received 6 mEq of sodium per day. Mean arterial
pressure was also significantly elevated in this group to
135 mmHg, 137 mmHg, 152 mmHg and 149 mmHg on days E8, E10,
El12 and E14 respectively, as compared to its own control of
108 mmHg. The elevation of plasma ANP was not caused by
reduced renal mass per se because ANP only increased when
animals with RRM were maintained on a high salt intake. The
elevation in ANP may be due to the elevation in arterial
pressure in the rats maintained on &6 mEq of sodium per day
because neither ANP nor MAP increased in animals with RRM on
1 mEq of sodium per day. Both RRM groups remained in sodium
balance. If the elevation of ANP was caused by extracellular
fluid volume expansion, it was not detected by the balance

studies.
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INTRODUCTION

Reduction of renal mass, either experimentally or
during the course of chronic renal disease, places a
substantial demand on the remaining nephrons to maintain
the bodily fluids compatible with 1life. Each remaining
nephron must assume an increasing share of the total
excretory function provided there are not concomitant
decreases in the amount of substances which require
excretion by the kidneys. In order to preserve life, solute
specific adaptations occur in the remaining nephrons. Some
substances undergo "no regulation", others undergo "partial
regulation” while still others undergo "complete
regulation”. Sodium is an example of a substance which is
completely regulated by the kidneys. That is, as nephron
population decreases, and hence GFR, the remaining nephrons
are faced with the task of excreting an even greater load
of the filtered sodium so that the animal maintains
external sodium balance. This increase in the fractional
excretion of sodium occurs immediately and before any
compensatory change in GFR occur. The maintenance of sodium
balance is an important feat because the extracellular
fluid volume is requlated by the renal excretion of sodium.

1
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a

Over the vyears, many di

fferent hypotheses have been

postulated to account for the increased fractional sodium

excretion noted wupon a reduc

these include an increase in r

in cardiac output; a change

levels, an increased solute

natriuretic hormone.

The recent discovery of

(ANP)y a hormone synthesized

myocytes, has been showm to

diuretic

suggested to account for the

in patients after a paroxysmal

escape from the sodium

mineralocorticoide. Acute inst

sudden increases in arterial pr

have additionally been shown

Thus, it appears that this pept

of

is expanded. An increase in p

in arterial pressure produced

could increase atrial volume

stimulating ANP release. This

this peptide may play an important

of sodium excretion when renal

therefore hypothesized ANP

animals exhibiting reduced renal

and vasorelaxant properties.

might

tion of renal mass. Some of

enal blood flow, an increase
in plasma mineralocorticoid
diuresis and

per nephron

atrial natriuretic peptide
and released from the atrial
posses marked natriuretic,
ANP has recently been
associated natriuresis noted
tachycardia episode and the
of

retaining effects

ances of volume expansion,
essure and atrial distension
to astimulated its release.

ide is released in instances

atrial distension or when the extracellular fluid volume

lasma volume and an increase

in chronic renal failure
and atrial stretch thereby
led us to hypothesize that

role in the regulation
function is compromised. We
be markedly elevated in

mass.






LITERATURE REVIEW

The body regqulates both the volume and the ionic
composition of the extracellular fluid. Sodium is both the
major osmotically active solute of the extracellular fluid
and the major determinant of the extracellular fluid volume
(Smith 1957). Changes in the extracellular fluid volume
reflect changes in total body sodium as 1long as the
osmolality of both the intra and extracellular fluid are
similar (Strauss et al. 1938). On the other hand, if the
total body sodium content remains constant, changes in
osmolality will primarily reflect changes in body water
balance (Leaf et al. 1952). Thus, extracellular fluid
volume control 1is considered in terms of the requlation of
body sodium while control of osmotic pressure of the body
fluids may be considered in terms of the regulation of
total body water balance.

The major means by which the extracellular fluid
volume is regulated is by the control of renal sodium
excretion. Strauss et al. (1958) stated that the kidneys
are the primary regqulators of sodium balance. These organs

3
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4
responds by varying sodium excretion, to changes in the

extracellular fluid volume actively perfusing the tissues,
more appropriately referred to as the effective circulating
volume. In the study, subjects were maintained on a sodium
diet of S mEq per day. Upon reaching sodium balance, the
sub jects were challenged with 150 ml of intravenously
administered hypotonic saline, the sodium content of which
constituted 1% of the extracellular fluid sodium content.
Sodium excretion increased within 30 minutes following the
saline infusion without any detectable increase in GFR.
Since the infusion was hypotonic, plasma sodium
concentration could not have risen. This study showed that
a change in the effective circulating volume was the only
stimulus for the kidneys to respond to the very small
change in total sodium content. This study concluded that
conditions which 1lead to an increase in the effective
circulating volume 1lead to an increase in renal sodium
excretion whereas conditions which lead to a decrease in
the effective volume lead to a decrease in renal sodium
excretion (Strauss et al. 1958). The noted changes in
sodium excretion will occur irrespective of the plasma
sodium concentration (Leaf et al. 1953). However, subjects
with a body sodium deficit will not respond to a sodium
load with a natriuresis until the body sodium deficit has
been replaced. After which and only at this time will a
further increment in administered sodium be excreted as

surplus sodium to the body requirement (McCance 1936). This
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experiment indicates that the wusual 1lag period required
before wurinary sodium excretion readjusts to a change in
dietary intake is dependent upon the occurrence of a
sufficient change in the effective circulating volume. Thus
a volume receptor must be part of the control loop
regulating sodium excretion (Smith 1937).

The major means by which osmotic pressure is regqulated
is by the renal excretion of water under the influence of
ADH (Robertson et al. 1976). The regulation of water
excretion serves to maintain a constant level of osmotic
pressure in the body fluids in addition to causing
ad justments 1in the extracellular fluid volume to correspond
to alterations in sodium balance. An increase in the plasma
osmotic pressure enhances ADH secretion resulting in water
retention while a reduction in the plasma osmotic pressure
decreases ADH secretion resulting in water excretion.

The site responsible for the detection of a change in
osmotic pressure is located in the brain. Verney et al.
(1946) compared the effects of infusing a hypertonic saline
solution into either the carotid artery or femoral artery.
Infusion of hypertonic saline into the carotid artery
resulted in an increase in plasma ADH and subsequent
antidiuresis even though systemic plasma osmolality was not
changed. The increase in osmolality is sensed as an osmotic
gradient between the plasma and the supraoptic cells of the
hypothalamus. Dunn et al. (1973) raised plasma osmolality

by infusing bhypertonic saline or glucose. These impermeant
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substances decreased cell volume and subsequently released
ADH. When plasma osmolality was raised with a permeant
substance such as urea, cell size was not affected and ADH
secretion did not occur. Thus, the actual stimulus for ADH
release was not a increase in osmolality per se, but rather
a reduction in cell volume of the supraoptic cells of the
hypothalamus. Dunn et al. (1973) also found that these
osmoreceptors were very sensitive, responding to changes in

plasma osmolality of as little as 1%.

Afferent Mechanisms in the Requlation

of the Effective Circulating Volume

Several sites have been suggested as the location of
extrarenal volume receptors and will be discussed in the
following sections. These include arterial baroreceptors
located in the aortic arch and carotid sinus, intrathoracic
low pressure receptors in the cardiac atria and great
veins, liver or portal vein receptors and cerebrospinal
fluid sodium receptors. Several intrarenal detectors of

extracellular volume have also been suggested.

Arterial Volume Receptors

Volume receptors reside in the high pressure arterial
system, capable of sensing the fullness of this system and
thus modulating renal sodium excretion. Experimental

evidence favoring an arterial receptor system was obtained
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from a study of an experimentally produced AV fistula. Upon
closure of an AV fistula, a decreased rate of emptying of
the arterial volume into the venous side occurred. As a
consequence, diastolic pressure was elevated while
pressures in the great veins, right atrium and pulmonary
vessels were decreased. A fall in venous return, cardiac
output, stroke volume and heart rate additionally occurred.
The kidneys appeared to respond to the increased filling of
the arterial tree, rather than to a decreased filling of
the the venous vascular beds, by increasing sodium
excretion, which suggested that the effective arterial
blood volume was critical in controlling overall
extracellular volume (Davis et al. 1964).

Arterial baroreceptors, located in the aortic arch and
the carotid sinusy; can sense changes in pressure which in
turn can influence ADH release. ADH release is inversely
proportional to acute changes in systemic arterial
pressure. Davidov et al. (1969) found that an increase in
arterial pressure decreased ADH secretion while Schrier et
al. (1971) found that a decrease 1in arterial pressure
increased ADH secretion. These responses were blocked by
carotid sinus denervation, suggesting that they were
mediated by alterations in tone in the parasympathetic
afferents in the carotid sinus nerves (Anderson et al.
1974) .

The arterial pressure receptors may act as volume

receptors. Volume depletion could decrease cardiac output
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which in turn would decrease mean arterial pressure even in
the face of a reflex increase in vascular resistance. For
example, Anderson et al. (1974) found that acute thoracic
inferior vena cava constriction caused a pooling of blood
in the venous system and thus a reduction of venous return
to the heart, which in turn lowered cardiac output and
subsequently arterial pressure. Urine osmolality increased
and free water clearance decreased. The urinary response
was blocked by either prior denervation of the arterial
baroreceptors or prior hypophysectomy. Thus the increase in
ADH releasey; which in turn increased water reabsorption,
was mediated via baroreceptor afferents.

However, the arterial system may not be the best place
to detect small changes in blood volume because only 15% of
the blood volume resides there. Arterial distensibility and
compliance are low. Arterial baroreceptors may be involved
in the renal excretion of water, but there is little
evidence that these baroreceptors are directly involved in

the regulation of sodium excretion (Schrier et al. 1977).

Low Pressure Volume Receptors

The venous bed is a highly distensibile structure, the
capacitance being 20 times that of the arterial capacitance
(Gauer et al. 1970). Approximately 835% of the circulating
blood volume is contained within the venous circulation
(Gauer et al. 1970). The capacitance of the extrathoracic

and intrathoracic compartments are approximately equal
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(Gauer et al. 1970). However, since the intrathoracic
compar tment has a smaller volume than the peripheral
capacitance vessels, its wall tension must be greater for
an equal change in blood volume. The low pressure system
effectively registers changes in blood volume as changes in
vascular wall tension. That is, the distensibility of the
low pressure system is constant as long as the changes in
blood volume are 1less than 10 to 15% of the total blood
volume (Echt et al. 1974).

Several types of receptors strategically located in
the intrathoracic 1low pressure reqgions serve as volume
receptors. B receptors,; located at the entrance of the
great veins into the atria (Paintal et al. 1973); A
receptors, located in the atrial wall (Arndt et al. 1971);
and J receptors 1located near the pulmonary capillaries
(Paintal et al. 1973) play an important role in the
modulation of plasma volume (Gauer et al. 1970). That is,
any stimulus which increases filling of the thoracic
vascular compartments 1is associated with a diuresis and
natriuresis. This was best demonstrated by the work of
Epstein et al. (1978) who immersed subjects in a water bath
at different temperatures in order to control the amount of
redistribution of blood volume from the periphery into the
thorax. This procedure provided a stimulus for increased
salt and water diuresis that correlated with the increment
in central blood volume. The study showed that

intrathoracic venous or atrial receptors were sensitive to
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small changes in volume expansion.

ADH secretion varies inversely with left atrial
pressure. Claybaugh et al. (1973) found that volume
depletion resulted in a decrease in left atrial pressure,
increasing ADH secretion, while volume expansion resulted
in an increase in left atrial pressure, decreasing ADH
secretion. These effects were abolished by vagal

denervation.

Hepatic Volume Receptors

The potential for the 1liver ¢to play a role in the
afferent 1limb of volume control is attractive, because its
location 1is ideal for the detection of sudden changes in
dietary salt and water intake. Hypotonic (Haberich et al.
1968), isotonic (Perlmutt et al. 1975) and hypertonic
(Daley et al. 1967) saline solutions all evoke a greater
natriuresis when infused into the portal vein than when the
same solutions are infused into a systemic vein. The
natriuretic response to hypotonic and hypertonic saline
infusion could only be abolished by cervical vagotomy or by
sectioning the hepatic branch of the vagus respectively.
The release of a humoral substance from the liver was
speculated to account for the response to isotonic saline
infusion because cervical vagotomy or section of the
hepatic branch of the vagus did not abolish the response to
isotonic saline. Thus, these studies suggest the presence

of a hepatic receptor for the requlation of sodium as well
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as water excretion.

Cerebrospinal Fluid Sodium Receptors

Evidence has accumulated regarding the potential role
of changes in the sodium concentration of the cerebrospinal
fluid in renal salt handling. It is possible to evoke a
natriuresis by experimentally inducing elevations in the
sodium concentration of the cerebrospinal fluid (Andersson
et al. 1974). Conversely; a reduction in the sodium
concentration of the cerebrospinal fluid evokes an
antinatriuretic effect (Olsson 1973). These changes occur
without changing the osmolar concentration of the
cerebrospinal fluid. Addition of angiotensin II to
hypertonic saline infusions into the third ventricle
potentiates the natriuretic response elicited by hypertonic

saline infusions alone (Eriksson 1976).

Intrarenal Volume Receptors

Volume receptors reside in the kidneys, capable of
sensing changes in the effective circulating volume.
Juxtaglomerular cells, residing in the wall of the afferent
arteriole, serve as baroreceptors (stretch receptors)
capable of detecting changes in pressure. A decrease in
stretch corresponds to a decrease in pressure and hence
volume, while an increase in stretch corresponds to an
increase in pressure and hence volume (Tobian et al.

195%9a). The macula densa cells, located in the distal
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tubule, are also sensitive to volume changes. That is,
changes in sodium chloride delivery to these cells brought
about by changes in the effective volume are detected by
these cells. Both the juxtaglomerular cells and the macula
densa cells are collectively called the juxtaglomerular
apparatus and are ultimately involved in renin release,
which 1is discussed below under the sections of compensatory
and corrective measures to changes in the effective
circulating volume. Finally, Niijima (1975) described
mechanoreceptors in the kidney which could detect changes
in volume as measured by afferent nerve traffic from renal

nerves.

Efferent Mechanisms in the Requlation

of the Effective Circulating Volume

Once the body has detected a perturbation in the
effective circulating volume, it responds by first evoking
compensatory measures followed by corrective measures. The
sympathetic nervous system plays an important role in the
initiation of compensatory measures by appropriately
changing cardiac output and vascular resistance. Final
corrective measures are brought about by the kidney to
control renal salt and water excretion in order to restore
normal volume balance. Thus, an increase in Qolume can only
be corrected by the renal loss of sodium and excess water.

However, when the effective circulating volume depletion is
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due to heart failure or cirrhosis with ascites, the
associated renal sodium retention is only compensatory as
complete correction cannot occur without reversal of the

underlying process.

Compensatory Action of the

Sympathetic Nervous System

Sympathetic nervous tone is altered during changes in
the effective circulating volume. For example, volume
expansion reduces both sympathetic neural tone and adrenal
medullary secretion of catecholamines (Frye et al. 1960),
where as volume depletion augments sympathetic neural tone
and adrenal medullary secretion of catecholamines (Freis et
al. 1951).

As previously mentioned, when volume depletion occurs,
a series of afferent neural impulses traveling to the brain
stem initiate a series of events, via the sympathetic
nervous system, to restore tissue perfusion. Freis et al.
(1951) reported that venoconstriction occurs which in turn
would decrease the volume of blood in this reservoir,
thereby increasing blood flow ¢to the heart. Whether
venoconstriction actually occurs is a controversial point.
It is known that cutaneous veins do not participate in this
response (Epstein et al. 1968). However the splanchnic
capacitance vessels in animals have been reported to
participate in the cardiovascular regulation exerted by the

arterial baroreceptors (Brooksby et al. 19713 Brender et
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al. 19695 Hadjimians et al. 19683 Shoukas et al. 1973). The
possible increase in blood delivery to the heart could
increase contractility and heart rate. Both an increase in
venous return and an increase in heart rate would serve to
increase cardiac output. Arterioclar vasoconstriction via
direct sympathetic innervation does occur. This results in
an increased peripheral resistance which inturn would raise
arterial pressure toward normal. Renin secretion is
enhanced by hypotension, primarily due to the increase in
sympathetic tone. Renin in circulating blood cleaves
angiotensinogen to form angiotensin I which is converted to
angiotensin II by kininase II in the pulmonary endothelium.
Angiotensin II can also serve to increase arteriolar
constriction. Angiotensin II acts on the adrenal cortex to
release aldosterone. Both angiotensin 1II and aldosterone
exert a direct action on the kidney to control salt and
water excretion to control the effective volume. Both of
these topics will be discussed in the following section,
"Corrective Action by the Kidney to Control Salt and Water

Excretion".

rr ive Action th idn

to Control Salt and Water Excretion

Corrective measures by the kidney in response to a
change in the effective circulating volume include changes
in +the renal excretion of salt and water. There are many

factors which contribute to the renal handling of sodium or
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sodium excretion. In contrast, the renal handling of water

is controlled primarily by ADH.

Control of Sodium Excretion

Sodium 1is freely filterable at the glomerulus and
actively reabsorbed by the proximal tubule, loop of Henle,
distal tubule and collecting duct. It is not secreted by
the tubule. Thus the final amount of sodium excreted in the
urine depends on: 1) the plasma sodium concentration, 2)
the rate of glomerular filtration of plasma and 3) tubular
reabsorption of sodium from the filtrate as it passes
through the nephron. It is therefore possible to alter
sodium excretion by changing any one of the three variables

mentioned above.

Plasma Sodium Concentration
Effects of alterations of plasma sodium concentration

on net sodium excretion may be particularly pronounced in

experimental situations where the plasma sodium
concentration has been artificially manipulated by
hypertonic or hypotonic saline administration to

hypernatremia or hyponatremia respectively (Schrier et al.
1969, 1971b). Outside of these experimental conditions, day
to day plasma sodium concentrations are carefully
maintained within a narrow range by ADH and thirst
mechanisms and do not play an important role in the

regulation sodium excretion (Robertson et al. 1976). Even
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in instances of hyponatremia or hypernatremia, variations
in the effective circulating volume can override the
effects of plasma sodium concentration on sodium excretion

(Leaf et al. 1953).

Control of GFR

An increase in GFR may contribute to the natriuretic
response after a sodium load only if the extracellular
volume is expanded (Lindheimer et al. 1974). However,
animals with a reduction in renal mass, and hence GFR, are
able to adjust sodium excretion to match intake (Peters
1963). The primary reason why changes in the filtered load
of sodium do not appreciably affect net sodium excretion is
a phenomenon known as glomerular tubular balance. That is,
the absolute rate of sodium reabsorbed in the proximal
tubule varies directly with the glomerular filtration rate.
Ify, for example, GFR is experimentally reduced, then the
absolute amount of sodium reabsorbed by the proximal tubule
and to a lesser extent the loop of Henle, the distal tubule
and the collecting duct will decrease leading to increased

sodium excretion (Glabman et al. 1965).

Control of Sodium Reabsorption

The control of sodium reabsorption is more important
for 1long term sodium regulation than acute and temporary
changes in GFR. Many factors are known to alter sodium

reabsorption. Some of the ones which will be discussed

T X
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include the renin-angiotensin-aldosterone system, the
sympathetic nervous system, renal physical factors, and

natriuretic substances.

Renin—-Angiotensin—-Aldosterone System

A major controller of sodium reabsorption 1is the
release of aldosterone from the zona glomerulosa cells of
the adrenal cortex. Aldosterone stimulates the distal
tubule and collecting ducts to reabsorb sodium thereby
restoring the effective volume (Landon et al. 1966).
Aldosterone can be released by several stimuli. The first
is a rise in the plasma sodium concentration (Dufau et al.
1969). As previously mentioned, plasma sodium does not
change appreciably in healthy states,; but may increase or
decrease in pathological conditions. Even in these cases,
it 1is still a weak stimulus for aldosterone release.
Another stimulus for the release of aldosterone is an
increase in the plasma potassium concentration (Boyd et al.
1973). Adrenocorticotrophic hormone or ACTH 1is also an
important stimulator of aldosterone release (Tucci et al.
1967). Finally, angiotensin 11 can directly cause
aldosterone secretion (Laugh et al. 1960). Angiotensin II
is initially generated by renin release.

Renin has been shown to be synthesized and stored in
the granules of the juxtaglomerular apparatus with most of
the renin containing cells 1located in the afferent

arteriole (Davis et al. 1976). Stimuli which affect release
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of renin include stretch of the intrarenal baroreceptor,
tubular sodium chloride delivery to the macula densa, the
activation of renal sympathetic nerves and angiotensin
itself. Tobian et al. (1959b) first recognized that mean
arterial perfusion pressure appeared to be a primary factor
controlling renin release and the concept was subsequently
termed the baroreceptor or stretch receptor hypothesis.
Blaine et al. (1970) developed a model in which ureteral
ligation and renal artery ischemia decreased the delivery
of fluid past the distal tubule. Alterations in renal
perfusion pressure were produced and it was found that
hemorrhage or aortic constriction were potent stimuli for
renin release.

Many studies have supported the hypothesis that the
macula densa acts as a sensor to detect a signal provided
by the renal tubular fluid which in turn alters the rate of
renin release (Davis et al. 1976). A functional
relationship between the macula densa and the
juxtaglomerular cells of the renal afferent arteriole was
first derived from anatomical and histochemical studies by
Goormagtigh in 1939. There is still considerable
controversy as to the exact signal received by the macula
densa which alters renin release. Vander et al. (1964) have
proposed that an increase in sodium chloride to the macula
densa of the distal tubule might decrease renin release
whereas a decrease in distal tubule sodium delivery would

stimulate renin release. Conversely, Thurau (1964) has
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suggested that the macula densa senses an increase in
sodium chloride concentration which subsequently leads to
an increase in renin release. Kirchner et al. (1978)
suggested that the maucla densa senses chloride rather than
sodium and plays an integral role in tubuloglomerular
feedback in which alteration in fluid delivery to the
distal tubule affects glomerular filtration rate, renin
release and the subsequent generation of angiotensin II,
thereby making up the efferent 1limb of the feedback
process.

The sympathetic nervous system has been implicated in
the release of renin. Direct stimulation of the renal
nerves leads to an acute increase in renin release from the
kidney (Vander 1965). The renal nerves have been shown to
be involved in the response to upright posture (Cuche et
al. 1972), tilting (2anchetti et al. 1975), exercise, and
the cold pressor test (Perytremann et al. 1972). A direct
effect of the renal sympathetic nerves on the
juxtaglomerular cells in controlling the rate of renin
release was demonstrated by Johnson et al. (1971) in the
non filtering kidney. Reid et al. (1972) have postulated
that a beta-adrenergic receptor mediates the response to
circulating catecholamines and norepinephrine liberation at
the renal nerve endings based on the finding that
isoproterenol caused a marked increase in renin release
when administered directly into the kidney.

There are additional inputs which are known to affect
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renin release. Intravenous administration of angiotensin II
decreases plasma renin activity and the rate of renin
release and appears to occur without measurable alterations
in renal perfusion pressure, suggesting a direct inhibitory
effect on juxtaglomerular cells (Bunag et al. 1967). ADH
inhibits renin release at physiological concentrations
independent of any hemodynamic effects of the hormone
(Bunag et al. 1967). Other stimuli are known to inhibit or
stimulate renin release and for a complete review on the

sub ject, please see Keeton et al. (1981).

Sympathetic Nervous System

The sympathetic nervous system was first implicated in
the control of the circulating volume by Bernard in 1859
when the phenomenon of denervation natriuresis was
reported. In denervation natriuresis, an increase in urine
volume and electrolyte excretion result from denervation of
the kidneys. Bonjour et al. (1969) showed that following
acute renal denervation, sodium excretion increased despite
a reduction in GFR and in the absence of an increase in
renal perfusion pressure. A more complete study by
Bello-Reuss et al. (1975) found that several days following
renal denervation, a five fold increase in sodium excretion
occurred with out any change in GFR, single nephron GFR or
renal plasma flow. Proximal tubular fractional reabsorption
of sodium decreased and late distal tubular fluid sodium

concentration increased. Hence, the large reduction in
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proximal fractional reabsorption of sodium was partially
compensated for by increased reabsorption in the loop of
Henle and distal and collecting tubules.

Functional anatomical evidence was reported by Barajas
et al. (1973) of direct innervation of the proximal tubule,
and the juxtaglomerular apparatus and surrounding tubules.
These anatomical studies provide a morphological basis for
the functional effects of changes in sympathetic nerve
traffic.

Among the first evidence that sympathetic nerves might
control the extracellular fluid volume via cardiopulmonary
reflexes was the finding that left atrial distension caused
an increase in urinary sodium excretion (Ledsome et al.
1961). Prosnitz et al. (1978) extended these findings by
demonstrating that increased left atrial pressure decreased
renal nerve activity 40%4 and increased urinary sodium
excretion by approximately 80%. These changes occurred with
out a change in glomerular filtration rate and under
conditions in which renal perfusion pressure was held
constant with an aortic clamp proximal to the renal
arteries. Bilateral cervical vagotomy was able to abolish
both renal nerve activity chnages and sodium excretion.
Interestingly, constant infusion of vasopressin abolished
the diuretic effect of left atrial distension, but not the
natriuretic effect.

Thames et al. (1982) also suggested that

cardiopulmonary baroreceptors participate in the reflex
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control of renal sympathetic nervous activity. After volume
expanding dogs with a dextran-saline solution these
investigators found an inverse correlation between
pulmonary wedge pressure and renal nerve activity.

Direct renal nerve stimulation which did not alter
intrarenal blood flow in saline 1loaded dogs caused a
significant decrease in urinary sodium excretion with out a
significant change in GFR or renal blood flow. Later it was
found that these aforementioned results could be blocked by
both phenoxybenxamine and guanethidine (DiBona et al. 1978)

Infusion of norepinephrine or epinephrine into an
isolated perfused kidney resulted in increased sodium and
water reabsorption that could be inhibited by propanolol
but not phenoxybenxamine. However, infusions of both
isoproterenol and phenylephrine could mimic the results
noted upon norepinephrine infusion. It was concluded that
the anitinatriuretic effects of sympathetic stimulation do
not fit simple alpha and beta adrenerqgic receptor
mechanisms (Besbarb et al. 1977)

The primary nephron site influenced by catecholamines
is the proximal tubule. Utilizing micropuncture in
denervated kidneys, renal nerve stimulation decreased
sodium reabsorption in the proximal tubule, but not the
distal tubule (Bello-Reuss et al. 1980). In vitro evidence
for a direct effect of adrenergic nerves on tubule function
again comes from the work of Bello-Reuss et al. (1980) who

microperfused isolated tubule segments. In microperfused
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pars convoluta of proximal tubules, a significant and
reversible increase in fluid transport was noted upon the
addition of norepinephrine to the bath. This effect was not
noted in the pars recta of the proximal tubule or the
straight portion of the proximal tubule.

A possible role for dopaminergic neural transmitter
release in the regulation of sodium excretion has also been
suggested. Dinerstein et al. (1979) reported that
dopaminergic receptors have been found in the kidney and
Alexander et al. (1974) reported a direct relationship
between sodium excretion and urinary dopamine excretion.
Bello-Reuss et al. (1982) demonstrated that dopamine exerts
an inhibitory effect on isolated perfused proximal tubule

sodium reabsorption rates.

Physical Factors

Physical factors, which refer to hydrostatic (Martino
et al. 1968) and oncotic pressures (Davidman et al. 19467)
in the peritubular interstitium and circulation of the
kidneyy, have been implicated in the control of sodium
excretion. These effects will be viewed separately in the
various segments of the nephron beginning with the proximal
tubule and finishing with the collecting tubule.

Changes in hydrostatic and oncotic pressure in the
peritubular microcirculation may have some effects on
proximal tubule reabsorption under some but not all

circumstances. Proximal reabsorption involves two steps,
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namely tubule electrolyte transport across the tubular
epithelium into the interstitial space and the uptake of
reabsorbate by the peritubular capillaries. The first
evidence suggesting peritubular capillary control of
proximal reabsorption was put forth by Lewy et al. (1968).
In their study, an increase in venous pressure, caused by
venous occlusion, served to increase hydrostatic pressure.
Using free-flow micropuncture and the split drop method in
the proximal tubule, a decreased fractional reabsorption of
sodium was noted. Dresser et al. (1971) noted that acute
hypertension was associated with an increased peritubular
capillary hydrostatic pressure and a decrease in proximal
reabsorption. Brenner et al. (1969) noted that reabsorption
in the proximal tubule varied directly with the protein
concentration in the peritubular capillaries in response to
intravenous infusion of saline or protein. Finally, Brenner
et al. (1971) perfused peritubular capillaries with colloid
free Ringers solution and various albumin containing
solutions to test the relationship between peritubular
capillary oncotic pressure and fluid reabsorption by the
proximal tubule. They found that colloid-free perfusion
increased the rates of reabsorption. However, there is
evidence not in support of peritubular capillary control of
proximal sodium reabsorption. Rumrich et al. (1968) found
that perfusion of peritubular capillaries with colloid free
solutions or with the addition of albumin to the perfusate

did not affect reabsorption by the proximal tubule. The
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difference in this finding and that of Brenner et al.
(1971) might be that Brenner et al. had bicarbonate
concentrations which were higher than those used by Rumrich
et al., thereby altering the pH of the cells surrounding
the perfusate. Finally, Conger et al. (1976) using
peritubular capillary microperfusion examined the effects
of protein free and hyperoncotic plasma on proximal fluid
reabsorption and found no detectable effect on the rate of
proximal tubule reabsorption.

Microperfusion rate has been shown to be of greater
importance than the peritubular capillary oncotic pressure
in determining proximal tubular reabsorption. Banks et al.
(1972) found that a high perfusion rate was associated with
@ decreased reabsorption by the proximal tubule possibly
due to an increased hydrostatic pressure in the peritubular
capillaries.

A change in the hydrostatic pressure of the
peritubular capillaries has been shown to alter net
reabsorption. Strandhoy et al. (1974) examined the effect
of renal vasodilators, which have the effect of increasing
the hydrostatic pressure. They found that marked increases
in peritubular capillary and interstitial hydrostatic
pressure did not decrease proximal sodium reabsorption.
Thus, changes in Starling forces in the peritubular
capillaries do not change proximal reabsorption.

Sodium reabsorption in the proximal tubule and urinary

sodium excretion may be dissociated. Knight et al. (1977)
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increased the delivery of sodium out of the proximal tubule
without changing urinary sodium excretion. In addition,
systemic infusions of hyperoncotic albumin solution
decreased the rate of proximal fluid transport similar in
magnitude to that seen with acute saline infusion, yet
urinary sodium excretion is much greater following saline
infusion than hyperoncotic albumin (Howards et al. 1968).

The 1loop of Henle is sensitive to transepithelial
hydrostatic pressure changes, and a relationship between
the renal medullary blood flow and the reabsorption
capacity of the loop of Henle. According to this
hypothesis, increased medullary blood flow decreases net
sodium reabsorption by the loop of Henle by a decrease in
medullary interstitial hypertonicity. Fadem et al. (1982)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>