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ABSTRACT. Ex~eriments were ~erforrned to examine MATERIALS AND METHODS 
how aldosterone ;noddates coloniE NaKATPase activity 
during the weaning period. NaKATPase activity was de- 
termined in proximal and distal colon in control rats aged 
16, 20, and 40 days, in rats aged 20 and 40 days fed low 
sodium diet for 4 days and in 20-day-old rats adrenalecto- 
mized on day 16. In some protocols net sodium and water 
transport was determined with in vivo perfusion technique. 
In control rats colonic NaKATPase activity increased sig- 
nificantly between day 16 and 20. This increase was abol- 
ished by adrenalectomy but restored by aldosterone sub- 
stitution, 5 pg/lOO g body weight112 h. No significant 
increase in NaKATPase activity occurred between day 20 
and 40. Serum levels of both aldosterone and of corticos- 
terone were low until day 14 and increased to peak level at 
day 18-20. In 20- and 40-day-old rats fed a low sodium 
diet, NaKATPase activity increased significantly in proxi- 
mal and distal colon in both age groups but the increases 
were significantly greater in the 20- than the 40-day-old 
animals. A low sodium diet increased serum aldosterone, 
but not serum corticosterone levels in both age groups: also 
the low sodium diet significantly increased net sodium and 
water transport in 20- but not in 40-day-old rats. Aldoster- 
one is of physiological importance for the regulation of 
NaKATPase activity in the colon at the time of weaning. 
The immature colon may have an enhanced sensitivity to 
aldosterone. (Pediatr Res 20: 242-245, 1986) 

Abbreviation 

Pi, inorganic phosphorous 

At the time of weaning there is an accelerated maturation of 
gastrointestinal enzymes and this maturation is attenuated by 
adrenalectomy (1). It is generally assumed that it is the glucocor- 
ticoid hormone which triggers the maturation. The serum levels 
of glucocorticoid hormones increase rapidly at the time of wean- 
ing (2) and treatment with large doses of glucocorticoid in 
suckling rats results in precocious development of enzymes in 
the gastrointestinal tract (3-6). 

There are few developmental studies of the large intestine. The 
adult large intestine has a high concentration of mineralocorti- 
coid receptors (7, 8), and the activity of NaKATPase enzyme in 
the adult colon can be modulated by mineralocorticoid (9). The 
present study was designed to explore the influence of mineral- 
ocorticoid hormone on colonic NaKATPase activity at the time 
of weaning. 
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Animals. Sprague-Dawley rats from Anticimex, Sollentuna, 
Sweden were used. The animal quarters were air-conditioned (2 1 
+ lo  C) with a 12-h light cycle (0700- 1900 h) and a 12-h dark 
cycle. The litter sizes were maintained at four to six animals. 

Experimental Groups. Zn~act rats. The animals were kept with 
lactating dams. They had free access to ordinary rat food (Ewos 
R3) containing 0.13 mmol Na/g and tap water ad libitum until 
20 days. Thereafter they were kept in litters without dams. Their 
body weight increased from a mean of 21.5 g at 10 days to a 
mean of 170 g at 40 days. 

Sodium depletion. These animals were fed a low sodium diet 
(Ewos) for 4 days. The diet was similar to the ordinary rat food 
but contained 0.009 mmol Na/g. Animals aged 16 days were 
separated from the dams and fed a low salt diet and tap water 
ad libitum until the day of study. The weight gain of these 
animals was the same as in intact rats of corresponding ages. 

Adrenalectomy. Sixteen-day-old rats were subjected to bilateral 
adrenalectomy under light ether anesthesia. Following a midline 
incision, the adrenals were gently dissected free from the perirenal 
fat and the vascular pedicle was clamped. After adrenalectomy 
the rats were kept with lactating dams. They had free access to 
ordinary rat food and tap water ad libitum. In addition they were 
given 0.5 ml 0.9% NaCl intraperitoneally daily. Their weight 
gain was lower than the weight gain of intact rats of correspond- 
ing age. One group of adrenalectomized rats received aldosterone 
(Aldocorten, CIBA-GEIGY, Basel, Switzerland) 5 100 g body 
weight112 h intramuscularly. The weight gain of the latter ani- 
mals was slightly lower than for intact animals of corresponding 
age. 

Experimental Protocols. To obtain blood samples for the de- 
termination of serum levels of corticosterone and aldosterone, 
cardiac puncture was performed on nonanesthetized animals. 
The blood samples were obtained between 0900-1000 h, and 
great precaution was taken to minimize stress to the animals. 

To obtain samples for NaKATPase determinations the animals 
were anesthetized with Inactin 80 mg/kg body weight. The 
abdomen was opened and the entire colon was gently removed. 
Small pieces of tissue, including mucosa and muscular wall, were 
taken from the proximal and distal colon. There are distinct 
anatomical differences between the proximal and distal colon 
(lo), which are easy to detect in both 20- and 40-day-old rats. 
The pieces were weighed and kept frozen at -70" C until the day 
of analysis. 

An in vivo perfusion technique was used to determine the net 
colonic fluid and sodium transport. The rats were anesthetized 
with Inactin 80 mg/kg body weight and a tracheostomy was 
performed. One of the carotid arteries was cannulated for blood 
sampling and a jugular vein was cannuated for fluid replacement 
with Ringer's solution, 1% of body weight/h by continuous 
infusion. The abdomen was opened and the colon was cannu- 
lated at the cecalcolonic junction. The colon was rinsed and 
flushed with 10-20 ml of warm air. Thereafter a rectal catheter 
was inserted with the tip just above the anal sphincter and the 
colon perfused with a warm solution containing 147 mM Na, 4 
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mM K, 2.3 mM Ca, and 155 mM Cl. I4C PEG (5 glliter) was 
used as a nonabsorbable marker. Recovery of I4C-PEG was 100% 
or more in all perfusates. There was no I4C-PEG in the blood 
samples taken after in vivo perfusion. The perfusion rate was 15 
ml/h. After 30 min of equilibration, effluents from three periods 
of 20 min each were collected. The technique of in vivo perfusion 
has been described in detail previously (1 1). 

Analysis. Serum corticosterone concentrations were deter- 
mined by radioimunoassay as described by Nilsen et al. (12). 
Serum aldosterone concentrations were determined using a 
radioimmunoassay kit (Diagnostic Products Corporation, Los 
Angeles, CA). 

For the determination of colonic NaKATPase activity the 
tissue was homogenized in a solution (w/v = 1:lO) containing 
250 mM sucrose, 30 mM histidine, 3 mM EDTA. Sodium 
deoxycholate 1.2 mmol was added to this solution and the pH 
was adjusted to 6.8. After homogenization the samples were 
centrifuged for 2 min. The supernatant was used for analysis. 

The supernatant was diluted in a solution containing 120 mM 
NaC1, 30 mM KCI, 5 mM Mg-C12, 30 mM histidine, 0.2% SBA; 
the pH was adjusted to 7.4. For determination of ATPase, 3 mM 
ATP was added to the solution after 5 min preincubation at 37" 
C. The incubation at 37" C was continued for 15 min, then 
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Fig. I. Serum aldosterone levels in rats during postnatal develop- 

ment. Each value represents the mean of six to eight rats. The bars 
represent SEM. 

stopped by cooling and the addition of 50 p1 of ice-cold 50% 
trichloroacetic acid. For the determination of Mg ATPase, par- 
allel incubations were made in the presence of I mM ouabain. 
The samples were centrifuged at 3,000 rpm for 10 min and 250 
p1 of the supernatants were taken from each sample and diluted 
in distilled water for the determination of Pi using the method 
described by Baginsky et al. (13); total protein content was 
measured using Lowry's method (14). NaKATPase was calcu- 
lated as the difference between total ATPase and Mg ATPase 
activity and expressed as pmol Pi released/h/mg protein. 

Net Fluid and Sodium Transport. The effluents from the 
perfusion were analyzed for electrolyte and I4C-PEG concentra- 
tions. The radioactivity of the effluent perfusate was determined 
in a Packard scintillation counter. Na was determined by net 
flamephotometry. 

Net water transport was determined from the concentration 
of 14C-PEG, using the formula: Net water transport = PR(1- 
PEG,,/PEG,r), where PR = perfusion rate in ml/min, PEG,, = 
14C-PEG concentration in the infusion solution, and PEGeR = 
I4C-PEG in the effluent collection. 

Net sodium transport was determined from the formula: Net 
sodium transport = PRIIi,-I,# (PEGi,/PEGeff)] Iin and I,R were 
the sodium concentrations in microeq in the infusion solution 
and the effluent perfusate, respectively. 

Calculations. The Student's t test and one-way analysis of 
variance were used in the statistical analysis. Values are given as 
the mean f SEM. p values less than 0.05 are considered signifi-. 
cant. The data were calculated by the computer program STAT-, 
PAC (1 5). 

RESULTS 

Hormone levels. Age-related changes in serum aldosterone 
levels are shown in Figure 1. Serum levels of aldosterone were 
low in rats aged 10-14 days. They thereafter increased sharply 
to reach adult levels at 18 days (304 f 59 pg/ml). Serum levels 
of aldosterone were not significantly different in 18- to 20- and 
20- to 40-day-old rats. 

Serum levels of corticosterone (data not shown) were low in 
10- to 14-day-old rats, increased at 18 days of age and were 
higher in 40 day than 20-day-old rats. In both 20- and 40-day- 
old rats 4 days of a low salt diet significantly increased serum 
aldosterone levels but had no effect on the serum corticosterone 
levels (Fig. 2). In both age groups the serum aldosterone levels 
increased above the maximal value which could be determined 
by the assay used (1200 pg/ml). SD could therefore not be 
calculated. 

In adrenalectomized 20-day-old rats, the serum concentrations 
of aldosterone and corticosterone were not detectable with the 
assays used. 

Enzymes. The developmental changes in NaKATPase activity 
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Fig. 2. Serum aldosterone and corticosterone levels in 20-day-old rats ( A )  and 40-day-old rats (B) rats fed normal and low salt diet. The bars 
represent SEM. 
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from 16 to 20 days of age are summarized in Table I .  In intact 
animals the NaKATPase activity increased significantly in both 
the proximal and the distal colon from 16 to 20 days of age. 

Adrenalectomy at the age of 16 days abolished the develop- 
ment of both proximal and distal colonic NaKATPase. However, 
if the rats adrenalectomized at 16 days received aldosterone 
supplementation until the age of 20 days, the NaKATPase activ- 
ity was the same in both the proximal and the distal colon as in 
control 20-day-old rats. 

The effect of low sodium diet on colonic NaKATPase activity 

Table 1.  Development of colonic NaKA TPase activity in 16- to- 
20-day-old rats under control conditions and following 

adrenalectomy with and without aldosterone supplementation, 
10 pgllOO glday (mean SEM; n = 6-8 in each group) 

NaKATPase (pmol Pi/mg protein/ 
h) 

Proximal colon Distal colon 

16 day intact 2.18 + 0.36 2.1 1 + 0.46 
20 day intact 6.33 k 0.54* 8.57 ? 0.77* 
20 day adx 3.54 2 0.85t 4.02 + 0.62*.t 
20 dav adx + aldo 8.43 + 0.57* 7.17 + 0.63* 

* Significantly different from 16-day-old rats. 
t Significantly different from 20-day-old intact rats. 

~ o n i r o l  Low ~a diet 

are shown in Figure 3. In 20-day-old rats fed a low sodium diet 
for 4 days NaKATPase activity (pmol Pi/mg proteinlh) increased 
significantly in both the proximal and distal colon. In the prox- 
imal colon NaKATPase increased from 6.3 + 0.5 pmol Pi/mg 
proteinlh in normal diet rats to 13.7 + 1.4 in low sodium diet 
rats. In the distal colon of 20-day-old rats NaKATPase increased 
from 8.6 + 0.8 in normal diet rats to 14.0 + 1.3 in low sodium 
diet rats. In 40-day-old rats which were fed a low sodium diet for 
4 days NaKATPase in proximal colon increased from 10.6 + 0.8 
in normal diet rats to 13.7 + 2.1 in low sodium diet rats. In the 
distal colon NaKATPase increased from 7.9 + 0.7 in normal 
diet rats to 11.0 + 0.7 in low sodium diet rats. The increases in 
the enzyme activity were significantly greater in 20-day than in 
40-day-old animals. 

Perfusion studies. Perfusion studies were camed out in 20- 
and 40-day-old rats which had received a normal or a low sodium 
diet. The results are shown in Table 2. 

Net sodium absorption was significantly higher in 20-day-old 
rats fed a low sodium diet than in 20-day-old rats fed a normal 
diet. Similarly, net water absorption was significantly higher in 
20-day-old low sodium rats than in 20-day-old control rats. 

In 40-day-old rats net sodium absorption was the same as in 
control rats and net water absorption was actually somewhat 
lower than in control rats. 

In accordance with previous studies we found significantly 
higher net sodium absorption in 20- than in 40-days old rats 
(16). We have previously attributed this finding to a higher 
paracellular transport in young than in adult rats. 

~onirol  Low ~a diet 
Fig. 3. NaKATPase in 20-day-old rats ( A )  and 40-day-old rats (B) fed normal and low sodium diet. A, proximal colon; A, distal colon. Each 

value represents the mean of six to eight rats. The bars represent SEM. 

Table 2. Effect of 4 days low sodium diet on colonic Na and water transport in 20-day and 40-day-old rat 
(mean & SEM; n = 6-8 in each group) 

20 days 40 days 

Low sodium diet Control Low sodium diet Control 

Net water absorption (ml/min/g 2.64 + 0.75* 1.02 + 0.67 0.47 k 0.05t 0.81 & 0.02 
dry tissue) 

Net sodium absorption (pmoll 425 & 99* 191 & 91 79 k 13 116 k 7 
m i n k  dry tissue) 

* Significantly higher than 20-day-old control rats. 
t Significantly lower than 40-day-old control rats. 
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DISCUSSION It has been suggested that this increase in intracellular sodium 

The period of weaning is critical for the development of the 
gastrointestinal tract (I). The postnatal changes in serum corti- 
costerone occumng at the time of weaning have attracted much 
interest, since there is convincing evidence that the glucocorticoid 
hormone plays a key role in the enzymatic changes in the 
gastrointestinal tract at that time (17). In the present study we 
found that at the time of weaning in rats serum levels of aldos- 
terone followed the same developmental pattern that has previ- 
ously been described for corticosterone (2, 18). This raised the 
question whether aldosterone might be of physiological impor- 
tance for the development of the colon at the time of weaning, 
since the colon is rich in aldosterone receptors (7, 8). 

Several findings in the present study suggest that aldosterone 
is of physiological importance for the regulation of NaKATPase 
activity in the developing colon. NaKATPase activity in 16-day- 
old rats was significantly lower than in 20-day-old rats. If the rats 
were adrenalectomized at the age of 16 days the developmental 
increase in NaKATPase activity was abolished; it was restored if 
the adrenalectomized rats were given supplementary low doses 
of aldosterone. 

To examine the effect of endogenous fluctuations of aldoster- 
one levels on colonic NaKATPase activity in young and adult 
rats we stimulated endogenous aldosterone production by giving 
a low sodium diet. We found a significant increase in proximal 
and distal colonic NaKATPase activity in both young and adult 
rats fed a low sodium diet. Since the low sodium diet did not 
change the serum corticosterone levels, we feel justified to attrib- 
ute the increase in NaKATPase activity to the secondary hyper- 
aldosteronism. 

Aldosterone receptors are present both in the proximal and 
the distal colon. Since it has been reported that the mode of 
action of aldosterone might be different in proximal and distal 
colonic tissue ( 1  9), we studied those segments separately. How- 
ever, we did not detect any differences between the two segments 
with regard to enzyme response to aldosterone. 

The increases in enzyme activities induced by low salt diet 
were significantly higher in the young than in the adult rats. This 
observation may indicate that immature colonic tissue has an 
enhanced sensitivity to the inductive effect of aldosterone. En- 
hanced sensitivity to the inductive effect of glucocorticoid hor- 
mones has previously been observed in the immature small 
intestine (20) as well as in the immature renal proximal tubule 
(21). In the renal proximal tubule, the enhanced sensitivity to 
glucocorticoid hormones could be attributed to increased con- 
centration of available hormone receptors (22). 

We found that in the young rat secondary hyperaldosteronism 
was accompanied both by an increase in NaKATPase activity 
and in net Na and water absorption. It is well documented from 
studies in adult animals that aldosterone can modulate both 
sodium permeability and the sodium pump. Adrenalectomy 
reduces both NaKATPase activity and transcellular sodium 
transport. In adrenalectomized animals replacement with aldos- 
terone but not synthetic glucocorticoid has been shown to restore 
both the enzyme activity and the sodium transport capacity to 
normal in tissues rich in mineralcorticoid receptors (23). The 
mechanisms by which aldosterone influences transcellular so- 
dium transport and NaKATPase activity are not fully under- 
stood. There is evidence that aldosterone increases the sodium 
permeability of the apical cell membrane (21) as well as Na- 
KATPase activity in the basolateral cell membrane. 

The increase in the sodium permeability of the luminal cell 
membrane will cause an increase in intracellular sodium content. 

stimulates the recruitment of NaKATPase to the basolateral cell 
membrane. However, there are other studies suggesting thxt 
NaKATPase synthesis is also directly stimulated by aldosterone 
(25). The increase in net colonic sodium and water absorption 
that we observed in the young rats with secondary hyperaldoste- 
ronism might be due to an increase in apical Na permeability as 
well as to an increase in NaKATPase activity and our results are 
compatible with the hypothesis that aldosterone may induce 
NaKATPase activity by increasing intracellular sodium availa- 
bility. 
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