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ABSTRAm. The immature kidney appears to be less GFR, glomerular filtration rate 
responsive to atrial natriuretic peptide (ANP) than the MAP, mean arterial pressure 
mature kidney. It has been proposed that this difference UeC~pV, urinary cGMP excretion 
accounts for the limited ability of the young animal to UN,V, urinary sodium excretion 
excrete a sodium load. To delineate the effects of age on 
the renal response to exogenous ANP, Sprague-Dawley 
rats were anesthetized for study at 31-32 days of age, 35- 
41 days of age, and adulthod. Synthetic rat A* was 
infused intravenously for 20 min at increasing doses rang- 
ing from 0.1 to 0.8 pg/kg/min, and mean arterial pressure, 
glomerular filtration rate, plasma ANP concentration, 
urine flow rate, and urine sodium excretion were measured 
at each dose. Since cyclic GMP acts as a second messenger 
for ANP action, urinary cyclic GMP excretion also was 
measured. Increasing doses of ANP caused a similar de- 
crease in MAP at all ages studied, and increased glomer- 
ular filtration rate in adult but not young rats. Increasing 
the dose of ANP from 0.1 to 0.4 pg/kg/min caused a greater 
rise in urine flow and urinary cyclic GMP excretion in 
adult than young rats, and urine sodium excretion increased 
more in adults at all doses ( p  < 0.05). However, the rise 
in plasma ANP concentration also was greater in adults 
than in young rats (p < 0.05), indicative of greater systemic 
clearance of ANP in young animals. Increasing levels of 
plasma ANP concentration were correlated with a greater 
rise in urine flow in adult than young (31-32 day old) rats 
( p  < 0.05), but there was no differential effect on urinary 
cyclic GMP excretion. We conclude that although the 
diuretic effect of ANP increases with age, the guanylate 
cyclase response to ANP does not change after 30 days of 
age in the rat. Decreasing clearance of ANP as rats age 
may be due to decreased enzymatic degradation of the 
peptide or reduced removal as a result of altered receptor 
binding. (Pediatr Res 24: 333-337,1988) 
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By comparison to the adult kidney, the immature kidney 
responds to volume expansion with a more limited diuresis and 
natriuresis (I). A number of factors have been implicated to 
explain this phenomenon in the neonatal kidney, including a 
smaller increase in GFR, redistribution of renal blood flow, and 
increased distal tubular reabsorption (1). It presently appears that 
enhanced distal reabsorption is primarily responsible for the 
limited response of the immature kidney (2,3). Despite morpho- 
logic renal maturation by the end of the first month of life in the 
rat, renal functions mature in discrete critical time periods even 
after the neonatal period. Hence, a prompt diuresis and natri- 
uresis after acute blood volume expansion does not develop until 
30 to 40 days of age (4). These observations may be due to a 
circulating factor present in the adult but deficient in the young 
animal (5). 

Since its discovery in 1981 (6), ANP has been intensively 
investigated, and the peptide is now thought to play an important 
role in volume homeostasis (7). If ANP contributes to the mat- 
urational increase in the efficiency of diuresis and natriuresis in 
response to acute volume expansion, several possibilities exist. 
First, release of the active peptide from cardiac tissue may 
increase during development; second, the renal response to cir- 
culating ANP may increase with growth; and third, molecular 
processing or metabolism of the peptide may change such that 
ANP clearance decreases with age. 

The present study was designed to compare the renal response 
to graded infusion of ANP in young and adult rats. Plasma ANP 
was measured at each infusion rate so that functional renal 
response could be related to circulating levels of the peptide. 
Inasmuch as cGMP is known to act as a second messenger for 
ANP action (8), UGMPV also was measured. 

MATERIALS AND METHODS 

Experiments were performed using three groups of Sprague- 
Dawley rats: adult rats weighing 212 to 301 g (n = 6), rats 
weighing 93 to 123 g (37 k 1 days old; n = 5), and rats weighing 
68 to 92 g (3 1.5 + 0.2 days old; n = 5). The age groups of young 
rats were selected because a marked increase in diuretic and 
natriuretic response to acute blood volume expansion normally 
develops from 30 to 40 days of age (4). Animals were anesthetized 
with intraperitoneal sodium pentobarbital (Abbott Laboratories, 
North Chicago, IL), 50 mg/kg, and placed on a thermostatically 
controlled heating table. After tracheotomy, a carotid artery was 
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cannulated for blood sampling and monitoring of MAP with a 
Statham 231D transducer connected to a recorder (Hewlett- 
Packard 2544, Hewlett-Packard Co., Palo Alto, CA). A jugular 
vein was cannulated for infusion of ANP, and the contralateral 
jugular vein was cannulated for continuous infusion of 0.85% 
saline at 0.3 ml/kg/min. This catheter was also used for replace- 
ment of blood withdrawn for samples with whole blood obtained 
from anesthetized untreated adult donor rats. The proximal left 
ureter was exposed through an abdominal incision and cannu- 
lated for urine collection in preweighed cups. 

After a 1-h equilibration period, a 20-min urine collection was 
obtained, at the end of which a 2-ml blood sample (adults) or 1- 
ml sample (young rats) was withdrawn from the arterial catheter 
over a 3-min period. Donor rat blood simultaneously was infused 
at the same rate as withdrawal to maintain a constant blood 
volume. Hematocrit was measured in micro-hematocrit tubes, 
and the remainder of the blood sample, collected in EDTA, was 
centrifuged at 4" C for 10 min. Plasma and urine samples were 
stored at -70" C before assays for ANP and cGMP. 

Immediately after the initial collection of urine and blood, 
synthetic rat ANP (28 amino acid peptide, Peninsula Laborato- 
ries, Belmont, CA) 5 pg/ml in 5% dextrose in water, was infused 
intravenously at a rate of 0.1 pg/kg/min (0.02 ml/kg/min) during 
a second 20-min urine collection period. The rate of ANP 
infusion then was increased by changing the rate of infusion to 
0.2, 0.4, and 0.8 pg/kg/min at the beginning of subsequent 20- 
min collection periods in all animals, and to 1.6 pg/kg/min in 
five of the young rats. A blood sample was obtained at the end 
of each collection period and was replaced with an equal volume 
of donor blood as described above. 

Because inulin clearance could not be measured in animals 
undergoing repeated blood withdrawal and replacement for ANP 
determinations, GFR was measured by inulin clearance in sep- 
arate groups of adult rats (195 to 257 g body weight; n = 5) and 
young rats (34 to 37 days old; n = 5). Animals were anesthetized 
and surgically prepared as described above. Saline containing 
[3H]inulin (New England Nuclear, Boston, MA) in a concentra- 
tion of 10 pCi/ml was infused throughout the experiment at 0.3 
ml/kg/min. After a 1-h equilibration period, a 20-min urine 
collection was obtained, followed by ANP infusion in four se- 
quential 20-min increments of 0.1 to 0.8 pg/kg/min as described 
above. Blood samples (0.1 ml) were obtained between each urine 
collection period. Radioactivity of plasma and urine aliquots was 
measured in a p-scintillation counter (Beckman Instruments, 
Irvine, CA) and inulin clearance was calculated as the product 
of urine flow and urine to plasma activity ratio. At the end of 
the experiment, the animal was killed by intravenous infusion of 
saturated potassium chloride solution, and the kidneys were 
excised, drained, and weighed. 

Assays. ANP. Plasma ANP was measured by radioimmuno- 
assay. Plasma samples were acidified (1: 1) with 0.6% trifluoroa- 
cetic acid, extracted over octyldecylsilane cartridges (Sep-Pac, 
Waters Associates, Milford, MA), evaporated to dryness (Speed 
Vac, Savant Instruments, Farmingdale, NY), and reconstituted 
in 0.05 M phosphate buffer containing 2.0 mg/ml bovine serum 

albumin (pH 7.4). Samples were incubated for 72 h at 4" C with 
rabbit anti-rat ANP (Peninsula Laboratories, Belmont, CA) and 
monoradioiodinated rat ANP (New England Nuclear). Serially 
diluted rat ANP (Peninsula Laboratories) was used for assay 
standards. Free tracer was separated from bound by the addition 
of 0.05% dextran-0.5% charcoal (1:l) with sample, followed by 
rapid mixing, equilibration for 5 min, and centrifugation at 
4" C, 5,000 rpm for 20 min. The samples were decanted and the 
amount of radioactivity present in the supernatants was deter- 
mined (Gamma 300, Beckman Instruments, Columbia, MD). 
Data were analyzed by a computerized logit-log transformation 
program on an AT&T microcomputer. Efficiency of extraction 
of ANP by this method was 93-97%; and recovery of unlabeled 
ANP through the entire procedure was 87%. The lowest detect- 
able ANP concentration was 3.3 pg/sample; intraassay variation 
was 4.6%; and interassay variation was 9.7%. 

Sodium. Urine sodium concentration was measured by flame 
photometer (Corning model 435, Corning Glass Works, Med- 
field, MA), with lithium as the internal standard. 

Urine cGMP. Urine cGMP concentration was measured by 
automated radioimmunoassay (9). The radioligand, '251-2'-0- 
succinyl-cyclic nucleotide tyrosine methyl ester, was prepared as 
described (10). 

Statistical analysis. Dose-response curves were analyzed by 
linear regression using the method of least squares, and slopes 
and intercepts were compared between groups using analysis of 
variance (SAS Institute, Cary, NC). Inasmuch as the relationship 
was linear only for infusion rates of ANP up to 0.4 pg/kg/min, 
comparisons were made for rates of 0.0 to 0.4 pg/kg/min. To 
account for differences between groups in plasma concentration 
of ANP at each infusion rate, data also were analyzed as a 
function of plasma ANP concentration. Because there were no 
differences between 31- to 32-day-old and 35- to 41-day-old 
groups in the relationship of measured parameters to ANP 
infusion dose, for the sake of clarity only the youngest group was 
compared to the adult group in the correlations with plasma 
ANP concentration. Changes in GFR resulting from incremental 
ANP infusion were assessed by single-factor repeated measures 
analysis of variance. Differences were considered to be statisti- 
cally significant at p < 0.05. 

RESULTS 

As shown in Table 1, kidney weight increased with age of the 
rats. Urinary excretion data therefore were factored for kidney 
weight. Although hematocrit also increased with age, there was 
no change in hematocrit in any of the groups. Mean arterial 
blood pressure was greater in adult than young rats, and de- 
creased with increasing doses of ANP infused (Fig. 1). In the five 
young rats that received an additional ANP dose of 1.6 pg/kg/ 
min, MAP decreased further to 53.6 k 2.7 mm Hg. 

Baseline plasma ANP concentration was twice as high in adult 
as in young rats (Table 1). An important and unexpected finding 
was a greater rate of increase in plasma ANP concentration with 
increasing doses in adult compared to young rats (Fig. 2; Table 

Table 1. Body and kidney wt, hematocrit, plasma ANP concentration, and UcGMp V in rats of dzfferent ages (mean + SE) 
n Body wt Left Plasma UmmpV 

kidney wt Hematocrit (%) [ANPI (pM/min/g 
(~g/ml)  kidney wt) 

Pre End Pre Pre 
ANP infusion ANP infusion 

ANP infusion 

Adult 6 25 1.2 1.420 43.3 44.8 42.0 9.0 
k11.6 k0.088 +1.0 k0.6 -1-5.7 k2.5 

35-41 days 5 102.0 0.677 38.0 41.0 21.7 11.6 
+5.4* +0.075* k 1 .O* +0.7* *4.9* f 4.3 

3 1-32 days 5 81.6 0.605 39.2 39.2 18.1 22.1 
k4.0* k0.05 I* &0.5* k0.6* +5.1* f 0.5*,t 

--  

* p < 0.05 versus adult; t p < 0.05 versus 35-41 days. 
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Fig. 1. Effect of ANP infusion on mean arterial pressure in rats of 
various ages. Each point represents mean + SE for each group. 

0-0 Adult 
a- 37 Day-old 

ANP Infusion Rate (pg/kg/min) 

Fig. 2. Effect of ANP infusion on plasma ANP concentration in rats 
of various ages. 

Table 2. Relationships between ANP infusion dose or plasma 
concentration and measured parameters as a function of ane 

Adult versus Adults versus 35-4 1 versus 
Figure Parameter 35-41 days 3 1-32 days 3 1-32 days 

Relationship to ANP dose (slope/intercept)* 
1 Blood pressure NS/0.0001 NS/0.000 1 NS/NS 
2 Plasma [ANP] 0.04/NS 0.009/0.02 NS/NS 
3A Urine flow rate NS10.02 0.04/0.0002 NS/NS 
3B UN~V NS/0.03 NS10.02 NS/NS 
3C UFZMPV 0.006/0.004 0.001/0.007 NS/NS 

Relationship to plasma ANP concentration (slope/intercept)* 
4A Urine flow rate 0.04/0.000 1 
4B UN.V NS10.03 
4C Uffi~pV NS/NS 

* p values for comparisons of slopes/intercepts of regression lines in 
Figures. For Figures 1 to 3, regression is for ANP infusion rates of 0 to 
0.4 wg/kg/min. 

2). In the five young rats receiving an additional ANP infusion 
of 1.6 pg/kg/min, plasma ANP concentration was 1228 k 144 
pg/ml, which averaged 25% above levels obtained at 0.8 pg/kg/ 
min in the same animals ( p  = NS). 

As shown in Figure 3A, urine flow rate was higher in adult 
than young rats, and the rate of increase with increasing ANP 
dose was higher in adults compared to 32-day-old animals (Table 
2). When urine flow was related to plasma ANP concentration 
(Fig. 4A), these differences persisted (Table 2): Although UN,V 
was greater in adults than young rats, there was no difference in 

25  - A 
0-0 Adult 
0-0 37 Day-old 

. . 32 Day-old I 
20 - I 

0 

15 - 

10 - 

1 

0 
0.0 0.1 0.2 0.4 0.8 

i 0.0 0.1 0.2 0.4 0.8 
3 

ANP lnfuslon Rote (pg/kg/rnin) 

Fig. 3. Effects of ANP infusion on urinary parameters in rats of 
various ages. (KW, kidney weight). A. urine flow rate; B. urinary sodium 
excretion; C. urinary cGMP excretion. 

the rate of increase with increasing ANP infusion to 0.4 pg/kg/ 
min (Figs. 3B and 4B; Table 2). 

As shown in Table 1, baseline U c ~ ~ p V  was greatest in the 
youngest rats. However, the rate of increase in U c ~ ~ p V  with 
increasing ANP infusions up to 0.4 pg/kg/min was greater in 
adults than in young rats (Fig. 3C). This effect was due entirely 
to higher plasma ANP levels achieved during infusion of the 
peptide into adult animals, because the relationship of cGMP 
excretion to plasma ANP was virtually identical in adult and 32- 
day-old rats (Fig. 4C). 

There was no difference between 37- and 32-day-old rats in 
the relationships depicted in Figures 1-3. There was no additional 
increase in urine flow, UN,V, or U~;MPV excretion during infu- 
sion of ANP at 1.6 pg/kg/min in five young rats. 

As shown in Figure 5, GFR increased by approximately 50% 
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Plasma ANP Concentration (pg/ml) 

Fig. 4. Relationship between plasma ANP concentration and urinary 
parameters in rats of various ages. Each point depicts individual deter- 
minations. A. urinary flow rate (Adult R = 0.75; 32 day-old R = 0.78); 
B. urinary sodium excretion (Adult R = 0.80; 32 day-old R = 0.76); C. 
urinary cGMP excretion (Adult R = 0.92; 32 day-old R = 0.93). 

as a result of ANP infusion in adult rats, whereas there was no 
significant increase in young animals. There was no progressive 
increase in GFR with increasing dose of ANP in either group. 

DISCUSSION 

The major finding in the present study is that systemic clear- 
ance of ANP decreased with age of the rat. A variety of tissues is 
capable of clearing ANP, including kidney, liver, lung, and heart 
(1 1, 12). Although initial reports suggested that the plasma half- 
life of ANP was several minutes (1 1, 13), the half-life, actually 
may be less than 30 sin the adult rat (14). Braunlich and Solomon 
(1 5) found that infusion of atrial extract from adult rats .caused 
a greater diuresis and fractional sodium excretion in older than 

1.5-  * 0-0 Adult 
.--a 37 Day-old 

P .- 1 
E 0 
2. 
E T 
0) 

----.----,, T 
..a 1 -----. 
e I 

ANP Infusion Rate (pg/kg/rnin) 

Fig. 5. Effects of ANP infusion on glomerular filtration rate in young 
and adult rats. * p < 0.05 vs. pre-ANP infusion, same group. Overall 
GFR for adult group was greater than that for young group (p < 0.02). 

younger animals. Inasmuch as plasma levels of ANP were not 
measured, the results of the latter report are compatible with 
either increasing renal sensitivity to ANP or decreased clearance 
of ANP from the plasma of older animals, as was found in the 
present study. 

Although peptide hydrolysis initially was postulated to be the 
primary mechanism for ANP clearance (14), most renal removal 
of ANP has been shown to be due to specific cortical binding 
rather than hydrolysis (16). An intriguing explanation of these 
findings relates to the discovery of multiple subpopulations of 
ANP receptors (1 7). The predominant (C-ANF) receptors present 
in smooth muscle (1 7) and kidney (1 8) avidly bind ANP but are 
not coupled to cGMP, unlike B-ANF receptors that mediate the 
known physiologic actions of ANP on target tissues. The biolog- 
ically silent C-ANF receptors therefore may serve as storage or 
clearance binding sites. It is tempting to postulate that young 
rats have a greater proportion of C-ANF receptors that bind 
exogenous ANP, resulting in a lower plasma concentration. In 
the present study, the higher baseline plasma ANP concentration 
in adult rats therefore may relate to fewer C-ANF receptors. 
Because the response in u a ; ~ p V  to plasma ANP concentration 
was identical in young and adult rats, the relative density of B- 
ANF receptors presumably may not change with growth. 

Since the original observation of Hamet et al. (19) that cGMP 
is generated in response to ANP, numerous studies have con- 
firmed the activation of particulate guanylate cyclase by circu- 
lating ANP (8). In the present study, there was a strong correla- 
tion between U c ~ ~ p V  and plasma ANP concentration regardless 
of age. Whereas plasma or urinary cGMP levels may serve as a 
biologic marker for ANP activity, the source of cGMP cannot 
be determined from the present data. 

Although MAP was greater in adult than young rats, an 
increase in the dose of ANP to 1.6 Fg/kg/min reduced MAP 
more in young animals than in adults despite lower ANP levels 
in younger animals. It would appear, therefore, that young rats 
are more sensitive to the hypotensive effects of ANP. Plasma 
levels of angiotensin I1 are elevated in young rats 30 to 40 days 
of age (20). Because ANP appears to exert greater vasorelaxant 
effects in the presence of vasoconstrictors (2 I), it is not surprising 
that high doses of ANP reduced MAP to a greater extent in 
young than in adult animals in the present study. 

Throughout the ANP infusion, urine flow and sodium excre- 
tion of adult rats remained greater than those of young animals. 
Whereas increasing the dose of ANP infusion to 0.4 pg/kg/min 
did not significantly alter this relationship for UN,V, the rise in 
urine flow was greater in adults even when related to plasma 
ANP concentration. This indicates an increasing renal diuretic 
response to ANP with growth. One possibility is that the increase 
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in GFR due to ANP infusion in adult animals in the present 
study contributed to the greater diuretic response compared to 
young animals which showed no change in GFR with ANP 
infusion. In Munich-Wistar rats of weights similar to young 
animals in the present study, Roy (22) found that ANP infusion 
(0.1 pg/kg/min) reduced GFR by 27%, but there was no change 
in GFR in larger rats (22). These divergent results may be due 
to strain differences. Nevertheless, because urine flow increased 
with ANP infusion in young animals in both studies, there may 
be age-related changes in direct ANP-mediated inhibition of 
vasopressin action on the tubule (23). 

In summary, we have shown that ANP infusion caused a dose- 
dependent decrease in MAP in young and adult rats. Although 
the rise in GFR, urine flow rate, and UcG~pV were greater in 
adult than young rats, the rise in plasma ANP concentration was 
significantly greater in adults, indicating a decrease in systemic 
clearance of ANP with growth. When related to plasma ANP 
concentration, there was no difference in U~GMPV between young 
and adult rats, suggesting that the metabolic response to ANP 
did not change after 30 days of age in the rat. However, increasing 
levels of plasma ANP resulted in a greater rise in urine flow in 
adult than young rats, suggesting that the renal diuretic response 
to ANP increased with age, and may be at least partially inde- 
pendent of guanylate cyclase. Whereas young rats were found to 
excrete less urinary sodium than adults, the rate of increase in 
sodium excretion with increasing ANP dose was similar. We 
conclude that changing ANP pharmacokinetics with age may 
contribute to an increasing renal response to infusion of the 
peptide in adult compared to young animals. 
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