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levels affect NaCl intake, but not stimulated water intake, by adult
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2003.—We examined body fluid regulation by weanling (21-25 days)
and adult (>60 days) male rats that were offspring of dams fed chow
containing either 0.1, 1, or 3% NaCl throughout gestation and lacta-
tion. Weanling rats were maintained on the test diets until postnatal
day 30 and on standard 1% NaCl chow thereafter. Ad libitum water
intake by weanlings was highest in those fed 3% NaCl and lowest in
those fed 0.1% NaCl. Adult rats maintained on standard NaCl chow
consumed similar amounts of water after overnight water deprivation
or intravenous hypertonic NaCl (HS) infusion regardiess of early
NaCl condition. Moreover, baseline and HS-stimulated plasma Na*™
concentrations also were similar for the three groups. Nonetheless,
adult rats in the early 3% NaCl group consumed more of 0.5 M NaCl
after 10 days of dietary Na™ deprivation than did ratsin either the 1%
or 0.1% NaCl group. Interestingly, whether NaCl was consumed in a
concentrated solution in short-term, two-bottle tests after dietary Na*
deprivation or in chow during ad libitum feeding, adult rats in the 3%
NaCl group drank lesswater for each unit of NaCl consumed, whereas
rats in the 0.1% NaCl group drank more water for each unit of NaCl
consumed. Thus gestational and early postnatal dietary NaCl levels do
not affect stimulated water intake or long-term body fluid regulation.
Together with our previous studies, these results suggest that persis-
tent changes in NaCl intake and in water intake associated with NaCl
ingestion reflect short-term behavioral effects that may be attributable
to differences in NaCl taste processing.

hypernatremia; thirst; development; taste; hypertension

UNDERSTANDING Of the neurobiological bases of behavior and
physiology has benefited immensely from the rich history of
the study of early influences. Clearly, the intrauterine environ-
ment, and thereby fetal development, may be affected by the
availahility of nutrients, prevailing hormone levels, or pharmaco-
logical agents. Similar factors also may affect development during
the early postnatal period. A critical period for the normal devel-
opment of behavioral and physiological function has been impli-
cated in systems ranging from sex-specific reproductive behaviors
to sensation and perception (see Ref. 19 for review).

In species including human, sheep, and rat, challenges to
body fluid regulation that occur during gestation and/or the
early postnatal period have profound and long-lasting effects
on behavior and physiology (2, 7, 8, 11, 13, 14, 18, 20, 27, 28,
33, 36-38). In this regard, manipulations of the NaCl content
of chow consumed by female rats during pregnancy and
lactation affect NaCl intake by their adult offspring, even after
the offspring have been maintained on standard NaCl chow (3,

8-10, 26). After such early dietary NaCl manipulations, adult
rats that were given high (3%) NaCl chow until postnatal day
(PD) 30 have a greater preference for NaCl solutions than do
adult offspring that were given standard (1%) or low (0.1%)
NaCl chow until PD30 (3, 8-10). In addition, dietary Na*
deprivation elicits greater intake of concentrated NaCl solution
by adult ratsin the early 3% NaCl group compared with that by
rats in the early 0.1% NaCl group (10). In contrast, mainte-
nance on high NaCl chow after weaning does not have a
long-term influence on NaCl intake by adult rats (23, 30, 39).
Thus, unlike temporary dietary exposure to high or low NaCl
as adults (23, 30, 39), manipulations of dietary NaCl levels
during an early sensitive period lead to persistent increases in
spontaneous, need-free, and stimulated intake of NaCl solu-
tions by adult rats.

Early dietary NaCl manipulations may affect NaCl intake by
adults vialong-term alterationsin gustatory processing of NaCl
taste information. Consistent with this idea, electrophysiolog-
ical responses of the chorda tympani nerve to lingual NaCl
stimulation are affected by early exposure to an Na* -deficient
diet (18). In addition, a recent study from our laboratory (28)
showed that chorda tympani nerve responses in adult rats are
affected by early dietary exposure to 3% NaCl, even after
maintenance on standard NaCl chow. Nonetheless, changes in
NaCl intake also may constitute a compensatory behavioral
response to changes in renal function or to alterations of body
fluid balance, and in particular of body Na* balance, resulting
from dietary NaCl conditions during an early sensitive period.
The goa of this study was to determine whether the long-
lasting effect of early dietary NaCl manipulations on NaCl
ingestion by adult rats is attributable to a general influence on
behavioral or physiological mechanisms that subserve body
fluid regulation. We examined water intake stimulated by
water deprivation or a systemic NaCl load in adult rats after
early dietary NaCl manipulations. We also examined the effect
of early dietary NaCl conditions on plasma Na* concentration
(pNa), hematocrit (Hct), and plasma protein concentration
(pPro) in newborn and adult rats, along with the effect of a
systemic NaCl load on pNa, Hct, and pPro in adults. Finally,
we evaluated the effect of early dietary NaCl manipulations on
the relationship between food and water intake during ad
libitum feeding in weanling and adult rats.

METHODS
Subjects

Female rats [Sprague-Dawley, CrL:CD(SD)BR, Charles River
Breeding Laboratories], 66 days old and non-littermates, were housed
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in clear plastic cages in a temperature-controlled room with a12:12-h
light-dark cycle. Rats were given ad libitum access to deionized water
(dH20) and a pelleted test diet (Harlan Teklad, modifications of
sodium-deficient diet TD 90228) consisting of either 3.0, 1.0, or 0.1%
NaCl (n = 26/NaCl condition) for 14 days. Each female then was
housed with an adult nonsibling male for 14 days. Femaes were
individually housed thereafter and remained on the NaCl test diets
throughout gestation and lactation until pups were weaned. These
methods incorporate several modifications of those used previously
(3, 9, 10). First, we used diets containing starch, rather than sucrose,
as the primary carbohydrate source throughout the experiments. Sec-
ond, to reduce biases from common genetic background, intrauterine
environment, or early postnatal experience, we used nonsibling rats as
breeders and tested individual rats from multiple litters in each of the
early dietary NaCl conditions in al experiments.

Pups were born as early as 21 days after males and females were
paired. Within 24 h after birth (PD1), litters were culled to eight pups,
retaining six to eight maleg/litter. Litters with fewer than eight pups
were not included. Pups were weaned from their mothers at PD21,
given ad libitum access to dH-0O, and maintained on the test diets for
9 additional days. At PD30, male pups were individually housed and
given standard pelleted chow (Purina 5001; 1.0% NaCl). Except
where noted, the offspring remained on dH,O and standard chow for
the duration of the study.

Some rats were tested in more than one experiment in experiments
1-3. In such cases, testing was separated by 1-3 wk. Each experiment
included similar numbers of rats from each NaCl group that had been
tested previously, and rats were not included in additional experiments
after dietary Na* deprivation.

Experiment 1. water intake after overnight water deprivation. Male
rats (=PD60; n = 11/NaCl condition) were randomly assigned to be
deprived of water overnight (water bottles removed from the cages at
~1700 h) or to have ad libitum access to water. The next morning,
dH>O was given in graduated drinking tubes, and water intake (ml)
was recorded after 5, 10, 15, 30, 45, 60, and 120 min. Two days later,
rats were tested in the opposite condition.

Experiment 2a: water intake after 2 M NaCl infusion. Male rats
(=PD60; n = 5/NaCl condition) were anesthetized with pentobarbital
sodium (0.5 mi/kg ip; Veterinary Laboratories, Lenexa, KS) and fitted
with femoral venous and arterial catheters. The catheters were tun-
neled subcutaneously and exteriorized at the nape of the neck. Cath-
eters were filled with heparinized 0.15 M NaCl and capped when not
in use. Rats were permitted 48 h to recover and then were randomly
assigned to receive 2 M NaCl [hypertonic NaCl (HS; 1 ml/h)] or 0.15
M NaCl [isotonic NaCl (Iso; 1 mi/h)]. On the test day, water bottles
were removed from the cages and the venous catheters were con-
nected to tubing attached to an infusion pump. Rats were permitted to
acclimate for ~30 min before 1-h infusion with either Iso or HS.
Deionized water then was given in graduated drinking tubes, and
water intake (ml) was recorded after 5, 10, 15, 30, 45, 60, and 120
min. Two days later, rats were tested in the opposite condition.

Experiment 2b: pNa, Hct, and pPro.ADULT RATS. Two days after
the behaviora tests in experiment 2a, rats were randomly assigned to
receive HS or Iso infusion as described in experiment 2a. After the 1-h
infusion, a 1-ml blood sample was withdrawn from the arteria
catheter into a heparinized tube. A fraction of each sample was used
to measure Hct (%) with a microcapillary reader (Damon/IEC, Need-
ham Hts, MA), and the remainder was centrifuged. Plasma was
removed for determination of pNa (mmol/l) using an Na*-sensitive
electrode (Ciba-Corning 614; Ciba-Corning Diagnostics, Medfield,
MA) and for pPro (g/dl) using a refractometer (AO Scientific Instru-
ments; Leica, Northvale, NJ). Two days later, rats were tested in the
opposite condition. Data were not obtained in both conditions from all
rats due to catheter failure.

PD1 PUPS. Culled pups from a subset of the litters (n = 6 litters/
NaCl condition) were decapitated, and trunk blood was collected into
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heparinized tubes. Blood samples from each litter were pooled.
Pooled blood samples consisted of 6—11 pupd/litter, of which 40—
100% were female.

Experiment 3: NaCl and water intake after dietary Na™ depriva-
tion. Male rats (=PD60; 3% n = 8; 1% n = 8; 0.1% n = 7) were
given 0.5 M NaCl in graduated drinking tubes, and 24-h intakes were
recorded for 2-3 days. The 0.5 M NaCl then was removed, and rats
were given Na'-deficient chow (0.0%, Harlan Teklad) in place of
their regular chow for 10 days. Rats then were given 0.5 M NaCl and
dH0 in graduated drinking tubes. Intakes (ml) were recorded after 5,
10, 15, 30, 45, and 60 min, at 1-h intervals for the next 4 h, and then
the following morning. The Na concentration of the ingested fluid was
caculated {[NaCl intake (ml) X 0.5]/[total fluid intake (ml)] X
1,000} for each hour during the 5-h test and for the overnight intakes.

Experiment 4. food and water intake by weanling and adult rats.
Weanlings remained on the test diets and were housed eight per cage;
thus, for each day from PD21 to PD25, food and water intake (g) were
calculated for each litter as intake/8 (3% n = & litters; 1% n = 4
litters; 0.1% n = 8 litters). Food and water intake by individual adult
male rats being maintained on standard 1% NaCl chow were recorded
from PD120 to PD125 (n = 20/NaCl condition). For both weanling
and adult rats, a water:food ratio was calculated for each day (water
intake/food intake). Average daily food intake, water intake, and
water:food ratio were calculated for each rat.

Satistics

Results are presented as group means = SE. Group differences
were analyzed by appropriate ANOVA (3-factor ANOVA with re-
peated measures for stimulated water intake and for stimulated NaCl
and water intake; 2-factor ANOV A with repeated measures for pNa,
Hct, and pPro in adults; 3-factor ANOVA for ad libitum food and
water intake; 2-factor ANOVA for water:food ratio; 1-factor ANOVA
for pNa, Hct, and pPro in PD1 pups). Student-Newman-Keuls tests
were used for pairwise comparisons of statistically significant (P <
0.05) main effects or interactions.

RESULTS

Experiment 1: Water Intake After Overnight
Water Deprivation

Water intake was significantly increased after overnight
water deprivation [Fig. 1A; F(1,29) = 287.411, P < 0.001] but
was not affected by early NaCl condition. There was a signif-
icant interaction between treatment and time [F(7,203) =
162.550, P < 0.001]. Pairwise comparisons revesl ed that water
intake after overnight deprivation was >0 by 5 min (P <
0.001). In contrast, water intake when not deprived did not
increase at any time point. Thus water intake was different at
each time point after the two treatments (P values < 0.001).

Experiment 2a: Water Intake After 2 M NaCl Infusion

Water intake also was significantly increased after intrave-
nous infusion of HS [Fig. 1B; F(1,12) = 38.025, P < 0.001],
and the pattern was similar to that after water deprivation.
Water intake was not affected by early NaCl condition; how-
ever, there was a significant interaction between early NaCl
condition, treatment, and time [F(14,84) = 2.347, P < 0.01].
Pairwise comparisons revealed that water intake after Iso did
not differ at any time point. In contrast, after HS, water intake
by ratsin the 1% NaCl group was significantly greater than that
by rats in the 3% and 0.1% NaCl groups at 120 min (P
values < 0.001). Although there also were subtle differencesin
the latency to begin drinking after HS (water intake > 0 by 15
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Fig. 1. Stimulated water intake (ml) by adult rats in the 3% (sguares), 1%
(triangles), and 0.1% (circles) NaCl groups. A: cumulative water intake in 2-h
tests after overnight water deprivation (filled symbols) or when not deprived
(open symbols). B: cumulative water intake in 2-h tests after 1-h iv infusion of
2 M NaCl (1 mi/h; filled symbols) or 0.15 M NaCl (1 mi/h; open symbols).
#First time point > 0 (all groups); $first time point greater than not deprived
(al groups); adifferent from 1%,; “first time point > O (individual groups).

min in rats in the 3% NaCl group; by 30 minin ratsin the 1%
NaCl group; by 10 min in rats in the 0.1% NaCl group; P
values <0.05), these differences were not obviously related to
early NaCl condition.

Experiment 2b: pNa, Hct, and pPro

Adult rats. HS infusion significantly increased pNa
[F(1,5) = 62.410, P < 0.001] and pPro [F(1,5) = 15.764, P <
0.05] but had no effect on Hct (Table 1). Early NaCl condition
did not affect pNa, Hct, or pPro after Iso or after HS.

PD1 pups. Analysis of blood samples taken from culled
pups on PD1 revedled a significant effect of early NaCl
condition on pNa[F(2,15) = 20.384, P < 0.001]. Specifically,
pNain pupsin the 0.1% NaCl group was significantly less than
that in pupsin the 1% and 3% NaCl groups (P values < 0.001),
which were not different from each other (Table 1). In contrast,
neither Hct nor pPro was affected by early NaCl condition
(Table 1). It should be noted that there was no relationship
between the percentage of females in the sample and pNa,
pPro, or Hct.

Experiment 3: NaCl and Water Intake After Dietary
Na* Deprivation

Figure 2 shows intake of water and 0.5 M NaCl by adult rats
in the 3%, 1%, and 0.1% NaCl groupsin 5-h tests after 10 days
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of dietary Na™ deprivation. Intakes were affected by solution
[F(1,20) = 16.280, P < 0.001] and time [F(10,200) = 36.584,
P < 0.001] but not by early NaCl condition. However, there
were significant interactions between early NaCl condition and
solution [F(2,20) = 4.737, P < 0.05] and between early NaCl
condition, solution, and time [F(20,200) = 2.482, P < 0.001].
Pairwise comparisons revealed that NaCl intake was signifi-
cantly greater than 0 by 10 min in rats in the 3% NaCl group
(Fig. 2A; P < 0.01), by 15 min in rats in the 1% NaCl group
(Fig. 2B; P < 0.05), and by 30 min in rats in the 0.1% NaCl
group (Fig. 2C; P < 0.01). Water intake was delayed relative
to NaCl intake but was significantly greater than 0 by 45 min
in rats in both the 0.1% (P < 0.05) and 1% (P < 0.01) NaCl
groups. Interestingly, water intake by rats in the 3% NaCl
group was not greater than O until 240 min (P < 0.01). In fact,
NaCl intake by rats in the 3% NaCl group was significantly
greater than water intake at each time point after 10 min (P
values < 0.01, 0.001). In contrast, NaCl intake by rats in the
1% NaCl group was greater than water intake only at 15 and 30
min (P values < 0.05), and NaCl intake by rats in the 0.1%
NaCl group did not differ from water intake at any time point.
In addition, water intake by rats in the 3% NaCl group was
significantly less than that by rats in the 1% NaCl group at 45,
60, 120, and 180 min (P values < 0.05, 0.01, 0.001) and was
less than that by rats in the 0.1% NaCl group at 60 min and
thereafter (P values < 0.05, 0.001). NaCl intake by rats in the
3% NaCl group was significantly greater than that by ratsin the
0.1% NaCl group at 15 and 30 min (P values < 0.05). Neither
NaCl nor water intake differed between rats in the 1% and
0.1% NaCl groups at any time point.

As would be expected given the differences in ingestion of
NaCl and water, the concentration of the fluid ingested during
the 5-h test (Table 2) was significantly affected by early NaCl
condition [F(2,20) = 4.72, P < 0.05]. Pairwise comparisons
revealed that the concentration of the fluid ingested by rats in
the 3% NaCl group was significantly greater than that ingested
by rats in the 0.1% NaCl group (P < 0.05) and tended to be

Table 1. Plasma Na™ concentration, plasma protein
concentration, and hematocrit in neonate and adult rats in
the 3%, 1%, or 0.1% NaCl groups

Adult
PD1 0.15M NaCl 2 M NaCl

Plasma Na™ concentration, mmol/| *

3% NaCl 1345+1.3F1 143.8+0.3 151.0+04

1% NaCl 133.3+0.91 141.0+20 149.3*+0.7

0.1% NaCl 125.8+0.8 142.7+0.3 149.7+23
Plasma protein concentration, g/dl

3% NaCl 263+0.03 5.88+0.10 6.04*+0.21

1% NaCl 253+0.11 5.83+0.13 6.22+0.21

0.1% NaCl 247+0.08 5.78+0.29 6.18+0.24
Hematocrit, %

3% NaCl 31.2+05 404=x17 38.9+24

1% NaCl 33.2+19 438+48 405*24

0.1% NaCl 32.7x14  37.2x19 37.3+35

Values are means = SE. Baseline plasmaNa™ concentration, plasma protein
concentration, and hematocrit in neonatal rats were evaluated on postnatal day
1 (PD1). PlasmaNa* concentration, plasma protein concentration, and hemat-
ocrit in adult rats were evaluated after 1-h iv infusion of 2 M NaCl or 0.15 M
NaCl at arate of 1 ml/h. *Significantly different from 0.15 M NaCl; tsignif-
icantly different from 0.1%.
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Fig. 2. Cumulative intake of 0.5 M NaCl (ml; filled squares) and water (ml;
open circles) by adult rats in the 3% (A), 1% (B), and 0.1% (C) NaCl groups
in 5-h tests after 10 days of dietary Na*™ deprivation. *Greater than water;
adifferent from 1%; Pdifferent from 0.1%; °first time point >0.

greater than that ingested by rats in the 1% NaCl group (P =
0.059). The concentration of the fluid ingested by rats in the
1% NaCl and 0.1% NaCl groups were not different (P =
0.320). Neither time nor the interaction between early NaCl
condition and time affected the concentration of the ingested
fluid.

Table 2 also shows overnight intake of 0.5 M NaCl and
water by adult rats in the 3%, 1%, and 0.1% NaCl groups after
the 5-h test. Intakes of solutions were significantly different
[F(1,20) = 4.21, P < 0.001; water greater than NaCl]; how-
ever, neither early NaCl condition nor the interaction between
early NaCl condition and solution affected overnight intakes.
As expected based on the lack of group differences in over-
night NaCl and water intakes, there was no effect of early NaCl
condition on the concentration of the ingested fluid (Table 2).

Experiment 4: Food and Water Intake by Weanling and
Adult Rats

As expected, ingestion was significantly affected by age
[F(1,71) = 190.750, P < 0.001] and the substance consumed
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[F(1,71) = 503.740, P < 0.001]. Specifically, adult rats con-
sumed more than did weanlings, and all rats ingested more
water than chow. Ingestion also was affected by early NaCl
condition [F(2,71) = 8.693, P < 0.001] and by the interaction
between early NaCl condition, age, and the substance con-
sumed [F(2,71) = 7.082, P < 0.01]. Pairwise comparisons
revealed no group differencesin chow intake at either age (Fig.
3A). Thus neither early NaCl condition nor the specific diet
consumed (i.e., test diets by weanlings vs. standard 1% NaCl
chow by adults) affected chow intake. In contrast, there were
group differences in water intake (Fig. 3A). Rats in the 3%
NaCl group consumed significantly more water than did ratsin
the 1% NaCl group, both as weanlings and as adults (P values
<0.001). Weanling rats in the 0.1% NaCl group consumed
significantly less water than did weanlings in the 3% NaCl
group (P < 0.001) but amounts comparable to those by
weanlings in the 1% NaCl group. Interestingly then, adult rats
in the 0.1% NaCl group consumed significantly more water
than did adult rats in the 1% NaCl group (P < 0.05) but
amounts comparable to those by adults in the 3% NaCl group.

The relationship between water intake and food intake,
expressed as aratio (water intake/food intake), is shownin Fig.
3B. The water:food ratio depended on age [F(1,71) = 45.083,
P < 0.001] and on early NaCl condition [F(2,71) = 11.957,
P < 0.001]. There also was a significant interaction between
early NaCl condition and age [F(2,71) = 14.732, P < 0.001].
Pairwise comparisons revealed that, in weanling rats, the wa-
ter:food ratio was significantly greater in the 3% NaCl group
compared with those in the 1% and 0.1% NaCl groups (P
values < 0.001), which were not different from each other. In
adult rats, however, the ratio in rats in the 3% NaCl group did
not differ from those in the other two groups, but the ratio was
significantly greater in the 0.1% NaCl group compared with
that in the 1% NaCl group (P < 0.05). Group comparisons of
the water:food ratio in weanling vs. adult rats revealed that the
ratio in adults did not differ from that in weanlings in the 3%
NaCl group. In contrast, the water:food ratio in adults was

Table 2. Concentration of fluid ingested by adult rats in 3%,
1%, and 0.1% NaCl groups during 5-h tests after 10 days of
dietary Na™ deprivation; overnight 0.5 M NaCl intake,
water intake, and concentration of fluid ingested by adult
rats in 3%, 1%, and 0.1% NaCl groups during overnight
access after 5-h tests following 10 days of dietary

Na™ deprivation

NaCl Group
3% 1% 0.1%
Na concentration of ingested fluid,
mmol/l *
60 min 475.9+17.3 304.3+41.7 316.1+40.9
120 min 462.7+24.1 321.6+45.3 270.4+50.0
180 min 468.1+20.9 332.1+41.7 257.5+51.4
240 min 419.8+39.3 324.7+44.4 238.5+50.7
300 min 415.8+41.3 322.0+45.3 2457+48.8
Overnight
NaCl intake, ml 11.3+4.1 9.3+25 6.7+1.8
Water intake, ml 478+8.2  34.2+37 38.6*43
Na concentration of ingested fluid,
mmol/l 76.3+19.0 93.6*+16.1 70.4+14.2

Values are means = SE. *Significantly different from 0.1% NaCl.
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groups. B: water intake-to-food intake ratio (Water:Food) during ad libitum
consumption of food and water by weanling and adult ratsin the 3% (dark gray
bars), 1% (light gray bars), or 0.1% (open bars) NaCl groups. * Different from
weanlings; adifferent from 1%; Pdifferent from 0.1%.

significantly greater than that in weanlings in both the 1% and
0.1% groups (P values < 0.001).

DISCUSSION

Previous studies have shown that manipulations of dietary
NaCl levels during gestation and the early postnatal period lead
to persistent changes in need-free and stimulated NaCl intake
by adult rats (3, 8-10, 26, 36, 37). This study sought to
determine whether early dietary NaCl conditions have selective
effects on NaCl ingestion or whether changes in NaCl intake
reflect long-lasting, generalized changes in the behavioral and
physiological mechanisms that subserve body fluid homeo-
stasis.

The present results confirm and extend studies (3, 8—10)
establishing a relationship between early dietary NaCl levels
and NaCl ingestion during adulthood. Previous studies typi-
caly used long-term intake tests, and, athough there were
group differences in NaCl intake (3, 8—10), the effects often
were subtle. In the present study, adult rats reared either on 3%,
1%, or 0.1% NaCl exhibited striking differences in the tempo-
ral patterns of water and 0.5 M NaCl intake in short-term tests
after dietary Na* deprivation (Fig. 2). Specificaly, rats in the
3% NaCl group consumed primarily NaCl and very little water.
Ratsin the 1% NaCl group consumed somewhat less NaCl and
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substantial amounts of water, athough less water than NaCl.
Finaly, ratsin the 0.1% NaCl group consumed even less NaCl
and greater amounts of water. These group differences were
apparent throughout the 5-h test but were especially noticeable
in the first several hours. Thus early dietary NaCl conditions
can have profound effects on NaCl intake, particularly on
stimulated NaCl intake, and the effects are pronounced in
short-term tests.

Of critical importance, the present study also shows that
early NaCl manipulations did not affect behavioral responses
to treatments that stimulate water intake. Regardless of early
NaCl condition, both water deprivation and HS infusion stim-
ulated comparable water intake by adult rats (Fig. 1). More-
over, pNa in adult rats was not different during baseline
conditions and increased comparably after HS infusion (Table
1), suggesting that the water consumed after HS was appropri-
ate for water and electrolyte balance. Although we did not
measure urinary Na* excretion or plasma hormone levels, the
observation that HS-stimulated increases in pNa were compa-
rable also suggests that hormonal and rena responses to
hypernatremia were not affected by early NaCl conditions.
Collectively, these results indicate that early dietary NaCl
mani pulations have selective effects on NaCl ingestion that are
not attributable to chronic changes in body fluid balance or to
generalized changes in compensatory responses to body fluid
challenges.

Surprisingly, then, water intake associated with NaCl inges-
tion was affected by early NaCl condition (Fig. 2). Adult rats
in the 3% NaCl group drank proportionaly less water com-
pared with 0.5 M NaCl during 5-h tests after dietary Na*
deprivation, so the concentration of the ingested solution was
greater (Table 2). In contrast, adult ratsin the 0.1% NaCl group
consumed proportionally more water, so the concentration of
the ingested solution was lower (Table 2). It is possible that
early NaCl conditions affect the ability to retain Na during
dietary Na* deprivation or the ability to excrete Na* in urine
during NaCl ingestion, thereby altering the water intake nec-
essary for body Na* regulation. However, early NaCl condi-
tions also affect need-free ingestion of both NaCl and water (3,
8-10, 26). Moreover, neither water intake nor pNa differed
among the groups after HS infusion (Fig. 1B; Table 1), sug-
gesting that neither urinary Na* retention nor excretion is
affected by early NaCl conditions. An alternative explanation
isthat the hypernatremiathat results from a systemic NaCl load
is better able to elicit compensatory water intake. Consistent
with this idea, after HS, both the volume of water consumed
and the latency to begin drinking were similar in adult rats
regardless of early NaCl condition (Fig. 1B). When water
intake was associated with ingestion of a concentrated NaCl
solution (Fig. 2), both the volume of water consumed and the
latency depended on early NaCl condition, with smaller vol-
umes and longer latencies in rats in the 3% NaCl group and
greater volumes and shorter latencies in rats in the 0.1% NaCl
group.

Interestingly, early NaCl condition affected fluid intake and
concentration primarily during the initial part of the 5-h test
(Table 2). In contrast, overnight NaCl intake, water intake, and
the concentration of the ingested fluid were comparable in all
groups (Table 2). NaCl consumption €licits behavioral and
physiological responses that involve both early preabsorptive
signals, such as taste, and later postabsorptive signals, such as
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increased pNa (e.g., 25). Although we do not have measure-
ments of pNa during the behavioral test, it seemslikely that the
delayed water intake by adult rats in the 3% NaCl group is
attributable to the time necessary for absorption of the ingested
NaCl and the subsequent increase in pNa. Thus together with
observations that HS infusion produced comparable increases
in water intake and in pNain all rats regardless of early NaCl
condition, these results suggest that compensatory responses
elicited by postabsorptive signals such as increased pNa are
unaffected by early NaCl conditions.

In addition to postabsorptive signals, ingestion is influenced
by preabsorptive signals from the oral cavity (e.g., taste,
swallowing) and the stomach (e.g., distension), as well as by
local osmoreceptor signals arising from the liver. Numerous
studies have focused on such preabsorptive signals associated
with NaCl intake (1, 4, 15, 22, 25, 35). However, only a few
studies have examined the effect of early dietary NaCl condi-
tions on responses to preabsorptive signals, and those studies
focused on taste. For example, early dietary Na* deprivation
affects NaCl taste responses by adult rats, as well as the
activity and morphology of gustatory pathways (18, 20, 36,
38). Early dietary NaCl manipulations using NaCl levels sim-
ilar to those consumed by humans and sufficient for normal
reproduction in rats (3, 9, 10) aso affect sensory neural
responses. We recently reported that electrophysiological re-
sponses of the chorda tympani nerve to lingual NaCl stimula-
tion were reduced in adult rats in the 3% NaCl group and were
inhibited to a greater degree by amiloride (28), an Na* channel
blocker (17) that impairs the ability of rats to discriminate
between Na* and non-Na* salts (34) but not to distinguish
among NaCl concentrations (5). Taken together, these obser-
vations suggest that, rather than being secondary to altered
body fluid regulation, differences in NaCl intake by adult rats
after early NaCl manipulations may be attributable to changes
in sensory coding related to NaCl taste.

Thus we suggest that manipulations of early NaCl levels
alter the set point for what is perceived as normal NaCl taste,
with specific behavioral consequences that persist after return
to normal dietary NaCl levels. The gustatory system undergoes
great structural and functional change during early develop-
ment (16, 24), further supporting the idea that the NaCl level
on which the rat was reared may have long-term consequences
for the detection of and responses to NaCl taste. Consistent
with this idea, during the initial part of 5-h tests after dietary
Na* deprivation, NaCl intake was greater in adult rats in the
3% NaCl group and less in rats in the 0.1% NaCl group (Fig.
2), even though all rats had previously been maintained on
standard 1% NaCl chow for >30 days. Early dietary NaCl
conditions also affected water intake stimulated by the taste of
NaCl. Specificaly, water intake secondary to NaCl ingestion
was less in adult rats in the 3% NaCl group and greater in rats
in the 0.1% NaCl group in these short-term tests (Fig. 2).
Finally, early NaCl conditions also affected water intake asso-
ciated with feeding even when rats had been maintained on the
standard 1% NaCl chow for >3 mo (Fig. 3). In fact, regardless
of whether NaCl was in solution or in chow, adult rats in the
3% NaCl group drank less water for each unit of NaCl
consumed, whereas adult rats in the 0.1% NaCl group drank
more water for each unit of NaCl consumed. It seems likely
that differences in NaCl intake and in water intake associated

SELECTIVE EFFECTS OF EARLY DIETARY NACL

with NaCl ingestion reflect atered responses to preabsorptive
signals associated with NaCl taste.

Despite aterations in NaCl taste sensitivity, however, the
present results suggesting that body Na* regulation is unaf-
fected by early NaCl conditions predict that, ultimately, in-
creased pNa as a result of NaCl consumption will €licit
appropriate behavioral and physiological responses. Moreover,
the ability to respond to NaCl stimuli is not specific to adults,
nor does it require being maintained on standard 1% NaCl
chow for several months. Circulating levels of the Na™-con-
serving hormone aldosterone were elevated in weanling ratsin
the 0.1% NaCl group while being maintained on 0.1% NaCl
chow (12). In the present study, ad libitum water intake by
weanling rats being maintained on the test diets reflected the
Na* content of the chow (Fig. 3A). Caloric requirements are
met by food consumption, which complicates interpretation of
these results. However, examination of the relationship be-
tween water intake and food intake, as expressed by the
water:food ratio (Fig. 3B), revealed that weanlings ingested
more water for each gram of chow consumed when the NaCl
content of the chow was high.

Finally, pNa in rats in the 3% NaCl group was normal as
early as PD1, suggesting that prenatal development of physi-
ological responses to increased pNa occurs normally. This
observation is consistent with reports that hypernatremia pro-
duces appropriate behavioral, neuroendocrine, and neura re-
sponses in near-term sheep and rats (40, 41), and in neonatal
rats (32). However, pregnant rats are hyponatremic and volume
expanded, so the effect of the 3% NaCl diet on pNa in the
dams, and thereby on the composition of fetal plasma or
amniotic fluid, may be buffered, as indicated in previous
studies (21, 29). Moreover, pNa on PD1 was decreased in rats
in the 0.1% NaCl group, suggesting that manipulation of
dietary NaCl levels during development in utero may affect the
development of the ability to maintain normal pNa, at least in
regard to early dietary exposure to low NaCl. Specific behav-
ioral and physiological responses to hypernatremia develop
postnatally (6), as do the neural connections associated with
those responses (31). Thus it remains possible that early NaCl
manipulations retard the development of Na™ regulation. Al-
though the effect does not appear to be permanent, the time
course of the development is unknown. Our water:food ratio
data show that, at least for weanlings in the 3% NaCl group,
there are some behavioral responses consistent with Na™ reg-
ulation. At present, other behavioral and physiological re-
sponses to hypernatremia have not been examined in weanlings
or in neonates after early NaCl manipulations. Further inves-
tigation may provide additional information about the mecha-
nism, critical period, and development of Na* regulation and
about the effect of early NaCl conditions.

In summary, the adult rats reared either on 3%, 1%, or 0.1%
NaCl exhibited striking differences in the temporal patterns of
0.5 M NaCl intake after dietary Na* deprivation that were
especialy noticeable in the first several hours of short-term
tests. These group differences in NaCl intake are not attribut-
ableto impairmentsin behavioral or physiological mechanisms
associated with Na* regulation, as all rats had normal baseline
pNa, consumed similar amounts of water in response to intra-
venous HS, and had comparable HS-induced increases in pNa.
Moreover, al rats drank comparable amounts of water in
conjunction with NaCl intake in the later part of behavioral
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tests when postabsorptive signals influence ingestion. None-
theless, early dietary NaCl conditions affected water intake
stimulated by NaCl ingestion during the initial part of short-
term tests, as well as water intake associated with feeding.
Together with our previous studies (3, 8—10, 28), these obser-
vations support the idea that early dietary NaCl manipulations
have selective consequences that occur despite unimpaired
Na* regulation: taste-driven alterations in NaCl intake and in
the behavioral responses to preabsorptive taste signals associ-
ated with NaCl intake.

Per spectives

An important caveat to this conclusion involves another of
the sequelae of high dietary NaCl-elevated blood pressure.
Compared with adult ratsin the 1% and 0.1% NaCl groups, rats
in the 3% NaCl group have higher baseline blood pressure and
enhanced pressor responses to peripheral administration of
ANG Il (7, 8, 11). It is unclear whether or how elevated NaCl
intake and elevated blood pressure in this model may be
related; however, changes in hormones or sympathetic outflow
as aresult of early high NaCl levels may underlie both effects.
An alternative explanation is that the consequences of NaCl
intake contribute to increased blood pressure. Consistent with
this idea, compared with adult rats in the 1% and 0.1% NaCl
groups, blood pressure increased even further in adult rats in
the 3% NaCl group when given high NaCl diet as adults (11).

Regardless of the mechanism, the observations of elevated
blood pressure are surprising. High NaCl intake tends to
produce hypertension only in genetically susceptible individu-
als, and Sprague-Dawley rats do not exhibit this genetic bias.
Therefore, the dual effects of early exposure to high dietary
NaCl levels, i.e., increased NaCl intake and elevated blood
pressure, have implications for human hypertension that are
staggering: high blood pressure may occur as a consequence of
pre- or early postnatal exposure to high NaCl, regardless of
genetic predisposition or subsequent diet. Moreover, high NaCl
consumption as adults may further increase blood pressure.
Ironically, our data suggest that, at least in rats, those animals
most susceptible to cardiovascular complications arising due to
early exposure to high NaCl levels also are more likely to
consume larger amounts of NaCl as adults, thereby exacerbat-
ing the hypertension.

ACKNOWLEDGMENTS

Portions of these data were presented at the national meeting of the Society
for Neuroscience in New Orleans, LA, November, 2000.

GRANTS

This research was supported by National Institute on Deafness and Other
Communication Disorders Grants DC-02641 and DC-04785.

REFERENCES

1. Adolph EF. Thirst and its inhibition in the stomach. Am J Physiol 161:
374-386, 1950.

2. Arguelles H, Lopez-Sela P, Brine JI, Costales M, and Vijande M.
Changes of blood pressure responsiveness in rats exposed in utero and
perinatally to a high-salt environment. Regul Pept 66: 113-115, 1996.

3. Bird E and Contreras RJ. Maternal dietary NaCl intake influences
weanling rats' salt preferences without affecting taste nerve responsive-
ness. Dev Psychobiol 20: 111-130, 1987.

R1049

4. Blass EM, Jobaris R, and Hall WG. Oropharyngeal control of drinking
in rats. J Comp Physiol Psychol 90: 909-916, 1976.

5. Brot MD, Watson CH, and Bernstein IL. Amiloride-sensitive signals
and NaCl preference and appetite: alick-rate analysis. Am J Physiol Regul
Integr Comp Physiol 279: R1403-R1411, 2000.

6. Callahan JB and Rinaman L. The postnatal emergence of dehydration
anorexia in rats is temporally associated with the emergence of dehydra-
tion-induced inhibition of gastric emptying. Physiol Behav 65: 683-687,
1998.

7. Contreras RJ. Differences in perinatal NaCl exposure alter the blood
pressure levels of adult rats. Am J Physiol Regul Integr Comp Physiol 256:
R70-R77, 1989.

8. Contreras RJ. Influence of early salt diet on taste and blood pressure in
rats. In: The Biology of Early Influences, edited by R. Hyson and F.
Johnson. New York: Plenum, 1999, p. 53-72.

9. Contreras RJ and Kosten T. Prenatal and early postnatal sodium chlo-
ride intake modifies the solution preferences of adult rats. J Nutr 113:
1051-1062, 1983.

10. Contreras RJ and Ryan KW. Perinatal exposure to a high NaCl diet
increases the NaCl intake of adult rats. Physiol Behav 47: 507-512, 1990.

11. Contreras RJ, Wong DL, Henderson R, Curtis KS, and Smith JC.
High dietary NaCl early in development enhances mean arterial pressure
of adult rats. Physiol Behav 71: 173-181, 2000.

12. Crews EC, Aerni JD, Rowland NE, Katovich MJ, and Semple-
Rowland SL. Perinatal dietary NaCl level: effect on angiotensin (ANG) |1
receptors in discrete brain regions of rat mothers and pups. Soc Neurosci
Abstr 24: 48, 1998.

13. Crystal SR and Bernstein IL. Infant sat preference and mother's
morning sickness. Appetite 30: 297—-307, 1998.

14. Crystal SR and Bernstein I L. Morning sickness: impact on offspring salt
preference. Appetite 25: 231-240, 1995.

15. CurtisKSand Stricker EM. Enhanced fluid intake by rats after capsaicin
treatment. Am J Physiol Regul Integr Comp Physiol 272: R704-R7009,
1997.

16. Formaker BK and Hill DL. Alterations of salt taste perception in the
developing rat. Behav Neurosci 104: 356-364, 1990.

17. Halpern BP. Amiloride and vertebrate gustatory responses to NaCl.
Neurosci Biobehav Rev 23: 5-47, 1998.

18. Hill DL. Susceptibility of the developing rat gustatory system to the
physiologica effects of dietary sodium deprivation. J Physiol 393: 413—
424, 1987.

19. Hyson R and Johnson F (Editors). The Biology of Early Influences. New
York: Plenum, 1999.

20. King CT and Hill DL. Dietary sodium chloride deprivation throughout
development selectively influences the termina field organization of
gustatory afferent fibers projecting to the rat nucleus of the solitary tract.
J Comp Neurol 303: 159-169, 1991.

21. Kirksey A, Pike RL, and Callahan JA. Some effects of high and low
sodium intakes during pregnancy in the rat. 11. Electrolyte concentrations
of maternal plasma, muscle, bone and brain and of placenta, amniotic
fluid, fetal plasma and total fetus in normal pregnancy. J Nutr 77: 43-51,
1962.

22. Kraly FS, Kim YM, Dunham LM, and Tribuzio RA. Drinking after
intragastric NaCl without increase in systemic plasma osmolality in rats.
Am J Physiol Regul Integr Comp Physiol 269: R1085-R1092, 1995.

23. Midkiff EE and Bernstein IL. The influence of age and experience on
salt preference of the rat. Dev Psychobiol 16: 385-394, 1983.

24. Mistretta CM. Developmental neurobiology of the taste system. In: Smell
and Taste in Health And Disease, edited by Getchell TV, Doty RL,
Bartoshuk LM, and Snow JB. New York: Raven, 1991, p. 35-64.

25. Mook DG. Oral and postingestional determinants of the intake of various
solutions in rats with esophageal fistulas. J Comp Physiol Psychol 56:
645-649, 1963.

26. Mouw DR, Vander AJ, and Wagner J. Effects of prenatal and early
postnatal sodium deprivation on subsequent adult thirst and salt preference
in adults. Am J Physiol Renal Fluid Electrolyte Physiol 234: F59—63,
1978.

27. Nicolaidis S, Galaverna O, and Metzler CH. Extracellular dehydration
during pregnancy increases salt appetite of offspring. Am J Physiol Regul
Integr Comp Physiol 258; R281-R283, 1990.

28. Pittman DW and Contreras RJ. Rearing on basal or high dietary NaCl
modifies chorda tympani nerve responses in rats. Physiol Behav 77:
277-289, 2002.

AJP-Regul Integr Comp Physiol « VOL 286 « JUNE 2004 « WWW.&j pregu.org



R1050

29.

30.

31

32.

33.

35.

Powell TL and Brace RA. Fetal fluid responses to long-term 5 M NaCl
infusion: where does al the salt go? Am J Physiol Regul Integr Comp
Physiol 261: R412-R419, 1991.

Priehs TW, Mooney KJ, and Bernard RA. High dietary sodium en-
hances gustatory nerve activity and behavioral responses to NaCl. Am J
Physiol Regul Integr Comp Physiol 261: R52-R58, 1991.

Rinaman L. Postnatal development of hypothalamic inputs to the dorsal
vagal complex in rats. Physiol Behav 79: 6570, 2003.

Rinaman L, Stricker EM, Hoffman GE, and Verbalis JG. Centra
c-Fos expression in neonatal and adult rats after subcutaneous injection of
hypertonic saline. Neuroscience 79: 1165-1175, 1997.

Smirga M, Kameishi M, and Torii K. Brief exposure to NaCl during
early postnatal development enhances adult intake of sweet and salty
compounds. Neuroreport 13; 2565-2569, 2002.

. Spector AC, Guagliardo NA, and St. John SJ. Amiloride disrupts NaCl

versus KCI discrimination performance: implications for salt taste coding
in rats. J Neurosci 16: 8115-8122, 1996.

Stricker EM, Huang W, and Sved AF. Early osmoregulatory signalsin
the control of water intake and neurohypophysial hormone secretion.
Physiol Behav 76: 415-421, 2002.

36.

37.

38.

39.

41.

SELECTIVE EFFECTS OF EARLY DIETARY NaCL

Thaw AK, Frankmann S, and Hill DL. Behavioral taste responses of
developmentally NaCl-restricted rats to various concentrations of NaCl.
Behav Neurosci 114: 437—441, 2000.

Vijande M, Brime JL, Lopez-Sela P, Costales M, and Arguelles J.
Increased salt preference in adult offspring raised by mother rats
consuming excessive amounts of salt and water. Regul Pept 66:
105-108, 1996.

Vogt MB and Hill DL. Enduring alterations in neurophysiological taste
responses after early dietary sodium deprivation. J Neurophysiol 69:
832-841, 1993.

Wong R. Rearing history and differential solution exposure effects of
two-bottle saline preference. Am J Psychol 93: 147-152, 1980.

. Xu Z, Calvario G, Day L, Yao J, and Ross MG. Osmotic threshold

and sensitivity for vasopressin release and Fos expression by hyper-
tonic NaCl in ovine fetus. Am J Physiol Endocrinol Metab 279:
E1207-E1215, 2000.

Xu Z and Ross MG. Appearance of central dipsogenic mechanisms
induced by dehydration in near-term rat fetus. Dev Brain Res 121: 11-18,
2000.

AJP-Regul Integr Comp Physiol « VOL 286 « JUNE 2004 « WWW.&j pregu.org



