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Role of the Liver in Regulating of Extracellular NaCl Homeostasis
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ABSTRACT

The effects of intravenous or intrahepatic NaCl infusion on renal nerve activity, renal excretory function (hepatorenal reflex)
and jejunal absorption (hepatojejunal reflex) were examined.

Role of the renal nerves in the augmentation of Na excretion in response to intravenous NaCl load: We examined responses of
renal nerve activity, urine flow and urinary Na excretion to an intravenous hypertonic NaCl infusion in chronically instrumented
conscious rabbits with unilateral renal denervation, The intravenous infusion of 20% NaCl, at 0.2 m/min for 30 min, decreased
renal nerve activity by 82 + 7%. Urine flow and urinary Na excretion increased gradually and peaked at the end of infusion. The
innervated kidney excreted significantly greater Na than that in the contralateral denervated kidney.

Hepatorenal reflex: The effects of intraportal infusions of hypertonic solutions on renal nerve activity were examined in
chronically instrumented conscious rabbits. A combined infusion of 9% NaCl via the portal vein and distilled water via the inferior
vena cava did not alter plasma osmolality or plasma Na concentration of the systemic circulation, but decreased renal nerve
activity. The combined infusion of 6.5% LiCl and distilled water did not have any effect on renal nerve activity. The decrease in
renal nerve activity induced by the portal 9% NaCl infusion was completely abolished after hepatic denervation. These results indicate
that the stimulation of the intrahepatic NaCl receptors, not of the osmoreceptors, elicits a reflex decrease in renal nerve activity.

Hepatajejunal reflex: Jejunal electrolyte absorption was measured in the jejunal loop of anesthetized dogs during the infusions
of hypertonic solutions via the portal vein. The net NaCl absorption was not influenced by the vena caval 9% NaCl infusion,
although it was significantly attenuated by the portal 9% NaCl infusion. Both hepatic denervation and intravenous atropine
injection completely blocked the effects of the portal 9% NaCl infusion on the net NaCl absorption. These results indicate that: (1)
net NaCl absorption in dog jejunum is depressed by the hypertonic NaCl infusion via the portal vein; (2) the afferent limb of this
response is the hepatic nerves; and (3) the efferent limb of this response is the vagus nerve. Thus, the hepatojejunal reflex may
play an important role in the regulation of body fluid homeostasis.

INTRODUCTION before they flow into the systemic circulation and

control the kidney output. If this is the case, there is

It has been well documented that the mammalian a possibility that the intrahepatic receptors also con-

liver is not only a metabolic, clearance, or storage
organ but also contains many receptors (Sawchenko,
1979). These involve osmoreceptors, baroreceptors
and ionic receptors. Inferring from the role of osmo-,
baro-, and ionic receptors in the systemic circulation,
these receptors in the hepatic circulation may regu-
late body fluid homeostasis. In fact, previous works
by Daly et al. (1967) and Passo et al. (1972) demon-
strated that an infusion of hypertonic NaCl into the
portal vein causes a greater natriuresis than similar
infusion into the femoral vein, suggesting that the
intrahepatic NaCl and/or osmoreceptors control uri-
nary NaCl excretion. However, precise mechanism
of this response is still unclear. Furthermore, it is
interesting to note that absorbed substances first
circulate into the portal and hepatic vasculature

trol the input of NaCl, ie., intestinal absorption.
Accordingly the purpose of this study was: (1) to
examine the afferent and efferent pathways of
augmentation of urinary Na excretion in response to
the intraportal hypertonic NaCl excretion; and (2) to
test the hypothesis that intrahepatic NaCl and/or
osmoreceptors control jejunal NaCl absorption.

METHODS

Role of renal nerves in augmentation of Na
excretion in response to intravenous NaCl
load (Morita et al., 1991)

Experiments were conducted in 9 chronically in-
strumented conscious rabbits weighing 2.0-2.8 kg.
The animals were anesthetized with pentobarbital




sodium (30 mg/kg) which was administered in-
travenously via the ear vein. The right (n = 6) or left
(n = 3) kidney was exteriorized through a flank
incision and unilateral renal denervation was per-
formed. One week after initial surgery, a second
surgery was performed using pentobarbital anesthe-
sia. A venous catheter was inserted into the inferior
vena cava for the infusion of hypertonic NaCl solu-
tion. An arterial catheter was inserted into the sub-
clavian artery in order to measure arterial pressure.
The left (n = 6) or right (n = 3) kidney was exposed
retroperitoneally through a flank incision. Renal
sympathetic nerves were isolated and two stainless
steel electrodes were placed around the nerves. The
nerves and electrodes were covered and fixed with
silicone gel before closure. The electrodes were exte-
riorized through the back of the neck. Catheters
were implanted into the ureters bilaterally through
a suprapubic incision. These catheters were exteri-
orized and fixed at the inguinal region, then incision
was closed. Rabbits were allowed to recover from
surgical stress for at least 2 days before the experi-
ments were begun.

All experiments were conducted in conscious rab-
bits that were placed in a box which loosely re-
stricted their movement. Arterial pressure, heart
rate and renal nerve activity were monitored con-
tinuously. After a stabilization period, a 30-min con-
trol period was started. At the end of the control
period, the infusion of 20% NaCl, at a rate of 0.2
ml/min, was carried out for 30 min, This was fol-
lowed by a 30-min recovery period. Urine was col-
lected into test tubes by gravity drainage at 10-min
clearance intervals through the bilaterally inserted
ureter catheters. Thus, urine samples from the in-
nervated and contralateral denervated kidney were
collected separately.

Hepatorenal reflex (Morita et al. 1991)
Experiments were conducted in 16 chronically in-
strumented conscious rabbits weighing 2.2-2.8 kg.
The animals were anesthetized with pentobarbital
sodium (30 mg/kg, i.v.). Through the central la-
parotomy, a portal catheter for the infusion was
inserted via the mesenteric vein. In 8 of 16 rabbits,
the hepatic nerves were sectioned. There are two
main neural pathways that supply the liver: a plexus
around the hepatic artery (anterior plexus) and one
on the portal vein (posterior plexus) (Pick, 1970). To
achieve hepatic denervation, these two plexuses
were sectioned and connective tissue around the
hepatic artery, portal vein and bile duct was also
sectioned. A venous catheter was inserted into the
inferior vena cava via the right jugular vein and an
arterial catheter was inserted into the aorta via the
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left subclavian artery. The catheters were exteri-
orized through the back of the neck; then the inci-
sions were closed. After the surgery the rabbits were
given penicillin intramuscularly for 3 days. One
week after initial surgery, a second surgery was
performed using pentobarbital sodium (30 mg/kg)
anesthesia. Through a flank incision, the renal
nerves along the renal artery were isolated and two
stainless steel electrodes were placed around the
nerves. The nerves and electrodes were covered and
fixed with silicone gel before closure. The electrodes
were exteriorized through the back of the neck. Rab-
bits were allowed to recover from surgical stress for
at least 2 days before the experiments were begun.

All experiments were conducted in conscious rab-
bits that were placed in a box which loosely re-
stricted their movement. Arterial pressure, heart
rate and renal nerve activity were monitored con-
tinuously. A hypertonic solution of 9% NaCl or 6.5%
LiCl (0.1 ml/min) was infused for 10 min via the
portal vein while distilled water (0.9 ml/min) was
infused via the inferior vena cava. Then the infusion
route was switched: NaCl or LiCl was infused via the
inferior vena cava while distilled water was infused
via the portal vein. A 30-60 min stabilization period
was observed before each infusion. In this “double-
infusion” technique, the total solution introduced
into the systemic circulation would be isotonic. The
order of the solution and infusion route was ran-
domized. Arterial blood samples (1.0 ml) for measur-
ing plasma Na concentration and plasma osmolality
were taken just before the beginning and the end of
the infusion.

Hepatojejunal reflex (Morita et al., 1990)

All experiments were conducted in 31 mongrel
adult dogs weighing 9-16 kg. Dogs were deprived of
food 24 h before experiments. Water remained avail-
able throughout the food-deprivation period. Dogs
were anesthetized with pentobarbital sodium (30
mg/kg). A venous catheter was inserted into the
inferior vena cava via the femoral vein. An arterial
catheter was inserted into the abdominal aorta via
the femoral artery. Through the central laparotomy,
the jejunal loop was made, which was 30 cm long and
started from 10 cm distal to the ligament of Treitz.
The loop was washed with warm saline and in-
tubated in both ends of loop. A portal catheter was
inserted via the mesenteric vein. The intestine was
returned to the abdominal cavity. The tubes were
exteriorized and the incision was closed.

A 30-60 min equilibration period was observed
before the experiment. To examine the jejunal elec-
trolyte absorption, the test solution (30 ml, 37°C) was
injected into the jejunal loop from the proximal tube
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and allowed to remain for 15 min, then it was col-
lected from the distal tube. The test solution had the
following composition (in mEq/l): Na 130; K 4; Ca 3;
C1109; CH3COO 28; and glucose 50 g/l. The volume
and Na, K, Cl concentration of injected and collected
fluid were measured. Water and electrolyte net ab-
sorption were calculated as the difference between
the absolute values of the injected solution and the
collected solution.

Animals were divided into four groups. In group 1
(n = 7), jejunal net electrolyte absorption was
measured with and without the infusion on 9% NaCl
or 6.5% LiCl via the portal vein or the inferior vena
cava. In group 2 (n = 8), net absorption was meas-
ured during the infusion of 9% NaCl or 50% glucose
via the portal vein or the inferior vena cava. In group
3 (n = 8), net absorption was measured before and
after hepatic denervation with or without the portal
9% NaCl infusion. In group 4 (n = 8), net absorption
was measured before and after the bolus injection of
atropine (0.5 mg/kg) with or without the portal 9%
NaCl infusion. In all groups, the infusion of the
hypertonic solution (0.02 ml/kg/min) was initiated 10
min before the injection of the test solution into the
jejunal loop and lasted for 25 min. A 20 min equili-
bration period was allowed between the infusions.

All values presented here are reported as means
t SE. For statistical analysis a two-way analysis of
variance was used. When the F ratio exceeded the
critical value, Dunnett's multiple-sample test was
applied to test the significance of the difference.
P<0.05 was taken as the criterion for the significant
difference.

RESULTS

Role of renal nerves in augmentation of Na
excretion in response to intravenous NaCl
load

Intravenous infusion of hypertonic NaCl in-
creased plasma Na concentration by an average of 16
t 3 mEq/], from 138 + 2 to 154 + 2 mEq/l and plasma
osmolality by an average of 27 + 5§ mOsm/kg, from
289 t 3 to 316 + 4 mOsm/kg. These changes were
accompanied by a marked decrease in renal nerve
activity, i.e., renal nerve activity decreased instan-
taneously with the hypertonic NaCl infusion and
reached a minimum value of 19 + 4% at the end of
the infusion period (Fig. 1). Renal nerve activity
gradually recovered toward the control level, but at
the end of the recovery period, a small yet significant
reduction of 37 + 9% was still observed.

Responses of urinary Na excretion to NaCl infu-
sion are illustrated in Fig. 2. The control values of
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Fig. 1. Responses of renal nerve activity to hypertonic NaCl
infusion are illustrated. Filled circles represent responses in
intact rabbits, open circles represent responses in rabbits with
SAD plus vagotomy, and triangles represent responses in
rabbits with SAD plus vagotomy plus hepatic denervation.
*P<0.05, significantly different from pre-infusion control
values.
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Fig. 2. Comparison of responses of urinary Na excretion to
hypertonic NaCl infusion in conscious rabbits with unilateral
renal denervation. *P<0.05, significantly different from the
innervated kidney,

the urine flow (0.08 ¢ 0.03 ml/min) and urinary Na
excretion (3.8 + 0.8 pEg/min) from the denervated
kidney were not significantly different from those of
the contralateral innervated kidney (0.05 t 0.01
ml/min and 3.7 + 0.7 uEq/min, respectively). Diure-
sis and natriuresis occurred almost instantaneously
with the hypertonic NaCl infusion and reached a
peak at the end of the infusion period. However, the
responses in the denervated kidney were quantita-
tively different from the responses in the con-
tralateral innervated kidney. At the end of the infu-
sion period, urine flow from the innervated kidney
increased to 0.59  0.07 ml/min, which was signifi-
cantly more than that from the denervated kidney
(0.23 ¢ 0.06 ml/min). In the innervated kidney, Na
excretion increased to 132.6 + 13.3 uEq/min, while in
the denervated kidney Na excretion increased only
to 57.4 + 17.9 pEg/min (p<0.05).
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Hepatorenal reflex

The simultaneous infusion of hypertonic solution
and distilled water had no influence on plasma Na
concentration and plasma osmolality. Thus, the
hepatoportal region was selectively stimulated by
hypertonic solution without any significant changes
in systemic blood concentration. The portal infusion
of 9% NaCl decreased renal nerve activity by 29 + 3%
without any changes in mean arterial pressure (Fig.
3). In contrast, the combined infusion of distilled
water via the portal vein and 9% NaCl via the infe-
rior vena cava had no influence on renal nerve activ-
ity. The combined infusion of 6.5% LiCl and distilled
water also had no effect on renal nerve activity. In
hepatic denervated rabbits, the decrease in renal
nerve activity during the combined infusion of 9%
NaCl via the portal vein and distilled water via the
inferior vena cava was completely abolished.

Hepatojejunal reflex:

When 9% NaCl was infused via the inferior vena
cava, the net absorption of Na and CI was 1.34 and
1.05 mEq, respectively. Those values were not differ-
ent from values without any infusion. Conversely,
the portal 9% NaCl infusion significantly decreased
the net absorption of Na and C1 (0.29 ¢ 0.16 and 0.13
+ 0.16 mEq, respectively). When 6.5% LiCl was in-
fused via the portal vein, the net absorption of Na
and Cl tended to decrease but did not reach the
statistically significant level. The portal infusion of
50% glucose did not have any significant effects on
the net absorption of Na and Cl. To examine the
afferent pathway of the decreased net absorption
during the portal infusion of 9% NaCl, the net ab-
sorption of Na and Cl were examined before and
after hepatic denervation. The decrease in net ab-
sorption of Na and Cl induced by the portal 9% NaCl
infusion was completely abolished by hepatic dener-
vation (Figure 4). To examine the efferent pathway
of the decreased net absorption during the portal
infusion of 9% NaCl, the net absorption was ex-
amined before and after an intravenous injection of
atropine. Atropine completely abolished the
decrease in net absorption induced by the portal 9%
NaCl infusion (Fig. 4).

DISCUSSION

The major findings of the present study are: (1)
the intravenous hypertonic NaCl infusion elicits the
decrease in renal nerve activity, which has a signifi-
cant role in augmentation of urinary Na excretion in
response to NaCl load; (2) the hypertonic NaCl infu-
sion into the portal vein elicits reflex decreases in
renal nerve activity and jejunal net absorption of Na
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Fig. 3. Changes in renal nerve activity to portal venous (PV)
or inferior vena caval (IVC) infusion of 9% NaCl or 6.5% LiCl
are illustrated. *P <0.05, significantly different from control.
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Fig. 4. Effects of 9% NaCl infusion via the portal vein on net
Na absorption before and after hepatic denervation (upper
panel) and atropine injection (lower panel). *P<0.05, signifi-
cantly different from control.

and Cl; (3) these responses may not be due to an
osmotic stimulus to the hepatoportal region; (4) the
afferent pathway of these reflexes is the hepatic
nerves; and (5) the efferent pathways of these re-
flexes include the renal sympathetic nerves and the
cholinergic fibers to the jejunum.

Intravenous infusion of hypertonic NaCl solution
elicited not only the increases in plasma NaCl con-
centration and osmolality but also the decrease in
hematocrit. This suggests that the hypertonic
stimulus elicited a shift of interstitial fluid into the
vessels. If this is the case, then the infusion of hyper-
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tonic NaCl solution elicits not only osmotic, Na, and
Cl load but also a volume load. A volume load with
isotonic saline decreased renal nerve activity, which
was mediated predominantly by the vagus nerve
(Morita et al., 1985). However, the decrease in renal
nerve activity in the present study was not only due
to the volume load, since the decrease in renal nerve
activity induced by the NaCl load was not abolished
by sinoaortic baroreceptor denervation plus vago-
tomy (Morita et al., 1991). Combined hepatic dener-
vation and sinoaortic baroreceptor denervation plus
vagotomy completely abolished the decrease in renal
nerve activity (Morita et al., 1991). Thus, the hepatic
nerves mediate the decrease in renal nerve activity
in response to the hypertonic NaCl infusion.
Furthermore, Vallet and Baertschi (1980) demon-
strated that the superinfusions of the portal vein
with hypertonic NaCl increases neural activity in
the hypothalamo-neurchypophysial tract. These re-
sults indicate that the hepatic NaCl receptor affect
renal NaCl and water excretion by altering renal nerve
activity and neurohypophysial hormone release.

The simultaneous infusion of hypertonic solution
and distilled water did not alter plasma Na concen-
tration and osmolality of the systemic circulation but
elicited a small decrease in hematocrit (—0.9 £ 0.3%).
Thus, the simultaneous infusion elicited not only a
selective stimulation on the hepatic receptors but
also a volume load. Volume load itself decreases
renal nerve activity (Morita et al., 1985). However,
the decrease in renal nerve activity in the present
study could not have been due to a volume load, since
renal nerve activity did not decrease when distilled
water was infused intraportally and 9% NaCl was
simultaneously infused intracavally. In both cases,
the same volume (10 ml/10 min) was infused.
Moreover, the decrease in renal nerve activity could
not have been due to the osmotic stimulus on the
hepatoportal region, since equiosmotic LiCl did not
have a significant effect on renal nerve activity.
Thus, we believe that the intrahepatic receptors
which reflexly decrease renal nerve activity may be
NaCl sensitive.

In the present study, we demonstrated that the
hepatic osmo- and/or ionic receptor reflexly controls
jejunal Na and Cl absorption and/or secretion. This
reflex occurred when the intrahepatic receptors were
stimulated by hypertonic NaCl but not by equi-
osmotic glucose. This suggests that intrahepatic re-
ceptors of this reflex may not be osmosensitive but
rather sensitive to changes in Na or Cl ion concen-
tration. The intraportal equiosmotic LiCl adminis-
tration tended to decrease jejunal net absorption of
Na and Cl, although it did not reach significant level.
Moreover, net Na and Cl absorption during the por-

tal LiCl infusion were not significantly different
from these during the portal NaCl infusion. Thus, we
cannot rule out the possibility that osmolality may
be the stimulus.

The existence of ion-sensitive receptors in the
liver is supported by electrophysiological observa-
tions of Andrews and Orbach (1974). They have re-
corded afferent nerve activity in the rabbit liver,
which responded to alterations of NaCl concentra-
tion but not to those of sucrose, glucose, or mannitol.
However, in their study, LiCl was similarly effective.

To examine the efferent pathway of the decreased
net absorption, jejunal net absorption was measured
before and after the intravenous injection of
atropine. Atropine completely blocked the decrease
in net NaCl absorption induced by the portal 9%
NaCl infusion, suggesting that acetylcholine is the
nerve transmitter of the efferent pathway. Although
we did not measure parasympathetic nerve activity
to the jejunum, it may have increased during the
portal infusion of 9% NaCl. In support of this hy-
pothesis, electrical and chemical stimulation of the
dorsal motor nucleus of the vagus nerve decreased
water absorption and the response was abolished by
cervical vagotomy (Martin et al., 1989).

CONCLUSIONS

In conclusion, we have provided the evidence that
an intrahepatic ionic receptor affects renal NaCl
excretion and jejunal NaCl absorption. The afferent
pathway is the hepatic nerve and the efferent path-
ways includes the renal sympathetic nerve and
cholinergic fibers to the jejunum. Orally ingested
and intestinally absorbed NaCl first circulate
through the portal and hepatic vasculature, then
extracellular NaCl homeostasis may be controlled by
altering intestinal absorptive and renal excretory
functions before systemic NaCl concentration is al-
tered. These observations introduce the interesting
concept that the body fluid regulating system starts
its operation before the composition of systemic
blood is altered.
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