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Effect of Methylxanthines on the Spontaneous Appetite for NaCl Solutions in 
Rats’ (41 41 6) 
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Abstract. Dietary administration of theophylline (2.5 g/kg of food) induced a spontaneous 
appetite for NaCl solution in female rats given a choice between water and 0.25 M NaCl so- 
lution to drink. The appetite was accompanied by a reduction in preference threshold to one- 
third that of controls as determined by the two-bottle choice technique. Dietary admin- 
istration of 3-isobutyl-l-methylxanthine (IBMX) (2.50 g/kg of food) was also accompanied 
by a spontaneous appetite for 0.25 M NaCl solution when female rats were allowed to 
choose between it and distilled water to drink. The mechanism by which theophylline and 
IBMX affect the appetite for NaCl solutions is unknown but could be related to their phos- 
phodiesterase inhibitory activity and/or to their ability to block adenosine receptors. 

In a series of studies, Kodama et al. (1) 
and Sakata et al. (2) reported that treatment 
of rats with the methylxanthine, theophyl- 
line, attenuated their rejection of quinine- 
adulterated food. They also showed that 
treatment with theophylline diminished the 
acceptance of saccharin-adulterated food 
when saccharin was present in its “opti- 
mal” concentration while diminishing the 
rejection of the food when saccharin was 
present in a high concentration. Thus, 
theophylline-treated rats appeared to have 
an attenuated gustatory responsiveness to 
both the sweet and bitter modalities of 
taste. 

It was the initial objective of the studies 
described below to determine whether the 
responsiveness of the modality for salt, as 
represented by sodium chloride, was also 
attenuated by theophylline. Because the re- 
sults of these studies revealed an increased 
responsiveness and a striking appetite for 
NaCl solutions, an additional methylxan- 
thine compound, 3-isobutyl-l-methylxan- 
thine (IBMX), was also studied. 
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Materials and Methods. Experiment I :  
Effect of dietary administration of theoph- 
ylline on spontaneous intake of 0.25 M 
NaCl solution. This study used 12 female 
Blue Spruce Farms (Sprague - Dawley) rats 
weighing 280 to 320 g. They were main- 
tained in a thermoregulated room (26 ? 1”) 
which was illuminated from 8 AM to 8 PM. 
The rats were divided randomly into two 
equal groups and placed in individual cages. 
Each rat was given a choice between dis- 
tilled water and 0.25 M NaCl solution to 
drink. Fluid containers were infant nursing 
bottles with cast aluminum spouts as de- 
scribed by Lazarow (3). Both groups were 
fed finely powdered Purina Laboratory 
Chow. Food containers were spill resistant 
and have been described in detail (4). Fluids 
and food were available ad libitum. Food 
and fluid intakes, as well as body weight, of 
each rat were measured daily for 5 consec- 
utive days. At the end of this time, one 
group of rats was given the same food into 
which 2.5 g theophylline/kg was thoroughly 
mixed. The second group received the same 
food without theophylline. Daily intakes of 
food and fluid were again measured for two 
5-day periods beginning on the day of 
treatment. 

Experiment 2: Effect of theophylline on 
the preference threshold for NaCl in rats. 
The rats used in Experiment 1 were also 
used in this experiment. One week elapsed 
between the experiments. During this time 
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the treated rats  continued to  receive 
theophylline in their food and both groups 
were given only water to drink. 

A preference threshold study was carried 
out using both groups of rats. Each rat, 
caged individually, was offered initially a 
choice between two bottles of distilled 
water. At 2-day intervals, the concentration 
of NaCl in one of the bottles was increased 
while the other bottle contained distilled 
water. In chronological sequence, the con- 
centrations of NaCl solution used were: 
0.010, 0.020, 0.030, 0.050, 0.075, 0.100, 
0.200,0.250, and 0.300 M. Each concentra- 
tion of NaCl solution was made from the 
same concentrated stock solution by serial 
dilution. Intakes of water, NaCl solution, 
and food were measured daily, as was body 
weight. Preference threshold for each rat 
was considered to be the concentration at, 
and above, which NaCl intake was consis- 
tently and significantly greater than intake 
of distilled water offered simultaneously (6). 

Experiment 3: Effect of dietary adminis- 
tration of 3-isobutyl-1 methylxanthine on 
spontaneous intake of 0.25 M NaCl solu- 
tion. Twelve naive female rats of the Blue 
Spruce Farms (Sprague - Dawley) strain 
weighing 230 to 250 g were used. They were 
maintained under conditions identical to 
those described for Experiment 1. The rats 
were divided randomly into two equal 
groups and caged individually. Each rat 
was allowed to choose between two bottles, 
one containing 0.25 M NaCl solution and 
the other containing distilled water. Finely 
powdered Purina Laboratory Chow was the 
food provided. Fluid and food were avail- 
able ad libitum. Intakes of fluids and food, 
as well as body weight, of each rat were 
measured daily for one week. During the 
second week, one group received food into 
which 3-is0 bu tyl- 1 -methy lxanthine (IBMX) 
(2.50 g/kg) had been mixed thoroughly, 
while the second group received the same 
food without the drug. Intakes of food and 
fluids, as well as body weight, were also 
measured daily during the second week. 

Statistics. For Experiments 1 and 3, the 
mean intakes of water, NaCl solution, and 
food for each treated group were compared 
with those of the appropriate control group 

by means of a two-tailed two-sample t test 
(5). The same test was used to compare in- 
takes of NaCl solution and distilled water 
for each group of rats in Experiment 2. Sig- 
nificance was set at the 95% confidence 
limit. 

Results. Experiment I. The effect of di- 
etary administration of theophylline on 
spontaneous daily intakes of hypertonic 
(0.25 M) NaCl solution, water, and food are 
shown in Table 1. During the control period 
(first column), the theop hylline-treated 
group had no drug in its food. Hence, the 
intakes of 0.25 M NaCl solution, water, and 
food, as well as the ratio of NaCl solution 
ingested to the total fluid volume ingested 
were similar for both groups. However, 
during the first 5 days of treatment (second 
column), intake of 0.25 M NaCl solution in- 
creased significantly (P < 0.05) in the 
theophylline-treated group compared to the 
intake of NaCl solution by the control 
group. Intakes of distilled water and food, 
as well as body weight, were unaffected by 
the addition of theophylline to the food. 
Intake of theophylline averaged 118 mg/ 
kg/day . 

During the second 5-day period of treat- 
ment with theophylline, the results were 
nearly identical to those of the first 5-day 
period. During the course of this experi- 
ment, about 40 to 45% of the total daily 
fluid intake was ingested from the bottle 
containing NaCl solution by control rats 
while theophylline-treated rats ingested 
about 65% of their total fluid as NaCl solu- 
tion during each 5-day treatment period. 

Experiment 2. Control rats detected the 
difference between distilled water and NaCl 
solution offered simultaneously when the 
concentration of NaCl was 0.030 M, while 
theophylline-treated rats detected the dif- 
ference at the lowest concentration offered, 
i.e., 0.010 M (Fig. 1). Thus, chronic admin- 
istration of theophylline decreased the 
preference threshold for detection of NaCl 
solution to  one-third that of controls. 
Maximal intake of NaCl solution occurred 
at the same concentration for both groups, 
i.e., 0.075 M or  75 meqhiter. However, 
theophylline-treated rats did not reject 
NaCl solution in favor of water at any con- 
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TABLE I. EFFECT OF DIETARY ADMINISTRATION OF THEOPHYLLINE (2.5 g/kg FOOD) ON SPONTANEOUS DAILY 
INTAKES OF HYPERTONIC NaCl SOLUTION, WATER, AND FOOD 

WATER 

. I  . .  1 1 1 ,  

Experimental Number 
POUP of rats 

Mean fluid and food intakes 
(ml or g/lOO g body wt/day) 

Treatment period 
Control period 

(5 days) First 5 days Second 5 days 

Control 6 Body weight 
0.25 M NaCl 
Distilled water 
Food 
NaCYtotal fluid 

Theophylline treated 6 Body weight 
0.25 M NaCl 
Distilled water 
Food 
NaCYtotal fluid 

303 2 5 a  
5.2 2 0.8 
6.4 & 1.1 
4.2 2 0.3 

0.45 * 0.07 
302 * 2 
6.0 2 1.3 
6.3 f 0.7 
4.1 2 0.2 

0.51 2 0.07 

3 0 4 2 7  
4.5 2 0.6 
6.6 2 0.5 
4.6 2 0.2 
0.40 2 0.05 

303 2 2 
10.5 2 2.1* 
6.9 & 1.1 
4.6 & 0.2 

0.65 2 0.08 

305 * 7 
4.6 2 0.7 
7.0 2 0.8 
4.8 f 0.1 

0.44 2 0.07 

310 2 3 
10.3 f 2.2* 
6.5 2 1.3 
4.8 f 0.1 

0.66 2 0.10 

One standard error of mean. 
* Significantly different from control (P < 0.05). 
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FIG. 1. A preference-aversion curve for control (A) and theophylline-treated (B) rats is shown. 
Intake of NaCl is represented by the closed circles and intake of distilled water by the open circles. 
One standard error is set off at each mean. *P < 0.05; **P < 0.01. 
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centration of NaCl solution offered whereas 
control rats first ingested significantly (P < 
0.01) more water than NaCl solution when 
the concentration of the NaCl solution was 
0.25 M or 250 meqlliter (Fig. 1). Treatment 
with theophylline had no significant effect 
on food intake, and there were no signifi- 
cant differences in body weight throughout 
the experiment. 

Administration of theophylline was not 
accompanied by an increase in water intake 
when choice was allowed between two bot- 
tles of distilled water (compare the first set 
of points in Figs. 1A and B). Total fluid 
intake increased in the theophylline-treated 
group only when a choice was offered be- 
tween distilled water and the first concen- 
tration of NaC1. 

Experiment 3. Intakes of water and 0.25 
M NaCl solution were similar for the two 
groups during the control period prior to 
drug treatment (Fig. 2). During treatment 
with IBMX, water intake decreased signifi- 
cantly (P < 0.01) while intake of NaCl so- 
lution increased significantly (P < 0.01) 
compared with simultaneous intakes by the 
control group. The ratio of NaCl intake/ 
total fluid intake varied from 20.1 k 1.5% 
(SE) during the control period to 46.2 & 
3.4% during the 5-day treatment with 
IBMX. Treatment with IBMX reduced food 
intake (4.3 k 0.2 vs 3.1 2 0.3 g/lOO g body 
weighuday) and body weight (317 k 5 vs 
292 t 4) significantly compared to pre- 
treatment control values (P < 0.01). Intake 
of IBMX averaged 78 mg/kg/day. 

Discussion. The results of these studies 
indicate that both theophylline and IBMX 
induce a spontaneous appetite for NaCl 
solution in rats at the doses used. Of these 
compounds, only theophylline was tested 
to  determine its effect on preference 
threshold for NaCl solution by the two- 
bottle choice technique. The results of this 
study showed that theophylline-treated rats 
could detect the difference between water 
and NaCl solution when the concentration 
of the NaCl solution was one-third of that 
detectable by control rats, i.e., 0.010 M 
versus 0.030 M, respectively. Although 
IBMX was not tested for its effect on pref- 
erence threshold for NaCl solutions, it is 
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a0.25M NaCl 

i WEEK 2 

3- ISOBUTYL-I-METHYL XANTHINE 
12.50q/kg food) 
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FIG. 2. Mean intakes of water (open bar) and 0.25 M 
NaCl solution (hatched bar) are shown for the control 
group (left panel) during the first and second week of 
the experiment. Similar intakes are shown in the right 
panel for the treated group during Week 1 (prior to 
treatment) and during Week 2 when IBMX was added 
to the diet at 2.50 glkg food. One standard error is set 
off at each mean. **P < 0.01. 

likely that the preference threshold would 
have been reduced. It has been observed in 
this laboratory that an appetite for NaCl 
solution is customarily accompanied by an 
ability to detect the difference between dis- 
tilled water and NaCl solution at a signifi- 
cantly lower concentration of NaCl than 
that observed for controls (7- 12). 

The time course for the development of 
the appetite for NaCl solution is relatively 
rapid. The salt appetite developed within 5 
days of treatment with theophylline and 
within 1 week of treatment with IBMX. 
Thus, the physiologic factors affecting the 
appetite for salt occur relatively quickly 
following treatment with these methylxan- 
thines. 

A possibility exists that both increased 
total fluid intake and the appetite for NaCl 
solution are the result of the diuretic and 
natriuretic properties of theophylline. 
However, an increase in water intake was 
not observed when the treated rats were 
offered choice between two bottles of dis- 
tilled water to drink in Experiment 2 (Fig. 
1). Hence, the diuretic effect of theophyl- 
line, if it existed at the dose administered in 
this study, did not manifest itself as an in- 
crease in water intake. Whether the natri- 
uretic effect of theophylline can account 
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for the appetite for NaCl solution remains 
to be studied. 

The reduced preference threshold for 
NaCl solution observed here was a sur- 
prising finding in view of the attenuated 
gustatory responsiveness of theophylline- 
treated rats for quinine- and saccharin- 
adulterated foods reported by Kodama et 
al. (1) and Sakata et al. (2). No attempt was 
made in the present study to determine 
whether the same results would be ob- 
served if quinine or  saccharin were pre- 
sented to the rats in solution rather than in 
food. Such experiments should be per- 
formed in theophylline-treated rats to de- 
termine whether post-ingestional factors 
may play a role. If such results are verifi- 
able when saccharin and quinine are pre- 
sented in solution, they will indicate that 
theophylline, and perhaps other methyl- 
xanthines, increase the sensitivity of the 
taste modality for NaCl (salt) while de- 
creasing it for quinine (bitter) and saccharin 
(sweet). On the other hand, the results of 
this study may also be considered from the 
point of view of the much higher aversion 
threshold for NaCl solutions accompanying 
administration of theophylline (Fig. 1 ) .  
When this aspect is taken into account, the 
results appear  to  agree with those of 
Kodama et al. (1) and Sakata et al. (2). 
Thus, the aversiveness of hypertonic con- 
centrations of NaCl solution was reduced in 
the presence of theophylline. 

With respect to food intake, Merkel et al. 
(13) reported that caffeine, another methyl- 
xanthine, may either enhance or decrease 
food intake, depending on the dose admin- 
istered acutely to rats. The lowest dose (3.1 
mg/kg body wt) enhanced, while the highest 
dose (100 mg/kg body wt) depressed food 
intake. In the studies reported here, chronic 
treatment with theophylline, resulting in a 
daily intake of 118 mg/kg/day, did not affect 
food intake significantly (Table I). Since 
tolerance to  methylxanthines develops 
rapidly, this may account for the lack of 
effect of theophylline on food intake in the 
present study (14). However, a daily intake 
of 78 mg IBMWkg body weight decreased 
food intake in the present study. 

The mechanism by which the appetite for 
NaCl solutions is induced by methylxan- 
thines deserves comment. These com- 
pounds are known to block adenosine re- 
ceptors and to inhibit phosphodiesterase, 
an enzyme which inactivates cyclic AMP 
by converting it to 5’-AMP (15). Blockade 
of adenosine receptors can lead to either 
stimulation or  inhibition of cyclic AMP 
synthesis, depending on the type of cell in- 
volved, while inhibition of phosphodies- 
terase always leads to an increase in cyclic 
AMP concentration. Whether inhibition of 
the phosphodiesterase enzyme and/or 
blocking of adenosine receptors plays a role 
in the induction of the salt appetite is un- 
known and awaits additional study. 

Caffeine has been reported to increase 
plasma renin activity (by 57%), plasma nor- 
epinephrine concentration (by 75%), and 
plasma epinephrine concentration (by 
207%) in humans (16). Caffeine is therefore 
a potent stimulator of both plasma renin 
activity and adrenomedullary secretion in 
humans. It is likely that the concentration 
of aldosterone would also have been in- 
creased under  these conditions since 
angiotensin I1 is an important stimulator of 
aldosterone secretion. If a similar response 
occurs in rats, the appetite for salt may be 
induced in a number of ways: (a) by a direct 
effect of angiotensin I1 at a central site (17), 
(b) by an effect of aldosterone either cen- 
trally or  on plasma sodium and potassium 
concentrations, (c) by an effect on cere- 
brospinal fluid sodium and/or potassium 
concentrations, or  (d) by an effect on sali- 
vary sodium and/or potassium concentra- 
tions (12, 18, 19). It is difficult to know 
which one of these, or  other possibilities, 
can explain the observed appetite for NaCl 
solution. 
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