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ABSTRACT 

 

Sodium (Na
+
) is an essential mineral required in many body processes including fluid 

balance, neural conduction, cell membrane transport, muscle contraction, enzymatic function, 

and blood pressure maintenance. Dietary Na
+
 deprivation elicits a hormonal response to promote 

sodium conservation, and a behavioral response to increase sodium ingestion. It has generally 

been accepted that the former occurs within 24-h after sodium deprivation, while the latter is 

delayed and may not appear until as long as 10 d later. Na
+
 deprivation of similar duration also 

decreases the sensitivity of the chorda tympani nerve (CT) to NaCl, suggesting that changes in 

CT responses are necessary for increased NaCl intake. However, recent work from our 

laboratory showed that, in short term tests, licking responses to NaCl solutions increased 

following only two days of Na
+
 deprivation, suggesting a rapidly occurring change in NaCl taste 

responses. Accordingly, the following experiments were designed to accomplish two primary 

goals. The first experiment used microstructural analysis to examine patterns of NaCl 

consumption after two days of Na
+
-deficient diet. The goal of the second experiment was to 

determine whether brief dietary Na
+
 deprivation decreases CT responses to NaCl, and to assess 

CT amiloride-sensitivity after brief (2 days) or prolonged (10 days) dietary Na
+
 deprivation.  

The obtained results show 24-h intakes did not differ; however patterns of ingestion were 

altered by two days of Na
+
 deprivation. Na

+
-deficient rats licked significantly more during the 

first NaCl intake bout compared to control rats, but the two groups had comparable numbers of 

licks for the remaining NaCl bouts. CT responses to NaCl were reduced at all concentrations 

after both brief and prolonged Na
+
 deprivation compared to Na

+
-replete controls. Moreover, 

amiloride, which suppressed CT responses to NaCl by approximately 30% in controls, had 

virtually no effect on CT responses in Na
+
-deprived rats. 

These results show that two days of Na
+
 deprivation are sufficient to alter patterns of 

ingestion of concentrated NaCl and provide further support for early changes in gustatory 

responses after brief dietary Na
+ 

deprivation. Furthermore, these results suggest that both brief 

and prolonged Na
+
 deprivation lead to changes in CT responses to NaCl that may selectively 

involve the amiloride-sensitive component of NaCl taste. 
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INTRODUCTION 

 

 Salt is a common additive in the diet of the majority of Americans. Processed foods often 

lose flavor during manufacturing, and the addition of salt is a common way to enhance the taste. 

Salt has recently come into the spotlight as a potential major contributor to significant health 

concerns, such as hypertension, heart disease and stroke. Sodium (Na
+
) is an essential mineral 

required in many bodily processes including fluid balance, neural conduction, cell membrane 

transport, muscle contraction, enzymatic function, and blood pressure maintenance. Due to its 

important role, Na
+
 is very tightly regulated within the body. Despite its crucial role in bodily 

processes, sodium is not synthesized within the body. Various forms of sodium deprivation have 

been studied in an animal model, specifically rats, in order to identify the consequences of 

limiting this nutrient and to examine the physiological significance of Na
+
.  

  Many physiological, hormonal, and behavioral changes occur as a result of Na
+
 

deprivation. Behaviorally, sodium deprivation results in an exaggeration of the natural 

preference for isotonic sodium chloride (NaCl) solutions and also a deficiency-induced 

willingness to ingest highly concentrated NaCl solutions avoided under Na
+
-replete conditions 

(6, 16, 28, 29, 34). Known as salt appetite, this phenomenon has been studied for many years 

using behavioral, electrophysiological, and hormonal assays. Dietary Na
+
 deprivation elicits a 

hormonal response to promote Na
+
 conservation which occurs within 24-h after deprivation (9, 

11). It has also been accepted that salt appetite is delayed and does not appear until as long as ten 

days after deprivation (14, 23, 37). An explanation for the temporal disconnect between these 

two biologically related compensatory responses has remained unanswered. 

 However, recent work from our laboratory has demonstrated that these responses may be 

more closely linked in time than previously suspected. Salt appetite is a behavioral response in 

which rats will seek out the Na
+
 that their bodies require for normal functioning. The sense that 

allows a rat to identify sodium in its environment is taste. Due to an increased need to detect Na
+
, 

it has been suggested that Na
+
 deprivation may elicit changes in the sensitivity of taste receptors. 

An alteration of the sensitivity of taste receptors may result in an increase in the palatability of a 

concentrated salt solution or a decrease in the aversive qualities that rats normally avoid (1, 14). 

 

Salt Appetite 

 Salt appetite is a specialized mechanism which has evolved for detecting and eliminating  
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deficits in body sodium levels. A range of experimental models have been used to induce Na
+
 

loss and examine the resulting salt appetite. Pharmacologically-induced Na
+
 loss occurs when 

rats are given furosemide, a diuretic which works on the kidneys to increase the body’s loss of 

water, assorted minerals, and electrolytes, including Na
+
 (2, 3, 9, 15). Other models of Na

+
 loss 

are more invasive including adrenalectomy and hemorrhage (9, 15). Adrenalectomy involves the 

removal of the adrenal glands which leads to an inability to retain sodium by eliminating the 

secretion of aldosterone, the hormone which regulates sodium balance in the blood (1, 34). Other 

experiments create a hemorrhage in rats in which the loss of blood volume leads to 

compensatory mechanisms including thirst and increased salt consumption to achieve 

homeostatic levels of water and Na
+
 in the blood (15). Another common model of sodium loss is 

dietary Na
+
 deprivation in which the rats are simply fed rodent chow with a minimal amount of 

Na
+
 (9, 15). Each model has advantages and disadvantages, and provides unique insight into the 

body’s homeostatic compensatory mechanisms. An advantage to the dietary Na
+
 deprivation 

paradigm is that it mimics the Na
+
 loss that may occur in a natural environment without 

manipulating other aspects of the rat’s physiology.  

 In the absence of a need for Na
+
, rats show a preference for dilute NaCl solutions (9). 

Intake of NaCl solutions of a range of concentrations in Na
+
-replete rats has been described as an 

inverted U-shaped curve (1, 6, 16). NaCl intake peaks at NaCl concentrations at or near 

isotonicity, while NaCl intake decreases at both lower and higher concentrations. When rats are 

deprived of Na
+
, they will more readily consume higher concentrations of NaCl (6, 16, 28, 29, 

34).  

 Hormonally, sodium deprivation activates the renin-angiotensin system to increase 

aldosterone secretion (9, 40). This increased aldosterone secretion leads to a reduction of sodium 

loss in urine, perspiration, and saliva. While 24-h of maintenance on a Na
+
-deficient diet is 

sufficient to activate these hormonally-mediated compensatory responses, behavioral responses 

appear to be delayed (11). Previous studies show that eight to ten days of dietary Na
+
 deprivation 

are necessary to increase 24-h intake of a hypertonic NaCl solution (14, 23, 37). 

 Despite this delayed increase in NaCl consumption over a 24-h period, Curtis et al. 

(2001) found that in short-term access tests (10 s), licking responses to NaCl solutions increased 

following as little as two days of dietary Na
+
 deprivation. This suggests that there may be rapidly 
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occurring changes in NaCl taste responses that 24-h consumption tests lack the resolution to 

detect.  

 

Peripheral Gustatory Responses 

 The hypothesis that taste responses change during Na
+
 deprivation is further supported by 

electrophysiological studies. The chorda tympani nerve (CT) is one of three sensory nerves that 

conveys taste information from taste receptors in the tongue to the brainstem. The CT, a branch 

of the seventh cranial nerve, innervates the taste receptors on the anterior 2/3 of the tongue, and 

is the main component involved in NaCl taste information transmitted during salt appetite (9, 

31).  

 Studies show that adrenalectomy or 8-10 days of dietary Na
+
 deprivation resulted in a 

reduction in taste nerve responses to a range of NaCl concentrations (8, 10, 24). Furthermore, 

this reduction in nerve responses was specific to Na
+
-specialist neurons, while Na

+
 deprivation 

did not alter responses of other neuron groups (10).  Similarly, Na
+
 depletion produced by 

furosemide reduced CT responses to NaCl (3). Moreover, rats maintained on Na
+
 deficient diet 

from early gestation through post-natal day 28 had reduced CT responses to a range of 

concentrations of NaCl (20). 

Other physiological mechanisms activated by Na
+
 deprivation may influence activity 

within central nervous system (CNS) areas such as the nucleus of the solitary tract (NST) and the 

parabrachial nucleus (PBN). The CT transmits information about NaCl taste to the NST, the first 

central relay for taste, which also projects to the PBN, another central taste nuclei (9, 22).  

Whereas dietary Na
+
 deprivation reduced the activity of neurons in the NST (30) and in the PBN 

(35), multiple furosemide-induced Na
+
 depletions increased the firing of NST neurons compared 

to that in Na
+
-replete animals (7, 38). The authors speculate that this latter difference may be 

attributable to methodological differences, but in any case, it is clear that changes are occurring 

in peripheral and central gustatory signaling following Na
+
 deprivation.  

 

Amiloride-Sensitivity 

 Lingual application of amiloride, an epithelial Na
+
 transport blocker, partially inhibits 

responses to NaCl both behaviorally and electrophysiologically. During short-term access tests, 

rats licked significantly less to a range of NaCl solutions when mixed with amiloride, behaving 

as if the combination of amiloride and salt is tasteless (13, 27). Interestingly, the addition of 
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amiloride to NaCl solutions significantly increased the NaCl detection threshold by Na
+
-replete 

rats (17). When Na
+
 deprivation was induced with furosemide, rats given amiloride prior to or 

mixed with a concentrated NaCl solution licked less NaCl than controls receiving water prior to 

NaCl or Na
+
-replete controls (2, 5, 27). This suggests that amiloride may have varying effects on 

NaCl preference depending on whether the animals are in a state of Na
+
 need.  

 The application of amiloride suppresses whole nerve responses of the CT specifically to 

NaCl, but not to potassium chloride (KCl), without eliciting a CT response itself (18). As 

mentioned previously, CT responses to NaCl were reduced during Na
+
 deprivation compared to 

Na
+
-replete controls regardless of the model used to induce deprivation (3, 8, 10, 24). An 

understanding of the mechanism by which Na
+
 deprivation suppresses CT responses to NaCl is 

limited. We believe that an alteration of the amiloride-sensitive pathway may play a role in 

attenuating responses. Bernstein and Taylor (1992) did not observe changes in the amiloride-

sensitivity of the CT following Na
+
-depletion by furosemide. However, the physiological 

mechanisms involved in dietary Na
+
 deprivation and furosemide treatment differ, and this may 

lead to varying effects on peripheral gustatory responses. Aldosterone levels are elevated during 

dietary Na
+
 deprivation. Aldosterone infusions to Na

+
-replete animals altered the amiloride-

sensitive component of CT responses to NaCl (19). Finally, studies show that in developing rats, 

while amiloride suppressed CT responses by approximately 50% in control rats, it had virtually 

no effect on CT responses to NaCl in Na
+
-deficient rats (20, 21).  

  

Purpose 

 While it has generally been accepted that increased NaCl intake does not occur until 8-10 

days following dietary Na
+
 deprivation, recent evidence from our laboratory suggests that 24-h 

intake tests may simply lack the resolution to detect rapidly occurring changes. With short-term 

access tests, Curtis et al. (2001) demonstrated that taste responses to NaCl changed in as little as 

two days of dietary Na
+
 deprivation. However, the way in which these changes in NaCl taste 

may influence the pattern of NaCl consumption following 2 days of Na
+
 deprivation remains 

unknown. Contreras and Hatton (1975) visually observed the temporal characteristics of salt 

consumption in rats maintained on a Na
+
-deficient diet for 10 days. They found that during the 

first 10 minutes of drinking, the Na
+
 deprived rats had shorter time between drinking episodes 

and drank consecutively for longer durations than controls. We hypothesized that altered taste 
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responses may allow Na
+
-deprived rats to ingest NaCl in a licking pattern different from that of 

Na
+
-replete rats. Thus, Experiment 1 used a microstructural analysis of concentrated NaCl 

solution ingestion to investigate the licking pattern of Na
+
-deprived and Na

+
-replete rats over a 

24-h period.  

While previous studies suggest that changes in peripheral gustatory responses, 

specifically the CT, may underlie the increased sodium ingestion following dietary Na
+
 

deprivation, durations of deprivation less than 10 days have not yet been assessed. As we believe 

that changes in behavioral taste responses to NaCl may be occurring more rapidly than 

previously suspected, changes in CT sensitivity may underlie this increased licking to NaCl. 

Therefore, Experiment 2 used whole nerve electrophysiological CT recordings to assess CT 

sensitivity to a range of NaCl solutions following both brief and prolonged dietary Na
+
 

deprivation. Furthermore, we hypothesized that an alteration in the amiloride-sensitive 

component of NaCl taste may underlie reduced CT responses. Accordingly, we also recorded 

whole nerve CT responses to a range of NaCl concentrations mixed with amiloride. 

 

GENERAL METHODS 

 

Subjects 

 Male Sprague Dawley rats (Charles River Laboratories) were individually housed in a 

temperature controlled (72º F) room and maintained on a 12:12-h light-dark cycle with lights on 

at 0700 h. Rats had ad libitum access to standard laboratory rodent chow (Purina 5001) and 

deionized water (dH2O), except where noted otherwise. All animal procedures were approved by 

the Florida State University Animal Care and Use Committee, protocol #9237. 

 

EXPERIMENT 1 – MICROSTRUCTURAL ANALYSIS OF SALT CONSUMPTION 

AFTER BRIEF DIETARY SODIUM DEPRIVATION IN RATS 

 

 The goal of Experiment 1 was to determine whether two days of dietary Na
+
 deprivation 

were sufficient to alter patterns of ingestion of a concentrated NaCl solution. Eight to ten days of 

dietary Na
+
 deprivation are necessary to increase 24-h intake of NaCl, while research from our 

laboratory suggests that licking responses to NaCl increase following as little as two days of 

dietary Na
+
 deprivation. While 24-h of Na

+
 deprivation is sufficient to activate hormonally-
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mediated compensatory responses, behavioral responses are delayed. An explanation for the 

temporal disconnect between physiological and behavioral compensatory mechanisms remains 

unanswered. Previous studies demonstrate the advantages of examining pattern analysis of 

ingestive behavior over a 24-h measure. For example, Contreras and Smith (1990) used a 

microstructural analysis to examine the relationship between food, water, NaCl intake, and 

changes in the light/dark cycle to develop an understanding of the role of preabsorptive taste 

signals in the NaCl preference-aversion curve. This study allowed the researchers to examine a 

pattern of ingestion, independent of 24-h intakes which may be influenced by postabsorptive 

signals. Pattern analysis illustrates not only the amount of solution consumed, but also “how” or 

“when” the rat consumed each fluid (36). Therefore, the following experiment used 

microstructural analysis to determine whether behavioral responses may change more quickly 

than previously suspected and to obtain a clearer understanding of the contribution of taste to 

NaCl intake following Na
+
 deprivation.  

 

Methods 

 

Procedure 

 The animals’ licking behavior was examined in modified plastic cages fixed with a metal 

attachment on the back side of the cage to hold two drinking bottles. Whenever the rat’s tongue 

contacted a drinking spout, a circuit was completed and each contact was recorded on the 

computer as a lick. The computer recorded the number of licks from each drinking spout and the 

time of day in which they occurred, and then separated the licks into 30-s bins across the 23-h of 

testing. At the conclusion of testing, the data were transferred to a disk for archiving and future 

analysis.   

 To introduce the animals to NaCl so that it would not be a novel solution during testing, 

rats were given ad libitum access to dH2O in both drinking bottles on the back of the cage along 

with 0.5 M NaCl in a graduated drinking tube on top of the cage and baseline intakes were 

recorded after 24 h and 48 h. These solutions were then replaced with dH2O in a drinking bottle 

on top of the cage while the rats received either Na
+
-deficient chow (Harlan Teklad, Madison, 

WI; NaD, n = 10) or regular chow (control, n = 10). After two days on the Na
+
-deficient or 

control diet, the rats received access to one bottle of 0.5 M NaCl and one bottle of dH20, and 

licking patterns and intakes were recorded for 24 h.  
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Statistical analyses 

 A custom software program (Florida State University, R. Henderson) allowed for licking 

bout analyses. A licking bout was defined by the following parameters: 10 licks in 1 min to start 

bout, 10 licks in 1 min to continue bout, and 5 min pause duration without licking to end bout 

(36, 39). A 2-way (Group x Bout Number) repeated measures analysis of variance (ANOVA; 

Statistica, Statsoft, Tulsa, OK) was performed to compare licks of 0.5 M NaCl during the first 10 

bouts. Due to the observation that NaD rats drank immediately and robustly when the NaCl 

bottle was placed on cage, variables were created for each group to compare both duration and 

number of licks in the first NaCl bout with the average duration and number of licks in 

remaining NaCl bouts. A 2-way (Group x Time) repeated measures ANOVA was performed for 

duration of NaCl licks and number of NaCl licks. In addition, a 2-way (Group x Solution) 

repeated measures ANOVA was performed to examine the mean number of licks of dH20 and 

NaCl during the first drinking bout. Variables of baseline intake of both NaCl and dH2O were 

created for each group by averaging the intakes measured during the two adaptation days and 

these average intakes were assessed using independent t-tests. Total 24-h intakes of NaCl and 

dH2O and total number of bouts were both assessed using 2-way (Group x Solution) repeated 

measures ANOVAs. Pairwise comparisons of statistically significant (P<.05) main effects or 

interactions were evaluated using Newman-Keuls tests.   

 

Results 

 

 Baseline data (not shown) indicate that prior to sodium deprivation, mean 24-h intake of 

NaCl by rats in NaD group (n=10, 3.42 ± 1.3 ml) was not different from NaCl intake of rats in 

control group (n=10, 6.01 ± 2.5 ml; t = -0.905, ns). Similarly, baseline dH2O intake of NaD rats 

(46.49 ± 3.5 ml) was comparable to that of control rats (45.86 ± 3.7 ml, t = 0.126, ns).  

Figure 1 shows the mean 24-h intakes of 0.5 M NaCl and dH2O following two days 

maintenance on Na
+
-deficient diet or Na

+
-containing control diet. As can be seen, the mean  

water intake was significantly greater than NaCl solution intake for both diet groups  

[F(1,18)=34.861, P<.01]. There was no significant group x solution interaction, revealing that  

both diet groups drank similar amounts of NaCl solution and dH2O.   

Microstructural analyses of licking patterns uncovered some significant group differences 

in behavior that were not apparent from the 24-h intake measure. Figure 2 illustrates the number 
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Figure 1: 24-h fluid intake of 0.5 M NaCl and dH2O by control and NaD rats. Mean dH2O 

intake was significantly greater than NaCl intake for both groups (p < .01). Control and NaD 

rats drank comparable amounts of dH2O and NaCl solution.  

 

 

 

 

 
 

Figure 2: Mean number of licks to 0.5 M NaCl by control and NaD rats during the first ten 

bouts. NaD rats had significantly greater licks during the first NaCl bout compared with 

controls. Furthermore, control and NaD rats licked similar amounts in NaCl bouts two 

through ten. * = p < 0.01. 
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of licks to 0.5 M NaCl during the first 10 licking bouts. There was a significant group effect 

[F(1,18)=15.745, P<.01], a significant effect of bout number [F(9,162)=11.706, P<.01], and a  

group x bout number interaction [F(9,162)=9.665, P<.01]. NaD rats had a significantly profound 

increase in licking during the first NaCl bout compared to the remaining 9 bouts, and also 

compared to all 10 NaCl bouts by controls (Ps<.01). Therefore, we collapsed the data to draw a 

comparison between the first drinking bout of NaCl solution with the average of all remaining 

NaCl bouts.  

 

 

Figure 3: NaCl ingestion during first NaCl bout vs. remaining NaCl bouts by control and  

NaD rats. NaD rats had a higher mean number of licks to NaCl in the first bout compared 

with controls. However, NaD and control rats had a comparable number of licks in  

remaining NaCl bouts. * = p < .01. 

 

 

 

 

Figure 3 shows the average number of licks during the first and remaining bouts of NaCl 

for NaD and control groups. The total number of NaCl bouts was similar for the two groups 

averaging 14.2 for the NaD group and 14.9 for the control group. As is evident from Figure 3, 

there was a significant group effect [F(1,18)=20.359, P <.01] and also a group x time interaction 

[F(1,18)=16.776, P<.01]. The mean number of licks in the first NaCl bout was significantly 
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greater for NaD rats than controls (P<.01). In remaining NaCl bouts, NaD rats and controls had 

comparable number of NaCl licks. Similarly, Figure 4 shows that NaCl bout duration also 

differed significantly between the two groups and across time of bout [F(1,18)=15.327, P<.01]. 

Licking duration was significantly longer for the first drinking bout of NaCl solution by NaD rats 

compared with controls (P<.01), while remaining bouts were of comparable duration.  

 

 

 
 

Figure 4: Duration of first NaCl bout vs. remaining NaCl bouts by control and NaD rats.  

NaD rats had significantly longer licking duration in the first NaCl bout than controls.  

NaD and control rats had comparable durations for remaining NaCl bouts. * = p < .01. 

 

 

 

 

Finally, Figure 5 illustrates the number of licks in the first drinking bout of dH2O and 

NaCl by NaD rats and controls. There was a significant group effect [F(1,18)=17.060, P<.01], a 

significant effect of fluid [F(1,18)=7.490, P<.05], and also a group x fluid interaction  

[F(1,18)=11.728, P<.01]. The mean number of licks of NaCl by NaD rats was significantly 

greater than licks in the first dH2O bout of both NaD rats and controls (Ps<.01), which were not 

different from each other.  
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Figure 5: Mean number of licks in first NaCl and dH2O bouts by control and NaD rats. The 

mean number of NaCl licks in first bout by NaD rats was significantly greater than dH2O 

licks of both NaD rats and controls. * = p < .01.  

 

 

 

 

Discussion 

 

 Experiment 1 investigated the pattern of licking to a concentrated NaCl solution by Na
+
 

deprived rats. A microstructural analysis was used as a way to break down consumption of  

fluids into individual licks and duration of continuous licking. Although it has generally been 

accepted that 8-10 days of Na
+
 deprivation are necessary to change behavioral responses to a 

concentrated NaCl solution (14, 23, 37), Curtis et al. (2001) found that changes may be occurring 

in as little as two days of dietary Na
+
 deprivation. This possibility is supported further by the 

results of Experiment 1, which show that two days of dietary Na
+
 deprivation were sufficient to 

alter patterns of ingestion of concentrated NaCl. Similar to previous studies, mean 24-h intakes 

of both a 0.5 M NaCl solution and water were not different between Na
+
-deficient rats and Na

+
-

replete controls (Fig. 1; 14, 37). Despite similar 24-h intakes, when consumption was examined 

using microstructural analysis, changes in licking patterns became evident.  
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 Microstructural analysis revealed an exaggerated first licking bout to 0.5 M NaCl in Na
+
-

deficient animals. Na
+
 deprived rats had a fourfold increase in number of licks during the first 

NaCl bout as compared with Na
+
-replete controls (Fig. 3). In addition, duration of the first NaCl 

bout was significantly longer in Na
+
-deficient rats (Fig. 4). Na

+
-deprived rats increased licking 

and continued to lick immediately after the NaCl solution was presented and consumed 

significantly more NaCl solution than they drank in their first bout of water. Both groups drank 

similar amounts of dH2O during the first bout, which rules out the possibility that NaD rats were 

simply licking more overall (Fig. 5). Furthermore, rats were presented with the NaCl solution for 

2 days prior to microstructure testing to ensure that any effects seen would not be due to 

neophobia.  

 While Na
+
-deficient rats had a significantly higher number of licks than controls during 

the first NaCl bout, number of licks in the remaining bouts were comparable. Similarly, duration 

of the first NaCl bout was longer in NaD rats; however, duration of the remaining NaCl bouts did 

not differ. Since 2 days of Na
+
 deprivation are not sufficient to increase 24-h intake of 0.5 M 

NaCl, but are sufficient to alter initial licking patterns to NaCl, this suggests that a shift occurs 

during the 24-h time period. After the first NaCl bout, it appears that Na
+
-deficient rats 

consumed enough NaCl (approximately 4 ml) to replete body Na
+
 levels to a level at which they 

presumably no longer needed more Na
+
 and therefore licked the concentrated NaCl solution in a 

manner similar to controls. Contreras and Hatton (1975) found that during the first two days of 

Na
+
 deprivation, rats excreted approximately 0.4 milliequivalents (mEq) of Na

+
 in urine, while 

interestingly, rats in Experiment 1 consumed 1.982 mEq of Na
+
 during the first drinking bout. 

Similarly, Stricker et al. (1991) found that Na
+
 retention after 24-h access to NaCl far surpassed 

the collective amount of Na
+
 excreted in urine during 8 days of Na

+
 deprivation. Thus, Na

+
-

deprived rats more than replenished their deficit by fourfold. 

The hormonally-mediated reduction in Na
+
 excretion through urine, perspiration, and 

saliva is evident within 24 h of Na
+
 deprivation (11). Changes in licking patterns seen during 

Experiment 1 suggest that temporally, physiological and behavioral changes during Na
+
 

deprivation may be more closely linked than previously suspected. We believe that due to the 

increased need for Na
+
 during deprivation, gustatory signaling changes may allow for NaCl to 

taste more palatable or less aversive than under normal conditions (1, 14). These rapidly 

occurring gustatory signaling changes may take place at all levels of the neuroaxis from the 
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periphery to the central nervous system in areas such as the NST or PBN (7, 30, 35, 38). 

Prolonged dietary Na
+
 deprivation is reported to decrease CT responses to NaCl (10). Due to the 

rapid nature of behavioral changes, it seems likely that coincident changes may occur 

peripherally. We expected that brief dietary Na
+
 deprivation would affect peripheral gustatory 

signaling, possibly by altering the amiloride-sensitive component of NaCl taste (19, 20). 

Therefore, Experiment 2 was designed to examine the effect of brief dietary Na
+
 deprivation on 

CT responses and also to assess the effect of amiloride on CT responses following both brief and 

prolonged Na
+
 deprivation.  

 

EXPERIMENT 2 – CHORDA TYMPANI NERVE RESPONSES TO SALT 

FOLLOWING BRIEF AND PROLONGED DIETARY SODIUM DEPRIVATION IN 

RATS 

 

 Previous research found that 8-10 days of dietary Na
+
 deprivation reduced whole nerve 

CT responses. Our recent behavioral data suggest that Na
+
 deprivation may cause more rapid 

changes in taste responses to NaCl solutions than was previously considered. Accordingly, the 

first goal of Experiment 2 was to determine whether brief dietary Na
+
 deprivation decreases 

whole nerve electrophysiological responses of the CT to NaCl. Na
+
 transduction occurs through 

an amiloride-sensitive mechanism.  Taste responses to NaCl are partially inhibited by amiloride 

both behaviorally and electrophysiologically (2, 5, 13, 27). Alterations in the amiloride-sensitive 

component of NaCl taste may explain the reduction in CT responses of Na
+
-deficient animals 

compared with Na
+
-replete controls. Therefore, the second goal of this experiment was to assess 

CT amiloride-sensitivity after brief (2 days) or prolonged (10 days) dietary Na
+
 deprivation.  

 

Methods 

 

Procedure 

 Prior to electrophysiological recording, rats were given either two days of Na
+
-deficient  

chow (NaD2, n = 7), ten days of Na
+
-deficient chow (NaD10, n = 7), or continued access to 

regular chow (control, n = 10) and dH20 ad libitum.   

Whole nerve electrophysiological recordings were obtained from the CT branch of the 

facial nerve in rats following urethane (1.5 g/kg body weight) anesthesia using methods 
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described previously (26, 33). After the trachea was cannulated, the tongue was kept moist with 

cotton soaked in dH2O and the rat was placed in a nontraumatic head holder. The right CT 

branch of the facial nerve was exposed using a mandibular approach. The CT nerve was 

transected proximally where it enters the tympanic bulla and its perineurium removed to the 

point where the lingual nerve joins the CT nerve. The distal portion of the cut nerve was placed 

on a tungsten wire electrode and coated with Vaseline to prevent drying of the nerve. A silver 

wire indifferent electrode was placed in the muscle tissue near the base of the nerve allowing 

differential amplification (x 10,000) of action potentials.  

Stimulus delivery system. The tongue was slightly extended and held in place with a small 

suture on the ventral surface of the tongue attached to the preparation table. Taste stimuli were 

presented to the anterior portion of the tongue at a constant flow rate, using procedures described 

previously (4, 33). Briefly, a custom designed computer-controlled delivery system and software 

(Florida State University; R. Henderson) controlled input to a mixing platform while maintaining 

continuous solution flow of 50 µl/s.  

Chemical stimulation. Solutions made from reagent grade chemicals were dissolved in 

dH2O and protected from light when not in use. Baseline neural activity was recorded during a 

rinse of dH2O preceding each stimulus presentation. Each taste stimulus was presented for 10 s 

and was followed by a water rinse that flowed continuously over the tongue at 50 µl/s for 60 s to 

ensure that activity returned to stable baseline levels. Chemical stimulation consisted of NaCl 

(75, 150, 300, 450, 600 mM) followed by the same series of NaCl mixed with 100 µM amiloride 

hydrochloride (Sigma), an epithelial sodium channel blocker. A standard stimulus of 30 mM 

quinine hydrochloride (QHCl) was presented at the beginning and end of each protocol along 

with a presentation of 600 mM NaCl to ensure the integrity of each recording session.  

 

Statistical analyses 

 All data were stored on videotape for off-line analysis using a GW Instrument 15-µs data 

acquisition board and custom data analysis software. Amplified nerve activity were integrated 

using a root mean square calculation and a time constant of 150 ms. Average baseline activity for 

10 s was used to calculate the area under the curve (AUC) for the integrated response during 10-s 

delivery of each stimulus. Each response was then normalized and presented as a ratio relative to 

the standard stimulus of 30 mM QHCl to control for individual differences across preparations. 
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Quinine was chosen as a standard stimulus based on previous studies (33), due to the fact that 

amiloride does not affect CT responsiveness to QHCl or the transduction of QHCl through a 

metabotropic transduction mechanism.  

 All data are presented as group means ± S.E.M. Electrophysiological CT responses were 

compared using a three-way (Group x Treatment x Concentration) repeated measures ANOVA. 

Responses to QHCl and baseline activity were both assessed using one-way ANOVAs. Pairwise 

comparisons of statistically significant (P < .05) main effects or interactions were evaluated 

using Newman-Keuls tests.   

 

Results 

 

Figures 6 and 7 show the CT responses to NaCl and NaCl mixed with amiloride at each 

concentration for control versus NaD2 rats and control versus NaD10 rats, respectively. CT 

responses increased significantly as a function of NaCl concentration [F(4,84)=94.219, P<.01]. 

There was a significant main effect of treatment [F(1,21)=14.174, P<.01] and a significant group 

x treatment interaction [F(2,21)=5.261, P<.01]. As is evident from the graphs, post hoc  

 

 
 

     Figure 6: Normalized whole nerve electrophysiological chorda tympani responses to a 

     range of NaCl concentrations in controls and NaD2 rats. Mean responses, relative to  

     30 mM QHCl response, were reduced in NaD2 compared with controls. 100 µM   

     amiloride hydrochloride reduced CT responses in control rats; however, amiloride had  

     little effect on CT responses of Na
+
-deficient rats. * = p < .01. 
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analyses of the interaction revealed that, independent of concentration, control rats had 

significantly greater CT responses to NaCl alone compared with both Na
+
-deficient groups 

(Ps<.01). NaD2 and NaD10 rats had similar CT responses to both NaCl and NaCl mixed with 

amiloride at all concentrations. Figure 6 shows that all CT responses of NaD2 rats were similar 

to responses of control rats to NaCl mixed with amiloride, but significantly lower than responses 

of control rats to NaCl alone. In addition, Figure 7 demonstrates that all CT responses of NaD10 

rats were also similar to responses of control rats to NaCl mixed with amiloride, but different 

from control responses to NaCl alone.  

 

 

 

     Figure 7: Normalized whole nerve electrophysiological chorda tympani responses to a   

     range of NaCl concentrations in control and NaD10 rats. Mean responses, relative to    

     30 mM QHCl response, were reduced in NaD10 rats compared with controls. 100 µM    

     amiloride hydrochloride reduced CT responses in control rats; however, amiloride had    

     little effect on CT responses of Na
+
-deficient rats. * = p < .01. 

 

 

 

 

Figure 8 illustrates the effect of amiloride treatment on CT responses averaged across all 

concentrations for each diet group. As expected, amiloride significantly suppressed CT responses 

by 33.79% in control rats (P<.01). For each Na
+
-deficient group, the normalized CT responses to 

NaCl alone and NaCl mixed with amiloride were similar (Ps>.05). Importantly, the mean 
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baseline activity of the CT was similar for the three groups [F(2,21)=1.796, P=.190] as well as 

the CT responses to 30 mM QHCl [F(2,21)=0.977, P=.393].  

 

 
Figure 8: Normalized whole nerve chorda tympani responses averaged across all NaCl 

concentrations with and without amiloride for controls, NaD2 rats, and NaD10 rats. 

Amiloride significantly suppressed CT responses in controls; however amiloride had no  

effect on the CT responses from Na
+
-deficient animals. * = p < .01. 

 

 

 

 

Discussion 

 

 Experiment 2 revealed profound differences in CT responses to NaCl between Na
+
-

replete and Na
+
-deprived animals. Following both brief and prolonged Na

+
 deprivation, CT 

responses to all concentrations of NaCl were reduced compared with control nerve responses 

(Fig. 6, Fig. 7). These findings paralleled developmental studies which found that CT responses 

to NaCl were reduced in Na
+
-deprived rats compared to rats reared on normal levels of Na

+
 in 

their diet (20, 33). Moreover, this study replicated the results of a previous study by Contreras 

and Frank (1979), in which they found that 10 days of Na
+
 deprivation reduced the CT responses 

to NaCl. They also found that the reduction in nerve responses following Na
+
 deprivation was 

specific to Na
+
-specialist neurons, while responses of other neuron groups were not altered. 
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However, the study by Contreras and Frank (1979) did not investigate the effect of 

amiloride on NaCl responses. In the present study, lingual application of amiloride eliminated 

differences in CT responses between Na
+
 deprived rats and controls. While amiloride suppressed 

CT responses to NaCl by 34% in control rats as expected (18), it had virtually no effect on Na
+
 

deprived rats (Fig. 8). Furthermore, CT responses to NaCl alone and NaCl mixed with amiloride 

of both NaD2 and NaD10 rats were similar to CT responses to NaCl mixed with amiloride of 

control rats. Along these lines, adult rats reared for a lifetime on basal dietary Na
+
 showed 5% of 

the CT nerve response inhibited by amiloride on CT responses to NaCl, while rats fed an 

intermediate diet showed 28% suppression (33). Furthermore, Hill (1987) showed that CT 

responses of control rats were suppressed 54% by amiloride, while rats Na
+
-deprived during 

development demonstrated that CT responses to 100 mM and 500 mM NaCl were suppressed 

17% and 5% by amiloride, respectively. Together, this suggests that changes in peripheral 

responses to NaCl may be mediated by an amiloride-sensitive component of NaCl taste (19, 20). 

However, there are many potential mechanisms which may underlie the reduction of CT 

responses following dietary Na
+
 deprivation. 

The CT nerve innervates taste receptor cells on the anterior 2/3 of the tongue (9, 31). 

Many of these taste receptor cells contain isolated epithelial Na
+
 channels (ENaC) which show a 

high sensitivity to amiloride (25). Therefore, changes in CT responses during Na
+
 deprivation 

may be mediated by a change in the amount or sensitivity of ENaC on the tongue (24).  Another 

possibility to consider is that the disuse of the taste receptors due to the lack of Na
+
 stimulation 

may alter the receptors and lead to a reduction in amiloride-sensitivity. However, we believe this 

is not very likely due to the fact that taste receptors are bathed in small levels of salivary Na
+
, 

and furthermore; stimulation with NaCl during whole nerve recordings did not lead to any 

changes in CT responses throughout the recording session.   

Another possible contributing mechanism underlying CT changes is an alteration of 

plasma Na
+
 levels. Rats that were Na

+
-deprived for 10 days or less during development had 

increased plasma Na
+
 levels compared to controls; however, adult Na

+
-deprived rats had plasma 

Na
+
 levels similar to those of controls (20). In contrast, Jalowiec and Stricker (1973) found that 

adrenalectomized rats had lower plasma Na
+
 levels than intact animals. While it has been 

concluded that changes in plasma Na
+
 levels are not responsible for increased Na

+
 intake, it may 

be a contributing factor to the finding of reduced CT nerve responses to NaCl (24). 
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The rapid change in CT responses to NaCl following Na
+
 deprivation suggests the 

involvement of hormonally-mediated mechanisms. Aldosterone is a prime hormonal candidate 

for mediating these changes, while angiotensin II and renin may also be involved (32, 38). 

Herness (1992) found that a bolus intraperitoneal injection of aldosterone alters the amiloride-

sensitivity of CT responses. In addition, intracerebroventricular injection of Angiotensin II led to 

a rapid increase in Na
+
 intake in rats that were pretreated with deoxycorticosterone acetate 

(DOCA) or aldosterone (40). This suggests that a combination of changes in aldosterone and 

Angiotensin II may contribute to changes in CT responses. Interestingly, studies of 

adrenalectomized rats, which lack aldosterone, and dietary Na
+
-deprived rats both show a 

decrease in CT responses to NaCl (10, 24). Therefore an increased level of Angiotensin II is a 

common factor which may be affecting CT responses.  

While the underlying mechanisms affecting peripheral signaling remain unknown, the 

results of Experiment 2 showed that both brief and prolonged Na
+
 deprivation reduced CT 

responses compared to controls. Furthermore, amiloride suppressed control CT responses to 

NaCl in controls, but had little effect on CT responses to NaCl of Na
+
 deprived rats. This 

suggests that the amiloride-sensitive component of NaCl taste may be involved in the reduction 

of CT responses during Na
+
 deprivation. These results are important because the CT codes 

information about NaCl taste transmitted during salt appetite (9, 31). Specifically, the firing rate 

of the CT is directly proportional to the stimulus intensity.  Therefore, the reduced 

responsiveness of the CT to NaCl during Na
+
 deprivation suggests a decrease in the intensity 

signal of NaCl at all concentrations. We believe that this decreased intensity of NaCl may result 

in an increase in the palatability or a decrease in the aversive qualities of NaCl during Na
+
 

deprivation (1, 14). Hence, these results support the hypothesis that altered CT responses during 

Na
+
 deprivation may underlie the increased licking to NaCl observed in Experiment 1.  
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CONCLUSIONS 

 

 These experiments provide a multifaceted investigation of behavioral and 

electrophysiological effects following both brief and prolonged dietary Na
+
 deprivation. Previous 

research from our laboratory (14) suggested that 2 days of dietary Na
+
 deprivation may be 

sufficient to alter ingestion patterns of concentrated NaCl, and Experiment 1 supported this 

hypothesis. Additionally, previous studies showed that prolonged dietary Na
+
 deprivation 

reduced CT responses to NaCl (10). We hypothesized that brief dietary Na
+
 deprivation may also 

alter peripheral signaling. Results from Experiment 2 provided support for this hypothesis and 

further examined the possible role of amiloride-sensitivity in CT changes following Na
+
 

deprivation.  

 While it was previously believed that 8-10 days of dietary Na
+
 deprivation were 

necessary to elicit a NaCl appetite in rats (14, 23, 37), these results provide insight about changes 

that may be occurring earlier. Rapid changes in NaCl taste responses following Na
+
 deprivation 

may underlie an exaggerated first NaCl licking bout in a possible attempt to replete body Na
+
 

levels. These findings following brief dietary Na
+
 deprivation provide a model that can be used 

to further examine underlying hormonal and physiological mechanisms of NaCl appetite.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21

FUTURE DIRECTIONS 

 

These experiments were designed to explore the possibility that two days of dietary Na
+
  

deprivation were sufficient to induce behavioral compensatory responses. While the findings 

provide valuable information concerning the effects of brief dietary Na
+
 deprivation, it is clear 

that additional studies will be needed to better understand the mechanisms underlying behavioral 

and electrophysiological responses. Results from Experiment 1 found that 2 days of dietary Na
+
 

deprivation leads to a pronounced licking response to a concentrated NaCl solution. 

Interestingly, this increased licking response occurred only during the first NaCl bout in which 

NaD rats consumed approximately 4 ml of 0.5 M NaCl. This observation suggests that changes 

in NaCl taste may only persist until body Na
+
 levels are replete. Therefore, it will be important to 

determine whether systemic administration of a NaCl load comparable to NaCl ingestion seen 

during the first NaCl licking bout will restore CT responsiveness in Na
+
-deprived animals to 

levels comparable to Na
+
-replete controls.  

Contreras and Hatton (1975) found that within the first 24 h of Na
+
 deprivation, urinary 

Na
+
 output drops rapidly, decreasing to an obligatory level for the remainder of the deprivation 

period. This compensatory mechanism is thought to be mediated by aldosterone, which may also 

underlie changes in CT responses. Therefore, the time course of aldosterone secretion should be 

characterized across the 2 days of Na
+
 deprivation to provide more information about when this 

critical change may occur.  

In addition, little is known about the mechanisms which may underlie changes in  

peripheral gustatory signaling. Therefore, experiments should be designed to test the role of key 

hormones such as aldosterone. Herness (1992) showed that a bolus infusion of aldosterone 

altered the amiloride-sensitive component of CT responses to NaCl. When treated with 

aldosterone, rats showed a larger amiloride-induced inhibition compared with controls. 

Accordingly, future experiments should investigate CT responses following a gradual chronic 

increase of aldosterone which may mimic changes that occur during dietary Na
+
 deprivation and 

following administration of an aldosterone synthesis inhibitor. These experiments will test the 

hypotheses that variations in aldosterone levels underlie changes in peripheral gustatory 

responses. Future studies need to be addressed to gain a better understanding of the underlying 

mechanisms of compensatory responses induced by Na
+
 deprivation.  
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