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EDITORIAL REVIEW

Disturbed volume homeostasis in patients
with cirrhosis of the liver

Cirrhosis of the liver is one of the leading causes of death in
men during the age of productive employment [1, 21. Thus, the
socio.economic cost of cirrhosis to the patient, his family, and
society is incalculable. While the clinical manifestations of
cirrhosis have been amply documented, the pathogenesis of the
perplexing and common complication of disturbed volume
control in this disease has remained elusive. The purpose of this
communication is to critically analyze the current view of the
mechanism of the circulatory impairment in cirrhosis. It is
hoped that a clearer understanding of this disorder in cirrhosis
may improve the management of these patients.

Patients with moderately advanced cirrhosis often show a
characteristic circulatory disturbance, consisting of a tendency
to arterial hypotension and avid sodium retention by the
kidneys which may lead to edema and formation of ascites. It is
these patients rather than those with the so-called hepatorenal
syndrome who will be the primary subject of this review. It is,
however, likely that patients with hepatorenal syndrome merely
represent the extreme spectrum of disturbance of volume
control observed in all cirrhotic patients with ascites and renal
sodium retention.

Afferent factors in volume control in cirrhosis

(I) Traditional (underfilling) theory of the disturbance in
volume regulation. In its original formulation this theory fo-
cused on formation of ascites as the primary and central event
in a chain that signaled the kidney to retain salt and water [3, 41.
According to this theory, decreased synthesis of albumin by the
diseased liver led to reduced plasma oncotic pressure and
intrahepatic venous obstruction raised the hydrostatic pressure
in the portal-splanchnic vascular bed. The resulting alteration in
Starling forces in the porto-splanchnic bed led to increased
formation of lymph. Once the increased formation of lymph
exceeded the capacity of the lymphatic system to return it to the
venous system, lymph would spill into the peritoneal cavity and
form ascites [51- It should be noted that rates of lymph flow in
the cirrhotic patient may increase to approximately tenfold
greater than the normal rate.

In the context of this traditional theory, the accumulation of
ascites is thus viewed to occur at the expense of the systemic
circulation which is thereby depleted. Such volume contraction
then presumably activates neurohumoral signals to the kidney
to retain salt and water.

This traditional theory of volume regulation in cirrhosis,
however, may be modified by including other intravascular
factors which are operant in patients with cirrhosis. These
factors also cause a relative decrease in the circulatory arterial
blood volume as compared to the vascular capacity of the
circulation (Table 1) [61. This discrepancy has been referred to
by some authors as a decrease in effective" blood volume.
Some of these factors are anatomical, whereas others are
functional. Thus, in human cirrhosis [7, 81 and canine toxic

cirrhosis [9] there may be a great increase in the vascular
capacity of the splanchnic and pulmonary [101 circulation.
When widely developed, these vascular changes may assume
the proportion of arterio-venous shunts [91 and may contribute
to the reduced systemic vascular resistance that is characteris-
tic of patients with cirrhosis [11, 121 and animals with toxic
cirrhosis [13] or with chronic bile duct ligation [14]. This
vascular disorder is further compounded by impairment of
autonomic reflex vascular responses [15], diminished pulmo-
nary vasoconstriction in response to anoxia [10] and impaired
pressor response to exogenous angiotensin II and noradrenaline
[16]. Similar blunting of the pressor response to vasoactive
agents is also seen in the dog with chronic bile duct ligation [17]
and during pregnancy [18].

Because of the sequestration of fluid in the peritoneal cavity
and the generalized loss of intravascular fluid into the intersti-
tial compartment, that is, peripheral edema, which occurs
secondary to (1) portal hypertension, (2) reduced plasma oncot-
ic pressure, (3) the gross enlargement of the capacity of the
vascular bed, and (4) the loss of the normal vasoconstrictor
response to a wide spectrum of neurohormonal stimuli, it is
clear that patients with cirrhosis may have impaired central
hemodynamics. In addition, in some patients with cirrhosis, left
ventricular function is impaired [12, 19] and in others tense
ascites reduces venous return (preload) to the heart [20]. With
this background it is not surprising that patients with cirrhosis
tolerate hemorrhage or fluid loss poorly.

Other support for the traditional "underfihling" theory in-
cludes salutary improvement in volume homeostasis following
volume replenishment in these patients. For example, volume
expansion may suppress the renin-angiotensin-aldosterone
axis, increase the glomerular filtration rate (GFR), and cause a
natriuresis and a negative salt balance in patients with cirrhosis
[21]. Among the volume expansion maneuvers that have been
found to increase sodium excretion are acute volume expansion
with reinfusion of ascitic fluid [11, 12, 21, 22], introduction of
the peritoneo-jugular LeVeen shunt [23—28], "neck out" im-
mersion which increases central blood volume [29—3 1], surgical
revision of the thoracic duct-venous junction to facilitate lym-
phatic return [5, 32], and infusion of metaraminol to overcome
the peripheral vasodilatation [33]. Similarly, normalization of
Starling forces by surgical decompression of the portal bed in
certain patients with cirrhosis may be associated with mobiliza-
tion of the ascites, improvement in kidney function, and diure-
sis [34, 35]. Note that all these maneuvers may overcome the
circulatory disturbance without improving the function of the
cirrhotic liver.
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Taken together, the findings mentioned above are compatible
with the view that a discrepancy between the circulating
volume and the vascular capacity, that is, "underfihling" [6,
141, is the primary cause of renal sodium and water retention in
patients with cirrhosis. Such a view includes increased vascular
capacity (peripheral vasodilatation and arteriovenous shunts)
with "redistribution" of fluid into the interstitium and venous
portion of the circulation in addition tO ascites formation in the
peritoneal cavity.

Critique of the "underfihling" concept in cirrhosis. As de-
scribed in the previous section, many patients with cirrhosis
show clear signs of volume depletion, which may be aggravated
by vomiting, occult variceal bleeding, and excessive use of
diuretics. Although, as described above, there may be dramatic
improvement and natriuresis following volume repletion by
several diverse measures, such improvement is at best tempo-
rary, and moreover, it occurs only in certain patients. Thus,
only approximately 30 to 50% of cirrhotic patients may exhibit a
natriuresis during volume expansion [11, 121 or immersion [29—
311 although the latter procedure effectively suppresses the
renin-aldosterone-angiotensin axis. Similarly, surgical portal
decompression in human cirrhosis is not always associated with
improvement in kidney function and diuresis [331. Some of the
variability in response could be due to the fact that the degree of
volume replenishment achieved was adequate in some patients
and inadequate in others. Nevertheless, it appears that "under-
filling" cannot be the entire explanation for the renal sodium
and water retention which characterizes the cirrhotic patient.
Moreover, it may occur only in a certain proportion of patients
with cirrhosis, perhaps at specific stages of their disease. In this
respect, the results of the study of Tristani and Cohn [111 are
revealing. They studied 21 patients with decompensated alco-
holic cirrhosis. Thirteen patients had a low or normal cardiac
index and eight had an increased cardiac index. The patients
with the low cardiac index responded to volume expansion with
dextran with an increase in cardiac output, 148% increase in
renal blood flow, and a rise in the proportion of cardiac output
delivered to the kidneys (renal fraction). The 13 patients with
the initial normal or high cardiac index responded to dextran
infusion with only a slight increase in cardiac index and renal
blood flow.

The authors concluded that in the group with initial high or
normal cardiac index "volume depletion was apparently not an
important factor in their oliguric state . . . ,a mechanism other
than volume depletion may contribute to renal vasoconstriction
in some patients with liver failure" [111.

In this respect, it is interesting to compare systemic and renal
hemodynamics in three dog models which manifest avid renal
salt retention. On the one hand, the dog with constriction of the
inferior vena cava represents a model of "pure" central volume
depletion (underfilling) with minimal liver damage except for
venous congestion. On the other hand, both the dog with
chronic bile duct ligation [14, 36] and the dog with dimethylni-
trosamine-induced cirrhosis [131 also retain salt and water, but
differ from the caval dog since advanced parenchymal liver
damage is present. The caval dog with "underfilling" of the
central circulation has, as expected, a reduced cardiac output
[6, 37] and increased peripheral vascular resistance [6, 37, 38].
Intrarenal administration of vasodilators or alpha-adrenergic
blockade results in natriuresis [39—40]. In contrast, the dog with

Table 1. The modified "underfilling" concepta

Possible etiologic factors causing "underfilling" of the circulation in
patients with cirrhosis and animals with experimental liver damage

(1) Peripheral vasodilatation and blunted vasoconstrictor response to
reflex, chemical, and hormonal influences.

(2) Opening arteriovenous shunts, particularly in the portal circulation.

(3) Increase in the vascular capacity of the portal as well as the
nonportal circulation.

(4) Impaired left ventricular performance.

(5) Diminished venous return secondary to advanced tense ascites.

(6) Occult gastrointestinal bleeding from ulcers, gastritis, or varices.

(7) Volume losses due to vomiting and excessive use of diuretics.

This concept perceives "underfiuing" mainly as a discrepancy in
the relation of the arterial vascular capacity to circulating blood
volume. Under this formulation ascites formation secondary to excess
lymphatic formation need not be the initial or primary event in causing
the "underfilling" of the circulation.

toxic cirrhosis and the dog with chronic bile duct ligation both
have increased cardiac output [13, 14] and diminished peripher-
al resistance [13, 14]. Intrarenal infusion of vasodilators or
alpha-adrenergic blockade does not result in natriuresis in spite
of renal vasodilatation [41, 42]. Thus, the systemic hemody-
namic and renal vascular responses in dogs with bile duct
obstruction or cirrhosis differ strikingly from the responses in
dogs with uncomplicated "underfilling" of the circulation sec-
ondary to caval constriction.

Finally, any "underfilling" in cirrhotic patients could be, at
least in part, due to a reduction in the nonsplanchnic blood
volume. This, however, has not yet been demonstrated either in
human cirrhosis or in experimental canine cirrhosis. If any-
thing, indirect measurement in human cirrhosis [7, 8] and direct
measurement in the dog with toxic cirrhosis [7] show an
increase in absolute nonsplanchnic blood volume during salt
retention. This, of course, does not exclude a relative decrease
in nonsplanchnic arterial blood volume which occurs secondary
to an increase in vascular capacity during peripheral vasodila-
tion. Nevertheless, the above information suggests that isolated
volume depletion (underfilling) cannot account for the entire
spectrum of the disturbed volume control in patients and
animals with liver damage. There arises the need, therefore, to
re-examine the traditional "underfilling" concept in cirrhosis.

(2) "Overflow" concept of ascites ftrmation in cirrhosis
(Table 3). The traditional "underfilling" view (Tables 1 and 2)
has been challenged recently and an "overflow" concept of
ascites has been proposed. Based on experiments on patients
with cirrhosis, Liberman, Ito, and Reynolds [7] and Lieberman,
Denison, and Reynolds [8] postulated that nonvolume depen-
dent renal sodium retention was the primary disturbance in
sodium homeostasis in cirrhosis. In their view this renal sodium
retention led to total plasma volume expansion including its
nonsplanchnic component. The predilection of the renal salt
and water retention to cause ascites was explained by the local
alteration of Starling forces in the portosplanchnic bed (over-
flow concept). This formulation of the "overflow" concept was
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Table 2. Experimental evidence supporting the "underfilling" concept
in cirrhosis

(1) Acute central hypervolemia induced by neck-out water immersion
of patients with cirrhosis may be associated with an increase in
diuresis and natriuresis, increase in GFR and suppression of
elevated levels of plasma renin activity and plasma aldosterone.

(2) Acute volume expansion in patients with cirrhosis may be
associated with an increase in cardiac output, renal blood flow,
glomerular filtration rate, and free water clearance.

(3) Peritoneovenous (LeVeen) shunting in cirrhotic man or dog may be
associated with improved systemic hemodynamics, mobilization of
the ascites, increase in GFR and suppression of the elevated plasma
renin activity and plasma aldosterone levels. Similar results may be
obtained by portocaval shunting in man with cirrhosis.

(4) Re-anastomosis of thoracic duct to the venous system in patients
with cirrhosis may be associated with mobilization of the ascites
and diuresis.

Table 3. Experimental evidence supporting the "overflow" theory in
cirrhosis

(1) Ascites may accumulate in patients with compensated cirrhosis
following increased renal salt and water retention and hypervolemia
associated with mineralocorticoid administration.

(2) As estimated by available methods, nonsplanchnic plasma volume
in patients with cirrhosis does not decrease during formation of
ascites and does not increase during spontaneous diuresis.

(3) In dogs with toxic cirrhosis renal salt and water retention precedes
formation of ascites.

(4) In dogs with toxic cirrhosis elimination of the ascites with
peritoneovenous LeVeen shunt does not prevent renal salt and
water retention when the diet contains liberal amounts of sodium
chloride.

(5) In animals with experimental liver damage and in patients with
advanced cirrhosis renal sodium retention may still persist after
effective blood volume has been replenished.

based on several indirect observations. First, in contrast to
normal subjects patients with compensated cirrhosis accumu-
late ascites under the influence of exogenous mineralocorti-
coids [8]. Such loss of mineralocorticoid "escape" in patients
with cirrhosis has later been confirmed by others [43]. More
importantly, spontaneous diuresis and natriuresis have been
found to occur independent of measurable changes in the
volume of the nonsplanchnic vascular compartment [7, 8]. This
contradicts the original "underfilling" concept which requires
absolute or relative contraction of nonsplanchnic plasma vol-
ume with formation of ascites during the sodium retaining
period and expansion of these compartments during diuresis.
Strong support for the "overflow" theory came from the
extensive and carefully planned experiments by Levy [9, 13,
46], Levy, Wexler, and McCaffrey, Levy and Wexler [441, and
Levy and Allotey [45]. These authors studied sequentially the
events that led to sodium retention and ascites following the
institution of dimethylnitrosamine cirrhosis in the dog. They
were also able to measure directly the changes in the volume of
the vascular compartments following salt retention. The study
indicated that renal sodium retention and volume expansion
may precede formation of ascites by 10 days. (As little as 25 ml
of ascites were detectable by needle aspiration of the peritoneal
cavity.) Moreover, one third of the total increment in blood
volume occurred in the nonportal compartment suggesting an
increase in central ("effective") blood volume. The sodium
retention was reported to occur independent of changes in
cardiac output, mean arterial pressure, splanchnic blood vol-
ume, hepatic arterial blood flow, GFR, renal blood flow,
intrarenal hemodynamics, aldosterone, estrogen and progester-
one levels, and increased renal sympathetic nerve activity [13].
Prevention of portal hypertension by prior construction of a
portocaval fistula before induction of cirrhosis did not prevent
formation of ascites [44]. Under this experimental provision the
entire increase in plasma volume was confined to the nonportal
compartment. Also, elimination of ascites in these cirrhotic
dogs with the LeVeen shunt [33] did not prevent salt retention
during liberal salt intake. Taken together, therefore, these
studies support the view that the initiating event in the renal
sodium retention of cirrhosis is not related to "underfilling,"

thus primary renal sodium retention has been suggested (over-
flow theory). One word of caution, however, should be sound-
ed. An important, although undetectable, increase in vascular
capacity, that is, peripheral vasodilatation, could have triggered
the early sodium retention because cardiac output measure-
ments, which are necessary to calculate peripheral vascular
resistance, may not detect modest but critical changes in the
range of 10%.

There are several additional hepatorenal influences that are
apparently independent of systemic volume status and thus
support the overflow theory. Hepatic venous congestion is a
stimulus for aldosterone secretion and renal sodium retention
[471; acute portal hypertension in the dog also causes renal
sodium retention which is reversed at least in part by renal
denervation [48]. A fall in cardiac output may, however, occur
in this latter model. The conscious rat with chronic bile duct
ligation also has diminished renal blood flow and increased
renal vascular resistance in the face of normal systemic hemo-
dynamics, plasma protein concentration and plasma volume
[49]. These results, therefore, suggest that renal sodium reten-
tion may precede alterations in systemic hymodynamics and
ascites formation. The mechanism remains to be defined,
however, whereby renal sodium retention may initiate volume
expansion and "overflow" ascites.

Critique of the "overflow" theory. The "overflow" theory is
useful in alerting physicians and investigators to the possibility
that in cirrhosis the kidneys may avidly retain sodium and water
as a response to stimuli that are independent of volume status.
Nevertheless, this concept does not explain why some of these
patients and experimental animals exhibit a natriuresis in re-
sponse to volume expansion or neck immersion. Also, the
"overflow" theory cannot account for the stimulation of the
renin-angiotensin-aldosterone axis [31, 50—54] and increase in
plasma arginine vasopressin [55] and catecholamines [561 in
patients with cirrhosis. Rather, volume expansion should sup-
press these parameters.

If a true and prolonged pure "overflow" situation was
common in cirrhosis, a clinical profile resembling "low renin
hypertension" would be expected to be seen, at least during an



306 Better and Schrier

early state of development in patients with cirrhosis or dogs
with induced liver damage. Such a profile has not been de-
scribed in association with cirrhosis, independent of the stage of
development. In fact, liver disease in dogs leads to hypotension
[14] and correction of previously induced renal hypertension
[571.

Levy and Allotey [45] studied the temporal relationship
between renal salt retention and alteration in systemic hemody-
namics in dogs with a model of toxic cirrhosis. They interpreted
their findings as demonstrating that renal salt retention and
ascites occurred before ascites formation and any change in
systemic hemodynamics. These findings were thus taken as
evidence supporting the "overflow" theory. Inspection of their
data, however, reveals that mean blood pressure decreased
from 120 mm Hg before cirrhosis was induced in the dogs to 110
mm Hg when the cirrhotic dogs were in a 20 mEq/day positive
sodium balance. Moreover, the most profound positive sodium
balance was observed only after a substantial decrease in
peripheral vascular resistance occurred. Therefore, as the au-
thors themselves suggested, "the possibility that such urinary
salt retention is secondary to subtle decrements in arterial
fullness has not been excluded completely" [451. In this con-
text, it is interesting to note that experimental animals with liver
damage may have blunted pressor response to volume chal-
lenge indicating increased compliance [14] and susceptibility to
shock following controlled hemorrhage [58]. Such important
but subtle evidence of underfihling may not be significantly
detectable by monitoring blood pressure and cardiac output for
I or 2 hr per week. Such underfilling, however, may be
"sensed" and signal the kidney to retain salt and water.

Moreover, the following phenomena in human or experimen-
tal cirrhosis are not normally present in pure "overflow"
situations: (1) opening of extensive A-V shunts and (2) impaired
vasoconstrictor response to diverse neurohormonal, chemical,
or volume stimuli.

Thus, it is obvious that neither the "underfilling" nor "over-
flow" theory can account exclusively for all the observed
derangements in volume regulation in cirrhosis. Rather, it is
quite possible that elements of the two concepts may occur
simultaneously or sequentially in patients with cirrhosis. At
present, therefore, it can be suggested that in cirrhosis the
kidney responds to volume-independent and volume-dependent
stimuli with avid sodium retention. Formation of ascites cannot
be viewed as a primary or central event causing "underfihling"
and initiating this perturbation in sodium balance. On the other
hand, classic "overflow" phenomena such as an increase in
blood pressure and a suppression of volume-sensitive hormone
systems (plasma renin activity, aldosterone, arginine vasopres-
sin, catecholamines) are conspicuously absent in patients with
cirrhosis and in animals with experimentally induced liver
damage.

Efferent factors in the volume control in cirrhosis

(1) Role of the renin-angiotensin-aldosterone axis. The renin-
angiotensin-aldosterone axis is often stimulated in patients with
moderately advanced cirrhosis [31, 50—53]. The initial causative
factors for this stimulation could be arterial hypotension, de-
creased "effective' blood volume [14], hepatic venous conges-
tion [47], portal hypertension [48], adrenal venous congestion
[59], or diminished distal delivery of sodium chloride to the
macula densa.

In some patients with cirrhosis [51], but not in others [52],
administration of angiotensin II antagonists results in arterial
hypotension [51]. This finding suggests that the renin-angioten-
sin system may be activated in defense of arterial blood
pressure in cirrhosis [51].

Bosch et a! [53] and Arroyo et a! [54] have recently shown in a
large group of patients with cirrhosis but without azotemia that
activation of the renin-angiotensin-aldosterone axis in cirrhosis
is a late and ominous prognostic sign (50% survival 6 months)
and is associated with avid sodium retention and increased
wedged hepatic venous pressure. Interestingly, inulin clearance
in these patients was normal, thus demonstrating that the early
avid sodium retention is due to increased tubular sodium
reabsorption rather than a fall in GFR.

In cirrhotic patients the increased plasma renin activity can
be decreased into the normal range by salt loading or neck out
water immersion [31]; however, a natriuresis following these
maneuvers does not always occur [31].

Epstein et al [31] assessed the role of hyperaldosteronism in
the salt retention of cirrhosis by subjecting cirrhotic patients to
the aldosterone antagonist before and after water immersion.
Spironolactone administration without water immersion result-
ed in only modest natriuresis. In contrast, when patients on
spironolactone were immersed they demonstrated a substantial
increase in sodium excretion. The finding that this natriuresis
was also associated with an increase in free water clearance and
potassium excretion, indicated that water immersion increased
solute and water delivery to the distal nephron. Thus, both
decreased distal delivery of sodium and aldosterone-mediated
enhanced distal reabsorption of sodium may be involved in the
renal sodium retention in the cirrhotic patient.

It must be emphasized, however, that administration of
spironolactone alone (400 mg/day for at least 2 weeks) can
effectively induce a natriuresis and abolish the ascites in a great
many patients with cirrhosis [60—62]. Similarly, diuresis and
loss of ascites also have been observed in the dog with bile duct
ligation after adrenalectomy and replacement therapy with
physiological doses of glucocorticoids and mineralocorticoids
[63]. Finally, there is a possibility that during liver disease the
renal tubule becomes supersensitive to the sodium retaining
influence of aldosterone and thus the patient fails to "escape"
from the sodium-retaining effect of the hormone [64] (Table 4).

In summary, clinical experience suggests that in early and
moderately advanced cirrhosis, hyperaldosteronism associated
with impairment of the "escape phenomenon" is of major
importance in sodium retention and ascites formation. When
the liver disease progresses further, additional antinatriuretic
influences become operative. At this latter stage of cirrhosis
distal delivery of sodium declines, probably secondary to a fall
in GFR and an increase in proximal tubule reabsorption, and
spironolactone alone becomes less effective in alleviating the
ascites and edema.

(2) Role of increase in sympathetic nervous activity in the salt
retention of cirrhosis (Table 5). If "underfilling" of the circula-
tion supervenes in cirrhosis, the adrenergic nervous system
may be activated [30, 56]. Such an increase in sympathetic tone
could contribute to the antinatriuresis of cirrhosis by decreasing
total renal blood flow, or its intrarenal distribution, or by acting
directly at the tubular epithelial level to enhance sodium
reabsorption [65]. Recently, patients with advanced cirrhosis
have been found to have strikingly elevated concentrations of
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Table 4. Aldosterone and sodium retention in liver disease

Evidence for a role for hyperaldosteronisrn in sodium retention
associated with liver disease

(1) Diuresis and total abolition of ascites may occur in some patients
with cirrhosis following treatment with spironolactone, and in dogs
with chronic bile duct ligation following adrenalectomy and
physiologic hormonal replacement.

(2) There is an increased tubular sensitivity to the salt-retaining action
of aldosterone in patients with cirrhosis.

Evidence against a role for hyperaldosteronism in sodium retention in
patients with cirrhosis

(1) Dissociation between increase in plasma aldosterone and sodium
retention.

(2) Dissociation between plasma aldosterone suppression and
natriuresis.

Potential renal vasoconstrictor
influences in cirrhosis

(1) Activation of intrarenal
renin-angiotensin system

(2) Increase in circulating
catecholamines and
arginine vasopressin

(3) Increase in sympathetic

(4) Endotoxemia

(5) Decrease in circulating
kallikrein

Potential renal vasodilatory
influences in cirrhosis

(I) Increased intrarenal
synthesis of
vasodilating
prostaglandins

plasma catecholamines [56]. The patients also had profoundly
increased plasma concentration of plasma renin activity, aldos-
terone, and arginine vasopressin. Moreover, the plasma levels
of catecholamines correlated closely with the degree of sodium
and water retention. It seems likely that such an increase in
adrenergic activity may also contribute to the support of arterial
pressure in cirrhotic patients. This speculation is supported by
the extreme sensitivity of some patients with cirrhosis to the
hypotensive action of phentolamine [66]. The finding of in-
creased endogenous plasma catecholamine levels in cirrhotic
patients may explain the blunted pressor response to noradren-
aline observed in patients with cirrhosis [16] and dogs with
chronic bile duct ligation [17].

Cardiovascular responsiveness to reflex autonomic stimula-
tion may be impaired in patients with cirrhosis. This includes
impaired vasoconstrictor response to a variety of stimuli such
as ice on the forehead, mental arithmetic, lower body negative
pressure, and the Valsalva maneuver [15]. This widespread
interference in the peripheral and central autonomic nervous
system in cirrhosis could be explained partially by increased
occupancy of endogenous catecholamine receptors.

The presence of false neurotransmitters," mainly octopa-
mine, in the central and peripheral nervous systems has been
invoked to explain the autonomic dysfunction, the hepatic
coma including extrapyramidal changes, as well as the peripher-
al vasodilatation of cirrhosis [67, 68]. According to this concept,
the precursors of false neurotransmitters are produced in the
bowel by bacterial degradation of protein. These compounds
are usually cleared by the healthy liver, mainly with catabolism
by monoamine oxidase. However, in cirrhosis these com-
pounds may bypass the liver and enter the nervous system
where they are degraded locally by beta-hydroxylation by
relatively nonspecific enzymes. In the central nervous system
they may replace normal neurotransmitters and thus interfere
with normal synaptic transmission [67, 68].

In far advanced liver disease when the patients are frankly
hypotensive, cirrhotic patients may have a characteristic pat-
tern of blunted pressor response to tyramine and supranormal
pressor response to exogenous noradrenaline suggesting tissue
depletion of catecholamines resembling that seen after adminis-
tration of reserpine [69].

Intrarenal alpha adrenergic blockade in the human has failed

to relieve the intense vasoconstriction in patients with cirrhosis
[66]. Also, renal denervation or alpha adrenergic blockade does
not abolish the antinatriuresis associated with various experi-
mental models of liver injury in the dog [41]. Therefore,
increased adrenergic tone cannot entirely account for the
antinatriuresis of cirrhosis.

In summary, patients with cirrhosis and animals with experi-
mental liver damage suffer from a widespread central and
peripheral autonomic dysfunction. This autonomic dysfunction
may contribute to the peripheral vasodilatation of cirrhosis.
Increased adrenergic tone and an increase in plasma catechol-
amines in advanced cirrhosis may contribute to renal vasocon-
striction and augment renal salt retention.

False neurotransmitters may contribute to autonomic dys-
function in cirrhosis, but probably do not dominate in the
kidney since they would be expected to dilate rather than
constrict the renal circulation.

(3) Role of prostaglandins in volume regulation in cirrhosis
(Table 5), Immersion of sodium-retaining patients with cirrhosis
may cause a parallel increase in sodium excretion and urinary
prostaglandin E excretion [70]. Also, administration of prosta-
glandin synthetase inhibitors to patients with decompensated,
but not compensated, cirrhosis results in a sharp fall in glomeru-
lar filtration, renal plasma flow,and sodium excretion [71].
Moreover, the administration of inhibitors of prostaglandin
synthetase may cause a syndrome which mimics hepatorenal
syndrome. Thus, the intrarenal vasodilatory action of prosta-
glandin E seems to be important in the defense of the compro-
mised renal circulation in cirrhosis. Interestingly, however,
administration of prostaglandin synthetase inhibitors to cirrhot-
ic patients can partially correct the excessive hyperreninemia
and hyperaldosteronism as well as the pressor resistance to
angiotensin II. It is not clear at present whether this improve-
ment in angiotensin pressor resistance following administration
of prostaglandin synthetase inhibitors is due to suppression of
endogenous angiotensin II or to inhibition of local arteriolar
synthesis of vasodepressor prostaglandins [71]. Also, there is
controversy as to whether urinary prostaglandin E excretion is
increased [71] or decreased [72, 73] in decompensated cirrhosis.

In summary, increased synthesis of vasodepressor prosta-
glandins in nonrenal arteriolar walls may contribute to the
peripheral vasodilatation and thus "underfilling" in cirrhosis.

Table 5.

tone
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On the other hand, however, increased intrarenal production of
prostaglandin E may be an important defense against powerful
vasoconstrictor influences in cirrhosis. Thus, administration of
prostaglandin synthetase inhibitors may improve the "underfihl-
ing" in the cirrhotic patient but at the same time may worsen
the renal failure.

(4) Role of kallikrein-kinin system in the sodium balance in
cirrhosis. Infusion of kinins into humans and dogs augments
renal blood flow and urinary excretion of sodium [74, 751. Since
plasma prekallikrein and bradykinin levels are subnormal in
patients with cirrhosis [76], it has been suggested that suppres-
sion of the kallikrein-kinin system may contribute to the renal
vasoconstriction in cirrhosis. No information, however, is
available concerning changes in intrarenal activity of the kalli-
krein-kinin system in the kidney in cirrhosis.

(5) Role of natriuretic hormone in salt retention of cirrhosis.
Patients with cirrhosis [77] and dogs with chronic bile duct
ligation [63] lose the ability to "escape" from the sodium-
retaining influence of administered mineralocorticoids. This
finding has raised the possibility that liver disease is associated
with diminished production of natriuretic hormone. This led
Kramer [78] and Wilkinson et al [79] to examine the presence of
antinatriuretic activity in plasma and urine of patients with
cirrhosis. Utilizing various bioassay systems these authors
found diminished antinatriuretic activity in volume expanded
patients with cirrhosis.

It has been suggested recently that the natriuretic hormone
has vasoconstrictor properties [80, 81]. Moreover, an increase
in the circulating level of natriuretic hormone has been suggest-
ed to explain an increase in blood pressure and exaggerated
natriuresis following volume expansion in essential hyperten-
sion. It is therefore tempting to speculate that reduction in
circulating natriuretic hormone associated with liver disease
contributes to the peripheral vasodilatation and hypotension of
cirrhosis as well as the renal sodium retention.

(6) Role of vasoactive intestinal peptide. A vasoactive factor
isolated from the small intestine has biological activity that
mimics many of the associated circulatory and metabolic disor-
ders of cirrhosis [82, 83]. Among these are peripheral vasodila-
tation, increased cardiac output, pulmonary shunting, and
hyperventilation. Since this substance is inactivated by the liver
[83], it has been suggested that in cirrhosis enough vasoactive
intestinal peptide may escape inactivation by the diseased liver
and enter the systemic circulation, thereby contributing to the
circulatory disorder.

(7) Role of cholemia in the circulatory disturbance of cirrho-
sis. Acute intravenous [84] or intrarenal [85] infusion of diluted
bile in dogs causes natriuresis and kaliuresis. The bile compo-
nent responsible for this effect is bile salts rather than bilirubin.
However, isolated chronic cholemia induced in dogs by chole-
dochocaval anastomosis results in peripheral vasodilatation,
hypotension, and sodium retention [86]. Under these chronic
conditions the depressor effect of cholemia on the circulation
overrides the natriuretic properties of bile present in the circula-
tion. Thus, when jaundice complicates cirrhosis peripheral
vasodilatation may aggravate "underfilling" of the circulation.

(8) Role of vasopressin in water retention in cirrhosis. An
impaired ability to excrete a water load and hyponatremia are
common accompaniments of patients with decompensated cir-
rhosis. Several maneuvers which increase central blood volume
and enhance fluid delivery to the nephron, including infusion of

mannitol [87], saline [87], saline plus albumin [21], ascites fluid
[88], saline plus albumin [21], and water immersion to the neck
[29] have been shown to improve urinary dilution and water
excretion in patients with cirrhosis. These results have been
interpreted by some investigators to suggest that intrarenal
mechanisms are responsible for the impaired water excretion of
cirrhosis. These maneuvers which cause volume expansion,
however, could also suppress nonosmotic (baroreceptor-medi-
ated) release of arginine vasopressin and thereby facilitate
water excretion. Some support for the latter possibility are the
findings that administration of alcohol to suppress vasopressin
release [89] or demeclocycline which antagonizes the peripheral
action of vasopressin [90, 91] improves renal water excretion in
cirrhotic patients. Moreover, in experimental liver congestion
[92], portal hypertension [48], common bile duct ligation [49],
and cirrhosis [93], impaired water excretion has been demon-
strated to be primarily due to nonosmotic vasopressin release.

Recent studies by Bichet et al [55, 56] also support an
important role for vasopressin in the water retention associated
with cirrhosis. On the basis of the ability to excrete a 20-mi/kg
water load, the cirrhotic patients could be divided prospectively
into two groups, "excretors" who excreted more than 80% of
the water load in 5 hr and "nonexcretors" who excreted a mean
of only 27% of the water load in 5 hr. The nonexcretor group
had lower serum sodium and osmolalities and higher plasma
vasopressin levels after the water load. Evidence for a decrease
in "effective" blood volume which would be expected to
stimulate baroreceptor-mediated vasopressin release included
lower plasma albumin concentration, higher heart rates, higher
plasma renin activity, plasma aldosterone, and plasma catechol-
amines in the nonexcretor patients. Moreover, water immersion
to the neck enhanced central blood volume, decreased plasma
vasopressin and improved the nonexcretor cirrhotic patients'
capacity to excrete a water load [94]. Thus, it seems clear that
the nonosmotic release of vasopressin, in addition to any
intrarenal mechanism, is important in the impaired water excre-
tion of cirrhosis, Decreased hepatic metabolism of vasopressin
could also contribute to elevated plasma vasopressin levels in
cirrhotic patients. Whether or not vasopressin also exerts a
vascular effect in cirrhotic patients remains to be investigated.

Conclusion

In conclusion, we would like to propose an integrated hy-
pothesis for sodium and water retention in the cirrhotic patient
(Fig. 1). We believe that neither the "overflow" nor "underfill-
ing" theories of sodium retention and ascites are alone ade-
quate to explain totally the observed phenomena in the cirrhotic
patient. It is proposed that both a decrease in "effective" blood
volume with secondary renal sodium retention and primary
renal sodium retention (perhaps initiated by increased intrahe-
patic pressure) are involved in cirrhosis.

Because the absence of intrahepatic pressure elevation sec-
ondary to a side-to-side, but not end-to-end, portal caval shunt
abolishes renal sodium retention in experimental toxic cirrhosis
(Levy, unpublished observation), it can be suggested that
elevated intrahepatic pressure provides the afferent stimulus for
"primary" renal sodium retention in the "overflow" theory of
ascites formation. Portal venous hypertension in the dog, an
expected accompaniment of intrahepatic pressure elevation,
has been shown to increase both renal sympathetic and plasma
renin activity [48]. Moreover, a decrease in "effective" blood
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Fig. 1. Hypothesis for sodium and water retention in
cirrhosis.
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volume in cirrhosis secondary to peripheral vasodilatation, and
enhanced by hypoalbuminemia and splanchnic venous pooling,
would be expected to stimulate the sympathetic nervous sys-
tem. In this regard, patients with decompensated cirrhosis and
ascites have been shown recently to have substantially elevated
levels of plasma norepinephrine levels [56]. Renal venous
catecholamine levels have also been shown to be higher than
peripheral plasma norepinephrine concentrations in cirrhotic
patients [951. The presence of higher pulse rates and plasma
norepinephrine levels in decompensated versus compensated
cirrhotic patients also support a physiologically important acti-
vation of the sympathetic nervous system.

Thus, there is substantial evidence for the central role of
activation of the sympathetic nervous system as proposed in the
present hypothesis for sodium and water retention in cirrhosis.
Moreover, the resultant renal nerve stimulation is proposed to
stimulate renin release as well as decrease GFR and renal blood
flow. The effect of angiotensin II to decrease glomerular
capillary permeability, probably by constricting mesangial cells
and decreasing glomerular capillary surface area, is well docu-
mented [961. Also, the effect of renal nerve stimulation to
increase proximal tubular sodium reabsorption has also been
demonstrated in micropuncture studies [97]. Angiotensin II
receptors have also been found on isolated proximal tubule cells
and may also enhance proximal tubular sodium reabsorption
[981. This effect, however, needs further documentation. The
resultant decrease in distal sodium delivery, secondary to a
lowered filtered load of sodium and enhanced proximal sodium
reabsorption as caused by renal nerve stimulation and increased
angiotensin II, is proposed as the cause for failure of cirrhotic
patients to "escape" from the sodium-retaining effect of aldos-
terone. Thus, neither enhanced proximal sodium reabsorption
nor increased aldosterone-mediated distal sodium reabsorption
alone, but rather both in combination, are proposed to account
for renal sodium retention in cirrhosis. The nonosmotic release
of vasopressin and diminished distal fluid delivery are proposed
to account for the renal water retention in cirrhosis.

OR! S. BETTER
ROBERT W. SCHRIER

Haifa, Israel, and Denver, Colorado

Acknowledgments
The authors thank Ms. R. S. Weiss and L. M. Benson for devoted

secretarial help and Dr. D. G. Bichet for his suggestions.

Reprint requests to Dr. R. W. Schrier, Renal Division, C281, Depart-
ment of Medicine, University of Colorado Health Science Center, 4200
E. 9th Avenue, Denver, Colorado 80262, USA

References

1. United States Department of Health, Education and Welfare.
Second special report to the United States Congress on alcohol and
health. Washington, D.C., Department of Health, Education, and
Welfare Publication No. 017-02400039, 1974

2. LIEBER CS: Pathogenesis and early diagnosis of alcoholic liver
injury. N Engi J Med 298:888—893, 1978

3. PAPPER S: The role of the kidney in Laennec's cirrhosis of the liver.
Medicine 37:299—3 16, 1958

4. EPSTEIN M: Deranged sodium homeostasis in cirrhosis. Gastroen-
terology 76:622—635, 1979

5. Wirr CL, WITTE MH, DUMONT AE: Lymph imbalance in the
genesis and perpetuation of the ascites syndrome in hepatic cirrho-
sis. Gastroenterology 78:1059—1066, 1980

6. Sd-tRIER RW, HUMPI-IREYS MH, UFFERMAN RC: Role of cardiac
output and the autonomic nervous system in the antinatriuretic
response to acute constriction of the thoracic superior vena cava.
Circ Res 29:490—498, 1971

7. LIEBERMAN FL, ITO 5, REYNOLDS TB: Effective plasma volume in
cirrhosis with ascites. Evidence that a decreased value does not
account for renal sodium retention, a spontaneous reduction in
glomerular filtration rate (GFR) and a fall in GFR during drug-
induced diuresis. J Clin Invest 48:975—981, 1969

8. LIEBERMAN FL, DENISON EK, REYNOLDS RB: The relationship of
plasma volume, portal hypertension, ascites and renal sodium
retention in cirrhosis: The overflow theory of ascites formation.
Ann NYAcad Sci 170:202—212, 1970

9. LEVY M: Sodium retention and ascites formation in dogs with
experimental portal cirrhosis. Am J Physiol 233:F572—F585, 1977

10. DAOUD FS, REEVES JT, SCHAEFER JW: Failure of hypoxic vaso-
constriction in patients with liver cirrhosis. J Clin Invest 51:1076—
1080, 1972

ii. TRISTAN! FE, COHN iN: Systemic and renal hemodynamics in
oliguric hepatic failure: Effect of volume expansion. J Clin In vest
46:1894—1906, 1967

12. COHN JN: Renal hemodynamic alterations in liver disease, in The
Kidney in Systemic Disease (2nd ed), edited by SuKI WN,
EKNOYAN G. New York, John Wiley & Sons, 1981, pp. 509—519



310 Better and Schrier

13. LEVY M: Sodium retention in dogs with cirrhosis and ascites:
Efferent mechanisms. Am J Physiol 233:F586—F592, 1977

14. SHASHA SM, BETTER OS, CI-IAIMOVITZ C, DOMAN J, KISHON Y:
Haemodynamic studies in dogs with chronic bile duct ligation. C/in
Sci 50:533—537, 1976

15. LUNZER MR, NEWMAN SP, BERNARD AG, MANGHANI KK, SHER-
LOCK 5, GINSBURG J: Impaired cardiovascular responsiveness in
liver disease. Lancet 2:382—385, 1975

16. AMES RP, BoRKowsKI AJ, SIcINsiu AM, LARAGH JH: Prolonged
infusions of angiotensin II and norepinephrine and blood pressure,
electrolyte balance, and aldosterone and cortisol secretion in
normal man and in cirrhosis with ascites. J C/in Invest 44:1171—
1186, 1965

17. FINBERG JPM, SYROP HA, BETTER OS: Blunted pressor response
to angiotensin and sympathomimetic amines in bile duct ligated
dogs. C/in Sci 61:535—539, 1981

18. GANT NF, DALEY GL, CHAND 5: A study of angiotensin II pressor
response throughout primigravid pregnancy. J C/in Invest 52:2682—
2695, 1973

19. LIMAS CJ, GUIHA NH, LEKAGUL 0, COHN iN: Impaired left
ventricular function in alcoholic cirrhosis with ascites. Circ Res
49:755—760, 1974

20. GuAzzi M, POLESE A, MAGRINI F, FI0RENTINI C, OUVARI MT:
Negative influences of ascites on the cardiac function of cirrhotic
patients. Am J Med 59:165—170, 1975

21. VLAHCEVIC ZR, ADHAM NF, JICK H, MOORE EW, CHALMERS TC:
Renal effects of acute expansion of plasma volume in cirrhosis. N
Eng/ J Med 272:387—390, 1965

22. EKNOYAN G, MARTINEZ-MALDONADO M, YIuM JJ, SUKI WN:
Combined ascitic-fluid and furosemide infusion in the management
of ascites. N Eng/ J Med 282:713—717, 1970

23. LEVY M, WEXLER MJ, MCCAFFREY C: Sodium retention in dogs
with experimental cirrhosis following removal of ascites by contin-
uous peritoneovenous shunting. J Lab C/in Med 94:933—946, 1979

24. LEVEEN HH, CHRISTOUDIAS G, MOON IP, LUFT R, FALK G,
GROSBERG 5: Peritoneovenous shunting for ascites. Ann Surg
180:580—590, 1974

25. LEVEEN HH, WAPNICK 5, GROSBERG 5, KINNEY MJ: Further
experiences with peritoneovenous shunt for ascites. Ann Surg
184:574—579, 1976

26. WITTE MH, WITTE CL, JACOBS 5, KUT R: Peritoneovenous
(LeVeen) shunt. JAMA 239:31—33, 1978

27. WAPNICK 5, GROSBERG 5, KINNEY Mi, LEVEEN HH: LeVeen
continuous peritoneal-jugular shunt. JAMA 237:131—133, 1977

28. BERKOWITZ HD, MULLEN JL, MILLER LD, RosATo EF: Improved
renal function and inhibition of renin and aldosterone secretion
following peritoneovenous (LeVeen) shunt. Surgery 84:120—126,
1978

29. EPSTEIN M, PINS DS, SCHNEIDER N, LEVINSON R: Determinants
of deranged sodium and water homeostasis in decompensated
cirrhosis. J Lab C/in Med 87:822—839, 1976

30. EPsTEIN M: Renal sodium handling in cirrhosis, in The Kidney in
Liver Disease, edited by EPSTEIN M. New York, Elsevier North
Holland, Inc., 1978, pp. 35—53

31. EPSTEIN M, LEVINSON R, SANCHO J, HABER E, RE R: Character-
ization of the renin-aldosterone system in decompensated cirrhosis.
Circ Res 41:818—829, 1977

32. C000LEY EL, MATSUMOTO T: Thoracic duct-subclavian vein
anastomosis in management of cirrhotic ascites. Am J Med Sci
279:163—167, 1980

33. GORNEL DL, LANCESTREMERE RG, PAPPER 5, LOWENSTEIN LM:
Acute changes in renal excretion of water and solute in patients
with Laennec's cirrhosis induced by the administration of the
pressor amine, metaraminol. J C/in Invest 4 1:594—603, 1962

34. SCHROEDER ET, ANDERSON GH, SMULYAN H: Effect of peritoneo-
venous shunt on renin in the hepatorenal syndrome. Kidney mt
15:54—61, 1979

35. ARIYAN S, SWEENEY T, KERSTEIN MD: The hepatorenal syn-
drome: Recovery after portocaval shunt. Ann Surg 18 1:22—25, 1976

36. BETTER OS, MASSRY SG: Effect of chronic bile duct obstruction on
renal handling of salt and water. J C/in Invest 51:402—411, 1972

37. LIFSCHITZ MD, SCHRIER RW: Alteration in cardiac output with
chronic constriction of thoracic inferior vena cava. Am J Physio/
225:1364—1370, 1973

38. GILL JR, CARR AA, FLEISCHMANN LE, CASPER AGT, BARTTER

FC: Effect of pentolinium on sodium excretion in dogs with
constriction of the vena cava. Am J Physiol 2 12:191—196, 1967

39. AZER M, GANNON R, KALOYANIDES GJ: Effect of renal denerva-
tion on the antinatriuresis of caval constriction. Am J Physio/
222:611—615, 1972

40. FRIEDLER RM, BELLEAU Ti, MARTINO JA, EARLEY LE: Hemody-
namically induced natriuresis in the presence of sodium retention
resulting from constriction of the thoracic inferior vena cava. J Lab
C/in Med 69:565—583, 1967

41. CHAIMOVITZ C, MASSRY SG, FRIEDLER RM, COBURN JW: Effect
of renal denervation and alpha adrenergic blockade on sodium
excretion in dogs with chronic ligation of the common bile duct.
Proc Soc Exp Bio/ Med 146:764—770, 1974

42. MELMAN A, MASSRY SG: Role of renal vasodilatation in the
blunted natriuresis of saline infusion in dogs with chronic bile duct
obstruction. fLab C/in Med 89:1053—1065, 1977

43. WILKINSON SP, SMITH 1K, M00DIE H, PosToN L, WILLIAMS R:
Studies on mineralocorticoid "escape" in cirrhosis. C/in Sci
56:401—406, 1979

44. LEVY M, WEXLER MJ: Renal sodium retention and ascites forma-
tion in dogs with experimental cirrhosis but without portal hyper-
tension or increased vascular capacity. J Lab C/in Med 91:520—536,
1978

45. LEVY M, ALLOTEY JBK: Temporal relationship between urinary
salt retention and altered systemic hemodynamics in dogs with
experimental cirrhosis. J Lab Clin Med 92:560—569, 1978

46. LEVY M: Observations on renal function and ascites formation in
dogs with experimental portal cirrhosis, in The Kidney in Liver
Disease, edited by EPSTEIN M. New York, Elsevier North Holland,
Inc., 1978, pp. 131—142

47. LEVY M: Renal function in dogs with acute selective hepatic
venous outflow block. Am J Physio/ 227:1073—1083, 1974

48. ANDERSON Ri, CRONIN RE, MCDONALD KM, SCHRIER RW:
Mechanisms of portal hypertension-induced alterations in renal
hemodynamics, renal water excretion and renin secretion. J C/in
Invest 58:964—970, 1976

49. BETTER OS, AISENBREY G, BERL T, ANDERSON Ri, HANDELMAN
WA, LINAS SL, GUGGENHEIM SC, SCHRIER RW: Role of antidi-
uretic hormone in the impaired urinary dilution associated with
chronic bile duct ligation. C/in Sci 58:493—500, 1980

50. SCHROEDER ET, EICH RH, SMULYAN H, GOULD AB, GABUZDA
GJ: Plasma renin level in hepatic cirrhosis: Relation to functional
renal failure. Am J Med 49:186—191, 1970

51. SCHROEDER ET, ANDERSON GH, GOLDMAN SH, STREETEN DHP:
Effect of blockade of angiotensin II on blood pressure, renin and
aldosterone in cirrhosis. Kidney mt 9:511—519, 1976

52. SAIT0 I, SARUTA T, EGUCHI T, NAKAMURA R, KoNDo K, IYORI S,
KATO E: Role of renin-angiotensin system in control of blood
pressure and aldosterone in patients with cirrhosis and ascites. Jpn
HeartJ 19:741—747, 1978

53. BOSCH J, ARROYO V, BETRIV A, MAS A, CARRILHO F, RIVERA F,
NAVARRO-LOPEZ F, RODES J: Hepatic hemodynamics and the
renin-angiotensin-aldosterone system in cirrhosis. Gastroentero/-
ogy 78:92—99, 1980

54. ARROYO V. BOSCH J, GAYA-BELTRAN J, KRAVETZ D, ESTRADA L,
RIVERA F, RODES J: Plasma renin activity and urinary sodium
excretion as prognostic indicators in nonazotemic cirrhosis with
ascites. Ann Intern Med 94:198—201, 1981

55. BICHET D, SZATALOWICZ V, CHAIMOVITZ C, SCHRIER RW: Role
of vasopressin in the abnormal water excretion in cirrhotic patients.
Ann Intern Med 96:413—417, 1982

56. BICHET D, VANPUTTEN V, SCHRIER RW: Potential role of sympa-
thetic activity in the sodium and water excretion in cirrhotic
patients. N Eng/ J Med. in press

57. RAUSCHOU F, TRAUNTER K: Obstruction of the common bile duct
in experimental renal hypertension in dogs. ScandJ C/in Lab Invest
5:223—235, 1953

58. FINBERG JPM, SEIDMAN R, BETTER OS: Cardiovascular respon-
siveness to Vasoactive agents in rats with obstructive jaundice. C/in
Exp Pharmacol Physio/ in press, 1982

59. ORLOFF Mi, Ross TH, BADDELEY RM, NUTTING RO, SPITZ R,
SLOOP R, NEESBY T, HALASZ NA: Experimental ascites. VI. The
effects of hepatic venous outflow obstruction and ascites on aldos-
terone excretion. Surgery 56:83—98, 1964

60. GREGORY PB, BROEKELSCI-IEN PH, HILL MD, LIPTON AB,



Disturbed volume homeostasis in cirrhosis of the liver 311

KNAUER CM, EGGER M, MILLER R: Complications of diuresis in
the alcoholic patient with ascites: A controlled trial. Gastroenterol-
ogy 73:534—538, 1977

61. EGGERT RC: Spironolactone diuresis in patients with cirrhosis and
ascites. Br MedJ 4:401—403, 1970

62. FOGEL MR, SAWHNEY VK, NEAL EA, MILLER RG, KNAUER CM,
GREGORY PB: Diuresis in the ascitic patient: A randomized con-
trolled trial of three regimes. J Clin Gastroenterol 3 (suppl 1):73—80,
1981

63. CHAIMOVITZ C, ALON U, BETTER OS: Pathogenesis of salt reten-
tion in dogs with chronic bile duct ligation. C/in Sci 62:65—70, 1982

64. WILKINSON SP, JOWETT TP, SLATER DH, ARROYO V, M000IE H,
WILLIAMS R: Renal sodium retention in cirrhosis: Relation to
aldosterone and nephron site. C/in Sci 56:169—177, 1979

65. DIBONA GF: Neurogenic regulation of renal tubular sodium reab-
sorption. Am J Physiol 233:F73—F81, 1977

66. EPSTEIN M, BERK DP, HOLLENBERG NK, ADAMS DF, CHALMERS
TC, ABRAMS HL, MERRILL JP: Renal failure in the patient with
cirrhosis. The role of active vasoconstriction. Am J Med 49:175—
185, 1970

67. FISCHER JE, BALDESSARININ RJ: False neurotransmitters and
hepatic failure. Lancet 2:75—79, 1971

68. LAM KC, TALL AR, GOLDSTEIN GB, MISTILIs SP: Role of false
neurotransmitter, octopamine, in the pathogenesis of hepatic and
renal encephalopathy. Scand J Gastroenterol 8:464—472, 1973

69. MASHFORD ML, MAHAN WA, CHALMERS TC: Studies of the
cardiovascular system in the hypotension of liver failure. NEngi J
Med 267:1071—1074, 1962

70. EPSTEIN M, LIFSCHITZ M, HOFFMAN D, STEIN J: Relationship
between renal prostaglandin E and renal sodium handling during
water immersion in normal man. Circ Res 45:71—80, 1979

71. ZIPSER RD, HOEFS JC, SPECKART PF, ZIA PK, HORTON R:
Prostaglandins: Modulators of renal function and pressor resistance
in chronic liver disease. J C/in Endocrinol Metab 48:895—900, 1979

72. KRAMER HJ: Humoral and hormonal factors in the pathogenesis of
sodium retention in liver cirrhosis and the hepatorenal syndrome, in
Hepatorenal Syndrome, edited by BARTOLI E, CHIANDUSSI L.
Piccin, Padua, Italy, 1978, p. 311

73. KIPNOWSKI J, DUSING R, KRAMER HJ: Hepatorenal syndrome.
K/in Wochenschr 59:415—424, 1981

74. STEIN JH, CONGABALAY RC, KARSH DL, OSGOOD RN, FERRIS TF:
The effect of bradykinin on proximal tubular sodium reabsorption
in the dog: Evidence for functional nephron heterogeneity. J C/in
Invest 51:1709—1721, 1972

75. NASJELLETI A, CELINA-CHOVRIO J, MCGIFF JC: Disappearance of
bradykinin in the circulation of the dog: Effect of kininase inhibi-
tors. Circ Res 37:59—65, 1975

76. WONG PY, COLMAN RW, TALAMO RC, BABIOR BM: Kallikrein-
bradykinin system in chronic alcoholic liver disease. Ann Intern
Med 77:205—209, 1972

77. DENISON EK, LIEBERMAN FL, REYNOLDS TB: 9-alpha-fluorohy-
drocortisone induced ascites in alcoholic liver disease. Gastroen-
terology 61:497—503, 1971

78. KRAMER HJ: Natriuretic hormone — its possible role in fluid and
electrolyte disturbances in chronic liver disease. Postgrad Med J
51:532—540, 1975

79. WILKINSON SP, ALAM A, MOODIE H, WILLIAMS R: Renal reten-
tion of sodium in cirrhosis and fulminant hepatic failure. Postgrad
MedJ 51:527—531, 1975

80. HAnDY FJ, PAMNAI MB, CLOUGH DL: Humoral factors and the

sodium-potassium pump in volume expanded hypertension. Lfe
Sci 24:2105—2118, 1979

81. GRUBER KA, WHITAKER JM, BUCKALEW UM: Endogenous digital-
is-like substance in plasma of volume expanded dogs. Nature
287:743—745, 1980

82. SAID SI, MUTT V: Polypeptide with broad biological activity.
Isolation from small intestine. Science 169:1217—1218, 1970

83. KITAMURA 5, YOSFIIDA T, SAID SI: Vasoactive intestinal polypep-
tide. Inactivation in liver and potentiation in lung of anesthetized
dogs. Proc Soc Exp Biol Med 148:25—29, 1975

84. TOPUZLU C, STAHL WM: Effect of bile infusion on the dog kidney.
NEngi J Med 274:760—763, 1966

85. ALON U, BERANT M, MORDECHOVITZ D, BETTER OS: The effect of
intrarenal infusion of bile on kidney function in the dog. C/in Sci

62:431—433, 1982
86. ALON U, BERANT M, MORDECHOVITZ D, HASMONAI M, BETTER

OS: The effect of isolated cholemia on systemic hemodynamics and
kidney function in conscious dogs. C/in Sci 63:59—64, 1982

87. SCHEDL HP, BARTTER FC: An explanation for and experimental
correction of the abnormal water diuresis in cirrhosis. J C/in Invest
39:248—260, 1960

88. YAMAHIRO HS, REYNOLDS TB: Effects of ascitic fluid infusion on
sodium excretion, blood volume and creatinine clearance in cirrho-
sis. Gastroentero/ogy 40:497—503, 1961

89. STRAUSS MP, BIRCHARD WH, SAXON L: Correction of impaired
water excretion in cirrhosis of the liver by alcohol ingestion or
expansion of extracellular fluid volume: The role of antidiuretic
hormone. Trans Assoc Am Physicians 69:222—228, 1956

90. DETROYER A, PILLOY W, BROECKAERT I, DEMANET J-C: Demeclo-
cycline treatment of water retention in cirrhosis (/etter). Ann Intern
Med 85:336—337, 1976

91. MILLER PD, LINAS SL, SCHRIER RW: Plasma demeclocycline
levels and nephrotoxicity correlation in hyponatremic cirrhotic
patients. JAMA 243:2513—2515, 1980

92. ANDERSON Ri, CADNAPAPAIIORNCHAI P HARBOTTLE JA, Mc-
DONALD KM, SCHRIER RW: Mechanism of effect of (horacic
inferior vena cava constriction on renal water excretion. J C/in
Invest 54:1473—1479, 1974

93. LINAS SL, ANDERSON Ri, GUGGENHEIM Si, ROBERTSON GL.
BERL T: Role of vasopressin in impaired water excretion in
conscious rats with experimental cirrhosis. Kidney lot 20:173—180,
1981

94. BICHET D, GROVES B, SCHRIER RW: Effect of enhanced central
hemodynamics to improve water excretion by suppression of
plasma arginine vasopressin in hyponatremic cirrhotlc patients
(abstract). Kidney Int 2l:145A, 1982

95. HENRIKSEN JH, CHRISTENSEN NJ, RING-LARSEN H: Noradrenalin
and adrenalin concentrations in various vascular beds in patients
with cirrhosis. Relation to hemodynamics. C/in Physio/ 1:293—304.
1981

96. MYERS BD, DEEN WM, BRENNER BM: Effects of norepinephrine
and angiotensin II on the determinants of glomerular ultrafiltration
and proximal tubule fluid reabsorption in the rat. Circ Res 37:101—
110, 1975

97. BELL-REUSS E, TREVINO DL, GOTTSCHALK CW: Effect of renal
sympathetic nerve stimulation on proximal water and sodium
reabsorption. J C/in Invest 57:1104—1107, 1976

98. HARRIS Pi, YOUNG iA: Dose-dependent stimulation and inhibition
of proximal tubular sodium reabsorption by angiotensin Ilin the rat
kidney. Pflugers Arch 367:295—297. 1977




