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Abstract
This study investigated the role of post-ingestive signals in the satiation of thirst or salt appetite. Post-
ingestive signals, defined as those arising from the passage of fluid into the duodenum and proximal
jejunum, were manipulated by implanting rats with gastric fistulas. After recovery, rats were water
deprived and the following day gastric fistulas were opened (sham-drinking) or closed (control).
Deprivation-induced thirst significantly increased water intake with sham-drinking rats consuming
four-fold more than controls after 120 min access. Subsequently, rats were given sodium deficient
chow for 48 h and the next day were administered furosemide and urine was collected. Twenty-four
hours later, gastric fistulas were manipulated and rats were given water and 0.5 M NaCl and intakes
were measured. After 120 min of access, rats were sacrificed and plasma sodium (pNa) and plasma-
renin-activity (PRA) were measured. Furosemide resulted in a loss of 2.2 mEq of sodium in urine
and sham-drinking rats consumed significantly more water and 0.5 M NaCl when compared to
controls. At 120 min sham-drinking rats consumed 7.5 mEq of sodium nearly twice that of controls
but had significantly lower pNa and significantly increased PRA. Interestingly, the ratio of water to
0.5 M NaCl intake was similar in both groups, with each making a mixture of ≈ 0.25 M NaCl. The
results suggest that post-ingestive signals are necessary for the satiation of thirst and salt appetite.
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Introduction
Water and sodium consumption are compensatory behavioral responses that increase blood
volume and plasma sodium (pNa) when faced with such deficits. Though the peripheral signals
that stimulate these behaviors and the central actions responsible for their expression have been
studied extensively, the processes that mediate the satiation of thirst and salt appetite have
received much less attention. In this regard, the research that has investigated the satiation of
water and sodium consumption has used a variety of approaches that have produced conflicting
results.

Drinking bouts elicited by water deprivation or intravenous infusion of hypertonic saline are
terminated ≈ 8 min after initiation (1). At this time, the increased plasma osmolality that
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accompanies these treatments is alleviated, but 80% of the water that was ingested remains in
the stomach and small intestine (1). The mechanisms underlying the cessation of stimulated
water intake remain an area of investigation and oropharyngeal signals (2), visceral
osmoreceptors (3), gastric distention (4) and gastrointestinal fill (1) have been examined as
contributors. Similarly, the mechanisms underlying the satiation of salt intake driven by sodium
deficit remain uncertain. For example, intragastric loading of NaCl failed to reduce subsequent
salt intake resulting from adrenalectomy or intraperitoneal dialysis, suggesting that digestive
or post-ingestive signals do not contribute to the satiation of sodium consumption (5,6). These
results were interpreted to mean that gustatory or oral-pharyngeal signals arising from the
natural act of ingestion are critical for reducing the drive to consume sodium. Nonetheless,
ensuing research demonstrated the contrary. Specifically, bypass of gustatory or oral-
pharyngeal signals via direct gavage or nasopharyngeal infusion of NaCl into the stomach of
rats treated with the natriuretic, furosemide, attenuated salt intake indicating that post-ingestive
signals do contribute to the satiation of salt appetite (7,8). The onset of gavage-induced satiation
was much slower than that observed during the natural consumption of NaCl, which
incorporates gustatory signals, suggesting that both gustatory and post-ingestive factors may
contribute to the satiation of salt intake (8). Thus, the role that gustatory and post-ingestive
signals play in sating the salt intake that follows sodium deficiency has not been explicitly
discerned.

The goal of the present study was to evaluate the contribution of oral-pharyngeal and post-
ingestive signals to the satiation of thirst and salt appetite. Post-ingestive signals, defined here
as those arising from the passage of fluid and electrolytes into the duodenum and proximal
jejunum, were manipulated by implanting rats with chronic dwelling gastric fistulas, and
subsequently, thirst and salt appetite were elicited by water deprivation or furosemide
administration, respectively. Together, the results suggest that post-ingestive signals are
necessary for the satiation of the thirst or salt appetite that follows water deprivation and sodium
depletion. However, the ratio of water to 0.5 M NaCl that is consumed by sodium- depleted
rats is independent of post-ingestive feedback and intact gustatory or oral-pharyngeal signals
are sufficient to generate this ratio.

Methods
Animals

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 300-400 g at the
beginning of the study were used. Rats arrived at least 2 wk before the onset of the experiment
and were individually housed on a 12-h light, 12-h dark cycle (0600-1800 h) with ad libitum
access to pelleted rat chow (LM-485; Harlan Teklad, Madison, WI) and water unless noted
otherwise. All procedures were approved by the University of Cincinnati Internal Animal Care
and Use Committee. Body weights were monitored throughout the course of the study.

Gastric fistula surgery
For all experiments, rats were anesthetized with ketamine HCl (100 mg/kg body wt, ip; Bristol
Laboratories, Syracuse, NY) and acepromazine (1.37 mg/kg body wt, ip; Ayerst Laboratories,
Inc., New York, NY). After the onset of anesthesia, rats were given buprenorphine (0.25 mg/
kg, sc) and gentamycin (0.2 ml, im). Subsequently, rats were placed on their back and a ventral
incision on the midline of the skin below the xiphoid was made, and a separate incision was
made on the midline abdominal wall to visualize the stomach. The stomach was gently retracted
onto sterile gauze, and a small incision was made on the ventral fore-stomach to introduce a
stainless steel fistula. Purse string suture, using chronic gut was made around the incision, the
gastric fistula was inserted, and anchored with 2 ties of suture made through the base of the
fistula that rest inside the stomach, thereby firmly mounting the fistula to the stomach wall.
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Purse string suture was closed, a puncture wound was made through the skin just outside of
fistula entry point, and the outer portion of fistula housing was passed through the skin puncture
wound. Skin incisions were closed with prolene and Vetbond skin adhesive when necessary.
A stainless steel washer was threaded over the outer housing of fistula to hold it in place. All
rats were given 2 wk to recover prior to the start of experimental testing.

Deprivation-induced water intakes
Rats were implanted with gastric fistulas as described. After 2 wk recovery, rats were placed
into hanging wire cages, which contained a longitudinal slit in the floor. To acclimate rats to
the gastric fistula preparation, fistulas were opened and stomachs were rinsed with 5 ml of
warmed isotonic saline. Gastric fistulas were coupled to plastic tubing that was inserted through
the longitudinal slit in the cage bottom. The plastic tubing drained into a 50 ml conical tube,
which collected gastric contents. Rats were acclimated this way for 2 h each day for 3
consecutive days. Forty-eight hours later (at 1100 h), rats were water deprived for 24 h. After
the water deprivation period, gastric fistulas were opened and stomach contents were rinsed
and drained with 5 ml of warmed isotonic saline. Next, gastric fistulas were closed (control; n
= 7) or remained open (sham-drinking; n = 6) and fitted for drainage as described above.
Subsequently, rats were given water in graduated cylinders and intakes were recorded at 15,
30, 60 and 120 min. After the final intakes were recorded, fistulas were closed and rats were
returned to plastic shoebox cages.

Furosemide-induced water and salt intakes
Two weeks later, the same rats were placed into hanging wire cages and acclimated to the
gastric fistula preparation for 2 h each day for 3 consecutive days. Forty-eight hours later, rats
were injected with 0.35 ml of isotonic saline to establish basal water and salt intakes with the
gastric fistulas open or closed. The following day, stomachs were rinsed with 5 ml of warmed
water and gastric fistulas were closed (control; n = 6) or remained open (sham-drinking; n =
7) and fitted for drainage as described. Water and 0.5 M NaCl were given in graduated cylinders
and intakes were recorded at 15, 30, 60 and 120 min. The subsequent morning, rats were placed
on sodium deficient rat chow (Harlan Teklad, Madison, WI) and, 48 h later injected with
furosemide (10 mg/kg s.c. in 2 equal injections spaced 1 h apart) and the 0.5 M NaCl solution
was removed. Twenty-four hours later, urine was collected, gastric fistulas were opened and
stomachs were rinsed with 5 ml of warmed water. Rats were then randomly assigned, regardless
of previous sham-drinking experience, to have gastric fistulas closed (control; n = 6) or opened
(sham-drinking; n = 7) and fitted for drainage as described. Subsequently, water and 0.5 M
NaCl was given in graduated cylinders and intakes were recorded at 15, 30, 60 and 120 min.
After the final intakes were recorded, rats were sacrificed and trunk blood samples were
collected.

Analysis of urine and plasma sodium
Urine volume was recorded for each rat and the amount of sodium lost after furosemide was
determined using a Dual Channel Flame Photometer (Cole-Parmer Instrument Company,
Veron Hills, IL). Plasma sodium was determined using a Rapid Lab Blood Gas Analyzer
(Bayer, Boston, MA).

Analysis of plasma-renin-activity
A separate cohort of rats was implanted with gastric fistulas and sodium depleted as previously
described. Sham-drinking (n=4) and control rats (n=4) were given water and 0.5 M NaCl as in
the previous experiment and after 120 min access were sacrificed and trunk bloods were taken
for the determination of PRA. Plasma-renin-activity was measured by radioimmunoassay using
a 125I kit from Diasorin (Vercelli, Italy) as previously described (9,10,11).
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Statistical analysis
All data are expressed as means ± SEM. Data were analyzed using Statistica (StatSoft, Tulsa,
OK). Deprivation-induced water intakes were assessed using 2-factor repeated measures
ANOVA with condition (sham-drinking or control) and time as the factors. For experiments
examining salt appetite, water and 0.5 M NaCl intakes were assessed with 3-factor repeated
measures ANOVA with condition (sham-drinking or control), treatment (saline or furosemide)
and time as the factors. The amount of sodium lost or consumed was assessed with a 1-factor
ANOVA. Main effects or interactions (P<0.05) were assessed with a Student Newman Keuls
test. The pNa, PRA and the molar concentration of the mixture of water and 0.5 M NaCl that
was ingested were assessed with a t-test.

Results
Deprivation-induced water intake

Figure 1 shows deprivation-induced water consumption by control and sham-drinking rats
during 120 min access to water. As expected, there were significant effects of time (F = 101.3,
P < 0.001) and condition (F = 202, P < 0.001) on deprivation-induced water intake. There also
was a significant interaction between time and condition (F=46.03, P < 0.001). Post-hoc
analyses revealed that the water intake of control rats was significantly increased (P < 0.05) at
15 and 30 min; however, significant increases were not found thereafter, suggesting satiation.
In contrast, the water intake of sham-drinking rats significantly increased (P < 0.05) after each
time point with intakes at 120 min significantly greater than that at 60 min. Moreover, the
intake of sham-drinking rats was significantly greater (P < 0.05) at 15, 30, 60 and 120 min
when compared to that of controls. In fact, after 120 min access to water the intakes of sham-
drinking rats was over 4-fold that of their real drinking counterparts.

Furosemide-induced water and salt intakes
Figure 2 depicts the intakes of rats treated with isotonic saline or furosemide and then given
access to water and 0.5 M NaCl in the control or sham-drinking condition. As expected, there
was a significant effect of treatment on the intake of water (F = 40.8, P < 0.001) and 0.5 M
NaCl (F = 60.3, P < 0.001) with rats treated with furosemide consuming more when compared
to those given isotonic saline. It should be noted that control and sham-drinking rats consumed
similar amounts after injection of isotonic saline (i.e. non-stimulated condition). There were
also effects of time and condition on the water (F = 34.3, P < 0.001; F = 6.02, P < 0.05) and
0.5 M NaCl (F = 4.45, P < 0.05; F = 4.45, P < 0.05) intakes that followed furosemide. Finally,
there was a significant interaction between furosemide and time on water and 0.5 M NaCl
intake (F = 31.5, P < 0.001; F = 23.5, P < 0.001). Post-hoc analyses found that the water intake
of control rats treated with furosemide was significantly (P < 0.05) increased at 30 min;
however, like deprivation-induced intake, furosemide treated controls failed to significantly
increase thereafter, suggesting satiation. In contrast, sham-drinking rats treated with
furosemide significantly (P < 0.05) increased water intake over time with intakes at 120 min,
significantly greater than that at 60 min. Examination of 0.5 M NaCl consumption elicited by
furosemide found that control rats significantly (P < 0.05) increased sodium intake at 15 min,
but significant increases were not found thereafter. The 0.5 M NaCl intakes of sham-drinking
rats treated with furosemide significantly increased at each time point and the amount
consumed at 120 min was significantly greater (P < 0.05) than that at 60 min. As predicted,
sham-drinking rats consumed significantly more (P < 0.05) water at 30, 60 and 120 min when
compared to that of controls. Similarly, sham-drinking rats consumed significantly (P < 0.05)
more 0.5 M NaCl at 30, 60 and 120 min when compared to that of controls. Interestingly,
despite different absolute water and sodium intakes after furosemide, both control and sham-
drinking rats had nearly identical ratios of water to 0.5 M NaCl intake with each making a
mixture of ≈ 0.25 M NaCl (see Figure 3).
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Analysis of urine and plasma sodium
Figure 4 shows the total amount of sodium (mEq) lost and consumed in control and sham-
drinking rats. There was no difference in the mEq of sodium lost by control and sham-drinking
rats, and consequently, these groups have been combined. As can be seen, furosemide-treated
rats lost ≈ 2.2 mEq of sodium in urine, which is similar (P = 0.10) to the amount of sodium
consumed by control rats. However, the sodium intake of sham-drinking rats was significantly
greater (P < 0.05) than the amount lost as a consequence of furosemide and the amount
consumed by controls. Figure 5 shows the pNa of control and sham-drinking rats after 120 min
access to water and 0.5 M NaCl. Despite consuming more water and sodium, sham-drinking
rats have significantly lower (P < 0.05) pNa compared to controls.

Analysis of plasma-renin-activity
Figure 6 shows the PRA of rats treated with furosemide and then given 2 h access to water and
0.5 M NaCl in the control and sham-drinking conditions. Despite consuming more water and
saline, the PRA of sham-drinking rats is significantly elevated (P < 0.05) when compared to
that of controls.

Discussion
The goal of the current study was to evaluate the role of post-ingestive and oral-pharyngeal
signals in the water and sodium intake that follow water deprivation or sodium depletion.
Elimination of post-ingestive signals greatly increased the deprivation-induced water
consumption of sham-drinking rats with intakes at 120 min over 4-fold greater than that of
their real drinking counterparts. Furthermore, control rats ceased to increase water intake after
30 min, while the intakes of sham-drinking rats were significantly elevated across time.
Similarly, furosemide-induced water and 0.5 M NaCl intake of sham-drinking rats was greatly
augmented when compared to that of controls. Specifically, sham-drinking rats consumed
nearly twice the amount of 0.5 M NaCl, but had significantly lower pNa and higher PRA when
compared to that of controls. Moreover, the water or 0.5 M NaCl intake of control rats didn't
significantly increase after 30 or 15 min, respectively; however, the intakes of sham-drinking
rats significantly increased after each time point. Although control and sham-drinking rats had
different absolute intakes, the ratio of water to sodium consumption was virtually identical
with both groups making a mixture of ≈ 0.25 M NaCl. Collectively, these results suggest that
post-ingestive signals are necessary for the satiation of water and sodium intake that follows
water deprivation or sodium depletion. However, intact gustatory or oral-pharyngeal signals
are sufficient to generate the ratio of water to sodium that is consumed after furosemide.

In the present study, water deprivation elicited a greater intake in sham-drinking rats when
compared to controls. The deprivation-induced water intake of sham-drinking rats was robust
and significantly increased at each time point, whereas most of the control intake occurred
within the first 30 min. Collectively, these results suggest that the sham-drinking preparation
eliminates a signal that inhibits deprivation-induced water intake.

During sham-drinking the ingested fluid is immediately drained from the stomach, thereby
removing any gastric fill that would occur as a consequence of consumption. It is possible that
sham-drinking rats consume more water after deprivation because gastric-distention has been
eliminated and this potential inhibitory signal for water intake has been released. However,
studies examining water intake while the ingested fluid is confined to the stomach argue against
gastric distention as an inhibitory signal for water consumption. That is, water deprived rats
consume more water when the ingested fluid is confined to the stomach by a pyloric cuff than
when it is allowed to enter the duodenum, suggesting that the distention that occurs as a
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consequence of gastric filling does not contribute to the satiation of deprivation-induced water
intake (4,12,13).

Water deprivation produces both extracellular and intracellular dehydration; however, the
drinking that occurs after rats have been deprived of water, but not food, is believed to be
stimulated by increased plasma osmolality (14,15). This, in conjunction with reports that the
increase in vascular volume that accompanies deprivation-induced drinking does not coincide
with termination of consumption; indicate that restoration of extracellular volume is not a major
factor in the satiation of deprivation-induced water intake (16). Rather, previous studies
demonstrate that decreased plasma osmolality is tightly correlated with the cessation of
deprivation-induced drinking (15,16,17). That is, animals stop drinking when plasma
osmolality falls to pre-deprivation levels, an effect that is believed to be due, in part, to the
rapid passage of electrolytes from the blood to the duodenum and proximal jejunum (15,18,
19). The sham-drinking preparation prevents the entry of fluid into these portions of the small
intestine, which prohibits the passage of electrolytes from the blood into the gut. Thus, it is
possible that the augmented water intake of sham-drinking rats can be attributed to sustained
elevation of plasma osmolality because the ingested fluid cannot access the small intestine and
decrease plasma osmolality.

Administration of furosemide produces sodium depletion by inhibiting Na/K/Cl co-
transporters in the loops of Henle, thereby promoting the excretion of sodium in urine.
Subsequently, pNa is decreased and PRA is elevated, which in turn, increases circulating levels
of angiotensin II and aldosterone (20). Angiotensin II and aldosterone act in the periphery to
initiate vasoconstriction and sodium reabsorption, compensatory physiological responses to
hyponaterima. These hormones also act synergistically in the brain to stimulate the arousal of
salt appetite, a compensatory behavioral response to sodium deficit (21,22). Though the arousal
of salt appetite has been studied extensively (for review see 23), much less is known about the
mechanism that sates depletion-induced sodium and water intake.

In the present study, the furosemide-induced water and 0.5 M NaCl intake of sham-drinking
rats was significantly greater than that of controls. Specifically, sham-drinking rats consumed
≈ 7.5 mEq of sodium after furosemide, which is nearly double that of the control intake and is
four-times the amount that was lost in urine. Moreover, control rats treated with furosemide
did not significantly increase intake of 0.5 M NaCl after 15 min; however, the sham-drinking
rats significantly increased consumption of 0.5 M NaCl across time with intakes at 120 min
significantly greater than that at 60 min, strongly suggesting that the salt appetite of these
animals was not sated. These results are consistent with those of previous research using this
technique to investigate salt appetite (24,25,26) and strongly indicate that gustatory or oral-
pharyngeal signals are not sufficient for the satiation of depletion-induced NaCl consumption.

Clearly, the passage of fluid and electrolytes beyond the stomach and into the duodenum and
proximal jejunum is necessary for the satiation of salt appetite, but the neural and humoral
signals that apprise the brain that sodium deficit has been alleviated remains unclear. In this
regard, depletion-induced NaCl intake is rapidly decreased by infusion of saline into the
hepatic-portal vein, which led to the hypothesis that the hepatic vagus nerve carries afferent
signals pertaining to the sodium content of the hepatic portal vein and that such signals
contribute to the satiation of salt appetite (27). However, research examining salt appetite after
section of the hepatic branch of the vagus cast uncertainty on this hypothesis because surgical
removal of this nerve did not affect NaCl intake induced by sodium depletion (28).

In our study, after 2 h access to 0.5 M NaCl and water, the pNa of sham-drinking rats was ≈
142 mM and PRA, a stimulator of salt appetite, was significantly elevated compared to controls.
Intravenous infusion of hypertonic saline rapidly increases plasma volume and osmolality and
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decreases PRA (29), thereby removing angiotensin II and aldosterone as excitatory signals for
sodium intake. Because restoration of vascular volume does not predict satiation of fluid intake
(16), it is reasonable to speculate that increased pNa inhibits the excitatory humoral signals for
salt intake, and consequently, sates deficit induced NaCl consumption. In this regard, the
concentration of the ingested fluid was ≈ 250 mM, which creates a concentration gradient that
facilitates the passage of electrolytes from the duodenum and proximal jejunum into the blood.
Such an exchange may rapidly increase plasma osmolality and attenuate PRA before the
ingested fluid has entered the vasculature.

Finally, it is interesting that despite drinking drastically different total amounts of fluid after
sodium depletion, sham-drinking and control rats consumed similar water to 0.5 M NaCl ratio.
Specifically, sham-drinking and control groups both consumed water and 0.5 M NaCl in
proportions that produced a mixture of ≈ 0.25 M NaCl, suggesting that the ratio of water to 0.5
M NaCl that is consumed after sodium depletion is not dependent on post-ingestive signals.
Consequently, it is likely that gustatory or oral-pharyngeal signals are sufficient to mediate the
amount of water to 0.5 M NaCl that is consumed after sodium deficit. Taste is the sensory
modality most heavily implicated in the detection and consumption of sodium. Under normal
conditions rodents consume NaCl solutions at a variety of concentrations with maximal
consumption occurring at 0.15 M NaCl (30). Sodium depletion renders taste responses to
sodium chloride less sensitive (Contreras 1977), which may explain the tendency for sodium-
deficient rats to consume concentrated NaCl solutions that were previously rejected. Blunted
taste sensitivity likely contributed to ratio of water to 0.5 M NaCl that was consumed by sodium
depleted rats and may represent a behavioral mechanism that produces an osmotic gradient
that promotes the passage of sodium from the duodenum and proximal jejunum into the blood.

In sum, the present results indicate that post-ingestive signals are required for the satiation of
depletion-induced salt appetite. The humoral and neural mechanisms mediating the inhibition
of the salt intake that follows sodium depletion remains to be elucidated. We propose that the
passage of sodium beyond the stomach allows for the exchange of electrolytes from the
duodenum and proximal jejunum to the blood, which rapidly increases plasma osmolality,
thereby removing the excitatory humoral signals for sodium consumption.
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Figure 1.
Cumulative intake of control and sham-drinking rats during 120 min access to water. At 15,
30, 60 and 120 min sham-drinking rats had greater intakes when compared to controls. Water
intakes of controls ceased to significantly increase after 30 min whereas the intakes of sham-
drinking rats increased over time. * = significantly greater than controls P < 0.05; † =
significantly greater than the previous time point P < 0.05.
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Figure 2.
Cumulative intakes of control and sham-drinking rats during 120 min access to 0.5 M NaCl
(left) and water (right). Control and sham-drinking rats consume similar amounts of 0.5 M
NaCl and water after injection of saline. Administration of furosemide significantly increases
0.5 M NaCl and water intake. Sham-drinking rats consume significantly more 0.5 M NaCl and
water at 30, 60 and 120 min when compared to controls. The intakes of sham-drinking
significantly increased across time. * = significantly greater than closed P < 0.05; † =
significantly greater than the previous time point P < 0.05.
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Figure 3.
Ratio of 0.5 M NaCl to water intake (mol of Na+ / L of water). Rats treated with furosemide
make similar mixtures of 0.5 M NaCl and water, regardless of condition (control vs sham-
drinking).
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Figure 4.
Amount of Na+ lost and consumed after furosemide and 120 min access to 0.5 M NaCl and
water. As can be seen, furosemide-treatment caused ≈ 2.2 mEq of Na+ to be lost in urine, which
is similar to the amount consumed by controls. In contrast, sham-drinking rats ingested ≈ 7.5
mEq of Na+ nearly twice the amount of that lost in urine or consumed by controls. * =
significantly greater than Na+ lost in urine or consumed by controls rats P < 0.05.
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Figure 5.
pNa of control and sham-drinking rats treated with furosemide and given 120 min access to
0.5 M NaCl and water. Despite consuming twice the amount of Na+, sham-drinking rats have
significantly lower pNa when compared to their control counterparts. * = significantly less
than closed P < 0.05.
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Figure 6.
PRA of control and sham-drinking rats treated with furosemide and given 120 min access to
0.5 M NaCl and water. PRA of sham-drinking rats remains significantly elevated when
compared to that of controls. * = significantly less than open P < 0.05.
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