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Effect of variations in dietary sodium intake on sodium
excretion in mature rats
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Effect of variations in dietary sodium intake on sodium excretion in
mature rats. Sprague-Dawley rats weighing 400 g or more were studied
to determine whether their continued weight gain affects renal sodium
handling. Rats maintained on a wide range of sodium intakes gained 3.9
=+ 0.4 g/day. The intercept of a linear regression of intake against
urinary excretion provided an estimate of the minimum daily require-
ment for sodium intake of 247 + 33 uEq/day. When more than this
required amount was ingested, the animals excreted the excess quan-
titatively in the urine. When less was ingested they continued to gain
weight at a slower rate, 1.6 = 0.6 g/day, and remained in positive
sodium balance. Nonetheless, they developed a sodium deficit mani-
fested as retention of a sodium challenge. Thus, on an adequate dietary
intake the normal physiological state of Sprague-Dawley rats of this size
is one of chronic sodium retention rather than neutral sodium balance.
In contrast, when inadequate sodium is ingested a deficit develops in
the absence of external losses. These observations have important
implications for the interpretation of studies of renal sodium handling in
these animals.

Effet de variations de I’apport sodé alimentaire sur Pexcrétion sodique
de rats matures. Des rats Sprague-Dawley pesant 400 g ou plus ont été
étudiés pour déterminer si leur prise de poids continue affecte
I’élimination sodée rénale. Des rats maintenus a des apports sodés trés
variés gagnaient 3,9 + 0,4 g/jour. L’interception de la régression
linéaire de I'apport en fonction de I'excrétion sodée fournissait une
estimation de I’apport quotidien minimum nécessaire en sodium, 247 =+
33 uEqg/jour. Lorsque plus que cette quantité nécessaire €tait ingéré, les
animaux excrétaient quantitativement cet excés dans les urines.
Lorsqu’ils ingéraient moins, ils continuaient & prendre du poids plus
lentement, 1,6 + 0,6 g/jour, et restaient en balance sodée positive.
Néanmoins, ils développaient un déficit sodé se manifestant par la
rétention d’une surcharge sodée. Ainsi, lors d’un apport alimentaire
adéquat, I’état physiologique normal des rats Sprague-Dawley de cette
taille est une rétention chronique du sodium, plus qu’une balance sodée
neutre. A 'opposé, lorsqu’insuffisamment de sodium est ingéré, un
déficit se développe en ’absence de pertes externes. Ces observations
ont des implications importantes pour l'interprétation des études de
I’élimination rénale du sodium chez ces animaux.

Sprague-Dawley rats weighing 250 to 400 g have long been
used as a convenient model for the study of renal sodium
handling. Although these animals continue to gain weight, they
have been considered mature for the purpose of sodium han-
dling studies and are typically referred to as adults [1]. Their
maturity is well established from the point of view of the
development of renal structure and function, and their contin-
ued weight gain is widely assumed to consist of adipose tissue
by analogy with changes in body composition in adult humans.

However, skeletal growth continues throughout most of the life
span of the rat [2], and bone contains large amounts of sodium
[31.

Since renal sodium handling is extremely sensitive to varia-
tions in both body sodium content and distribution, we rea-
soned that continued weight gain might affect urinary sodium
excretion. If such an effect existed, it could alter the interpreta-
tion of the numerous studies which utilize these animals.
Accordingly, we measured both urinary and fecal sodium
excretion in Sprague-Dawley rats, weighing more than 400 g,
which were maintained on a wide range of dietary sodium
intakes. The renal response to a sodium challenge was then
determined in the same animals to evaluate the status of their
sodium stores.

Methods

Balance technique. Sodium balance studies were conducted
on three groups of male Sprague-Dawley rats, weighing more
than 400 g and housed in individual metabolic cages. Room
lighting was controlled with lights on from 6 A.Mm. to 6 P.M.
daily, and room temperature was monitored and remained
between 22 and 26°C. Analysis of several commercially avail-
able ‘“‘low salt’’ rat chows indicated that all contained more
sodium than was represented by the suppliers; accordingly, all
diets were prepared on site. A modification (see Table 1) of the
diet described by Mohring and Mohring [4] was offered ad
libitum, and the animals were initially given free access to
demineralized water. Each morning from 9 to 11 A.M. a sweet-
ened solution, 5% dextrose in demineralized water (D5W), was
offered to encourage the rats to drink a bolus. Prior to use the
sodium concentration of all solutions and each batch of food
was determined by flame photometry using a lithium internal
standard. The rats were weighed daily, and their food and fluid
consumption were determined daily by weight. Sodium intake
was estimated from the products of the weights of fluid and food
consumed and their respective measured sodium contents.

After several days of acclimation to the experimental routine,
24-hr serial urine collections were begun. Urine was collected
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Table 1. Composition of diet, g

Dextrose 281.0
Crisco 100.0
High nitrogen casein® 100.0
Raw wheat bran® 50.0
Vitamin diet fortification mixture® 10.0
DL-methionine 2.5
KzHPO4'3 HzO 5.1
CaCO; 4.5
MgSO,7 H,O 4.1
CaHPO, 3.3
FCPO4'H20 0.3
CuSO45H,0 0.015
MnSO4H,0 0.004

5 ICN Nutritional Biochemicals, Cleveland, Ohio, USA

by funnel at the bottom of the cage into dry, tared vessels. At
the completion of a collection period each cage was washed
with demineralized water, delivered as a fine spray over the
entire cage. Urinary sodium excretion was estimated from the
product of the sodium concentration of the wash water and its
weight.

Preliminary studies were undertaken to determine the re-
covery of known amounts of sodium applied to the metabolic
cages and funnels. Experiments were conducted washing the
cages with 25 ml (N = 9), 50 ml (N = 9), and 100 ml (N = 14)
of demineralized water, and the respective percent recoveries
(mean =+ SE) were 95.5 + 1.5, 99.2 = 1.5, and 100.2 = 1.5.
Therefore, during the balance studies 100 ml of wash water was
used.

To evaluate the long-held tenet that stool sodium is negli-
gible, fecal sodium excretion was determined in some of the
experiments. Prior to washing the cages, all stools passed by
each animal during the previous 24-hr period were recovered.
The stool specimens were placed in tared vials and digested
overnight in 5 ml of concentrated nitric acid. The following day
the liquid digest was diluted with 15 ml of demineralized water
and filtered by gravity to remove particulates, and the sodium
concentration of the filtrate was determined. Fecal sodium
excretion was estimated as the product of the weight of the
diluted digest and the sodium concentration of the filtrate.

Experimental groups

Group 1. Sixteen rats were offered food containing 4.6 to 6.3
nEq of sodium per gram ad libitum. To obtain a group of rats
ingesting a wide range of sodium each day, the average fluid
intake of each rat during the last 3 days of acclimation was
determined, and specific amounts of sodium (see Table 2) were
then added to the drinking water to provide each rat with a
different fixed sodium intake in the range of 50 to 1,900
nEq/day. In addition approximately 100 wEq of sodium per day
was consumed by each rat in the food. Sodium solutions were
removed from 11 P.M. to 9 A.M. daily to encourage prompt
consumption of the D5SW offered the next morning. After an
8-day acclimation, 24-hr urine collections were obtained on 12
consecutive days, and on day 13 700 nEq of sodium were added
to the 20 ml of D5W offered. Urine samples were collected
during this 24-hr period, and the experiment was then termi-
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nated. Stool collections were made on 6 days in the cight rats
with the highest sodium intakes.

Group 2. Eight rats were studied on a sodium deficient diet.
After 14 days on a diet containing 95 to 110 wEq of sodium per
gram of food, they were given food containing 5.1 to 5.5 wEq/g.
Demineralized water was available throughout the experiment,
except from 9 to 11 A.M. daily when DSW was offered. During
8 days of ad libitum fluid intake while on the high sodium diet,
the average fluid consumption of each rat was determined.
Beginning 6 days prior to the institution of the low sodium diet
regimen, 25% less than the previous average ad libitum fluid
intake was offered over the 24-hr period to encourage consump-
tion of the DSW when offered. After a 3-day equilibration on the
low sodium diet, three 24-hr urine collections were made, and
on the next day 20 ml of D5W, to which 1,000 wEq of sodium
had been added, was offered from 9 to 11 aA.M. Urine samples
were collected during this 24-hr period, and the experiment was
then terminated.

Group 3. Eight rats were studied exclusively to determine
fecal sodium excretion. A diet containing 5.7 to 7.1 uEq of
sodium per gram was offered ad libitum, and the daily ad libitum
fluid consumption was determined for each rat on 7 days. Four
rats (group 3A) were then offered a sodium solution containing
100 wEq of sodium in their previous average daily fluid con-
sumption, and the others (group 3B) were offered a solution
containing 700 uEq of sodium in their previous average daily
fluid consumption. After a 2-day acclimation fecal sodium
excretion was measured for 6 days, and the experiment was
then terminated.

Statistical analysis

The relationship between sodium intake and both urinary and
fecal sodium excretion was analyzed by least squares linear
regression. The significance of the slope estimates obtained was
evaluated and 95% confidence bands for the regression param-
eters were computed using the Student 7 test. Independent
relationships between weight gain, food intake, sodium intake,
and urinary sodium excretion were examined by multivariate
analysis. Partial correlation coefficients were computed and
compared with zero using the Student ¢ test. The response to
the sodium bolus was analyzed using the Wilcoxon two-sample
rank test. Animals were divided into groups based on their
dietary sodium intake; those ingesting more than the minimum
daily requirement (see below) were compared with those ingest-
ing less.

Results

The data (means = Sg) obtained on daily food, fluid, and
sodium intake and weight gains for the rats in groups 1, 2, and
3 were summarized in Tables 2 and 3, respectively. All the
animals in all the groups were gaining weight throughout the
study. The only statistically significant differences in daily
weight gains, as judged by the overlap of 95% confidence bands
for the means, was growth retardation in the sodium deficient
rats in groups 2 compared with both the rats in group 1 and the
high salt rats in group 3.

Multivariate analysis of the data obtained in group 1 was used
to identify significant independent relationships between the
variables weight gain, food intake, sodium intake, and urinary
sodium excretion, and the results are presented in Table 4.
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Table 2. Summary of observations in group 1
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Intake
Sodium in water Food Fluid Sodium Weight gain
Rat mEql/liter glday g/day wEqlday glday
1 1.7 209 + 0.5 365 + 1.2 164z 6 42+05
2 3.5 22.1 = 0.8 359 1.7 200 = 9 4.1+ 1.3
3 4.6 21.2 £ 0.5 43619 263 = 10 2.6 0.7
4 8.5 20.8 = 0.3 249 = 0.9 272 + 10 43+ 0.6
5 8.5 23.8 0.6 304 = 1.6 313+ 10 3.8 +0.6
6 10.4 29.5 = 0.5 322+14 380 £ 1S 7.0 = 0.8
7 10.8 250 £ 0.5 350+ 1.4 384 = 16 6.1 = 0.8
8 13.5 22.7 + 0.6 29.0 + 1.8 415 = 26 4.0+ 0.6
9 21.1 18.4 = 0.7 21.1 = 1.5 472 = 27 1.8 1.3
10 23.7 20.9 £ 0.5 352 1.3 682 = 46 2.1 £0.6
11 28.7 253 = 0.6 30.7 = 2.0 751 = 32 3.5+09
12 29.0 29.7 = 0.7 399+ 14 925 £ 40 58 +0.8
13 45.6 24.1 = 0.7 32.7 = 1.6 1,173 £ 64 3111
14 48.5 21.9 = 0.5 27.8 + 1.4 1,204 = 66 2.8 0.7
15 42.1 27.6 £ 0.9 41.6 £ 2.3 1,313 79 4.1 1.0
16 82.6 23.8 0.6 27.6 = 1.4 1,694 * 114 2.9+ 0.6
Table 3. Summary of observations in groups 2 and 3 the challenge. Those receiving less than the estimated minimum
daily requirement responded to the bolus by excreting less than
Intake . . .
Weight 10% (range, 4 to 9%). In sharp contrast, animals previously
Food Fluid Sodium gain ingesting more than the minimum daily requirement excreted
Group glday glday FfE‘I/ day g/day more than 40% of the bolus promptly (range, 42 to 104%). The
2 202 + 0.5 28.0 = 1.6 107 = 3 1.6 = 0.6 response of the two groups to the challenge was significantly
3A 20.6 = 0.7 25.2 = 0.6 208 = 5 3.5+ 0.7 different (P value < 0.01) as judged by the Wilcoxon two-
3B 234+06 33415 104241 5207  sample rank test.

Increased weight gains were associated with increased food and
sodium intake and decreased urinary sodium excretion. There
was no significant association between food intake and either
sodium intake or urinary sodium excretion. The correlation
between sodium intake and urinary sodium excretion remained
significant after corrections for the effects of weight gain and
food intake.

The relationship between daily sodium intake and urinary
sodium excretion in the rats in group 1 is depicted in Figure 1.
Least squares linear regression gave a slope estimate of 0.96 +
0.05, and the estimated intercept was 247 = 33 uEq. Because
urinary sodium excretion is plotted on the abscissa, the inter-
cept indicates that the urine became virtually sodium-free when
dietary sodium intake fell below 250 uEq/day. The fact that the
slope of the regression line is close to unity indicates that all
sodium ingested in excess of 250 uEq/day was excreted quan-
titatively. Thus, the intercept provides an .estimate of the
minimum daily requirement for dietary sodium intake based on
urinary sodium excretion patterns.

In contrast with the results obtained in group 1, there was no
correlation (P value > 0.2) between daily sodium intake and
urinary sodium excretion in the sodium deficient rats in group 2.
Accordingly, the daily urinary excretion data for the animals in
this group were pooled and averaged to obtain an estimate of
obligate urinary sodium losses of 30 + 6 pEq/day.

The data obtained on urinary sodium excretion following an
acute challenge administered as a bolus to the rats in groups 1
and 2 are presented in Figure 2. The animals were divided into
two groups based on their average daily sodium intake prior to

The observed relationship between daily sodium intake and
fecal sodium excretion in the rats in groups 1 and 3 is illustrated
in Figure 3. Least squares linear regression gave a slope
estimate of 0.034 + 0.009, a value significantly greater than
zero (P value < 0.001), and the intercept was 10.4 = 8.9 uEq.
Thus, about 3.4% of ingested sodium was recovered in the stool
over the entire range of intakes studied.

Discussion

The mature rats used in this study consistently gained weight
as was expected from previous observations [2]. However, in
the present study we demonstrated that this weight gain is
associated with a requirement for sodium intake of 247 += 33
rEg/day. This amount, which represents an estimate of the
minimum daily requirement for sodium intake based on urinary
excretion patterns, is remarkably similar to previous estimates
of the sodium intake required to maximize growth rates in
younger rats (see Appendix) [5].

Although the current study was not designed to examine the
nature of the weight gain or the disposition of the sodium
retained, some insight can be gained from the data. The ratio of
the minimum daily requirement estimate, 247 + 33 uEg/day,
and the mean daily weight gain, 3.9 = 0.4 g, is 63 uEq/g. This
is comparable to the sodium content of whole rats determined in
body composition studies [6, 7] and much larger than the
sodium content of adipose tissue. This suggests that the ob-
served weight gain includes either extracellular fluid expansion,
bone growth, or both, since these are the major sites of sodium
storage.

Multivariate analysis provided insight into the relationships
among the measured variables. The results showed the ex-
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Table 4. Results of multivariate analysis of the data from group 1

Ordinary Partial
correlation correlation
Variable 1 Variable 2 coefficient P value coefficient P value
Weight gain Food intake 0.456 <0.001 0.461 <0.001
Weight gain Sodium intake -0.075 >0.1 0.359 <0.00t
Weight gain Urine sodium —0.242 <0.001 —0.455 <0.001
Food intake Sodium intake 0.279 <0.001 0.080 >0.1
Food intake Urine sodium 0.189 <0.01 0.040 >0.1
Sodium intake Urine sodium 0.937 <0.001 0.942 <0.001
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Fig. 1. Relationship between daily sodium intake and urinary sodium
excretion in sixteen rats maintained on different fixed sodium intakes.
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sodium handling. -
%
o0
. . . . 1 |
pected correlation between weight gain and food intake. In 0 Daily intake Daily intake
addition there was an independent correlation between weight less than more than
gain and sodium intake, the physiological significance of which 250 pkq 250 uEq

is unclear. One can speculate that sodium intake may condition
an element of weight gain (for example, extracellular fluid
expansion) or that higher weight gain drives the animal to a
higher sodium intake. Because a correlation between two
variables does not provide insight into cause and effect, either
explanation is tenable. Similarly the observed inverse correla-
tion between weight gain and urinary sodium excretion could
indicate that increased weight gain causes renal sodium avidity
or that increased renal sodium excretion reduces weight gain
(for example, sodium excretion lowers extracellular fluid vol-
ume). Finally, there was no correlation between sodium intake
and food intake, confirming that the experimental design we
used permits sodium intake to be varied without affecting the
consumption of other nutrients.

It is of interest to note that in three of the six relationships
studied, reliance on ordinary correlation coefficients would
have lead to erroneous conclusions. The relation between
weight gain and sodium intake would not have been revealed,

Fig. 2. Fractional excretion of ingested sodium when excess sodium
was offered to rats previously ingesting less than (left) and more than
(right) the estimated minimum daily requirement.

and spurious positive correlations between food intake and both
sodium intake and urinary excretion would have been accepted.
These observations indicate the importance of using adequate
data reduction techniques in the analysis of multifactorial
experiments.

The pattern of urinary sodium excretion observed reaffirms
the precision with which the kidneys regulate sodium stores.
When more than the minimum daily requirement was ingested,
the excess was excreted quantitatively. When less was ingested
urinary sodium excretion was reduced to a minimal, apparently
obligate, loss of 30 = 6 wEq/day. The linear relation we
observed between intake and urinary excretion is substantially
different from that previously reported by Mohring and Mohr-
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Fig. 3. Relationship between daily sodium intake and fecal sodium
excretion. About 3.4% of ingested sodium was recovered in the stool.

ing [4]. The regression equation they reported implies a much
larger obligate loss of 670 uEq/day and excretion of only 69% of
the sodium ingested in excess of 670 uEqg/day. These quantita-
tive discrepancies between the two regression equations may
derive from the use of smaller rats by Mohring and Mohring, the
sham operations to which they subjected their animals, or the
higher sodium intakes they used.

As noted above, animals ingesting less than 250 uEg/day
excreted very little sodium in the urine. This renal sodium
avidity is similar to that reported in smaller, more rapidly
growing rats fed a low sodium diet [8]. However, it has been
suggested that a low fractional excretion of ingested sodium
does not necessarily indicate depletion of sodium stores [9, 10].
Accordingly, we subjected the animals to a sodium challenge to
evaluate the status of sodium stores. The response to this
challenge clearly segregated the animals into two groups, and
the dividing line between the groups coincided with the mini-
mum daily requirement estimate (compare with Figure 2). It is
important to emphasize that all of the animals studied were
consistently in positive sodium balance. Thus, none had in-
curred a sodium deficit in the classical sense of losses in excess
of intake. Nevertheless, all the animals previously ingesting less
than the minimum daily requirement retained nearly all of the
challenge, behaving as if their sodium stores were depleted.
Thus, a sodium deficit developed endogenously in these animals
as they gained weight while ingesting inadequate sodium.
Similar observations have previously been reported in pregnant
rats maintained on a low sodium intake [11].

Finally, our results indicate that only a small fraction (3%) of
ingested sodium is excreted in the stool, confirming earlier less
systematic observations [4, 12—-14]. For example, rats main-
tained on a typical sodium ration of 2 mEqg/day will excrete
about 60 uEqg/day in the stool. However, since sodium retention
is only about 200 uEq/day [4], fecal excretion may exceed 30%
of the net daily retention. Thus, neglecting fecal sodium losses
can result in a substantial systematic error in balance calcula-
tions in this model.

In conclusion, mature Sprague-Dawley rats maintained on a
wide range of sodium intakes continue to gain weight and
incorporate a substantial amount of sodium into their bodies
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each day. The interpretation of studies which use these animals
is complicated by the fact that their natural state is one of
chronic sodium retention and not neutral balance. For example,
experimental maneuvers which modify renal sodium handling in
this model might do so merely by modifying weight gain and its
attendant sodium retention rather than by a direct renal effect.
Furthermore, if these animals ingest less than 250 uEqg/day,
their continued weight gain generates an effective depletion of
sodium stores, which renders them more comparable to
nongrowing animals that have sustained external losses than to
nongrowing animals ingesting a low sodium diet. This response
to dietary sodium restriction contrasts sharply with that in
nongrowing animals that can maintain a neutral sodium status
when sodium intake is reduced.

Appendix

The dietary sodium requirement of the rat has been studied
for at least 65 years [15], but the methods which have been used
to estimate this requirement have been rather nonspecific. The
adequacy of dietary sodium intake has most often been as-
sessed by comparing growth rates of animals ingesting diets
with different sodium contents [5, 6, 8, 16-26], although a
variety of other measures have been used, including voluntary
intake [27, 28], weight gain per gram of food ingested [17, 24],
longevity {25, 26, 29], reproductive performance [22, 24, 30-33],
histological abnormalities [19, 29}, and changes in both body
composition [6, 16, 17, 19, 20, 34, 35] and nitrogen balance [17,
21, 25].

The sodium intake currently recommended for the rat is
0.05% of the diet by weight [2, 36]. This figure is based on the
study of Grunert, Meyer, and Phillips [5] who measured weight
gains for 6 weeks in rats initially weighing 40 to 45 g that were
fed diets with sodium contents ranging from 2.2 to 44 uEq/g.
During the first 5 weeks of the study maximal growth rate was
observed with diets containing 22 uEq/g or more, but during
week 6 only 13 uEg/g were required. Although food intake was
not reported these rats should have ingested about 10 g/day at
the start of the study and about 20 g/day by the end [2]. Thus,
the total sodium intake of the animals with maximal growth
rates should have been roughly 220 wEq/day during the first
week and 260 pEqg/day during the last. Accordingly, the esti-
mate of the minimum daily requirement for sodium intake based
on maximum growth rate appears to coincide with the one
obtained in the present study based on urinary sodium excre-
tion patterns.
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