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Summary

Plasma renin (PRC) and aldosterone concentrations are known
to be high during early postnatal life. Whether this is related to
the low rates of renal blood flow or to sodium homeostasis remains
unknown. Measurements of PRC, renal blood flow, and its intra-
renal distribution were performed in 1- to 3-wk-old puppies sub-
jected to maneuvers known to stimulate or inhibit renin release.
In the awake state, PRC was observed to be higher in 2-wk-old
puppies than in older or younger dogs, (P < 0.0001). Significant
differences in PRC were also found between litters (P < 0.0001),
but they did not account for the age-related changes. Anesthesia
resulted in a 3- to 5-fold rise in PRC, whereas saline expansion
suppressed PRC at all ages, the fall tending to become progres-
sively greater with age (P < 0.09). There was no significant
correlation between the age-related changes in PRC and those in
renal blood flow or its intrarenal distribution. The results of these
experiments demonstrate that in the newborn from a qualitative
point of view, PRC changes appropriately in response to various
stimuli. However, quantitative age-related differences exist in this
regard, reflecting an initial immaturity of the feedback system.

Speculation

The lack of correlation between plasma renin concentration and
the intrarenal distribution of blood flow, corroborated with the
existence of a relationship between plasma renin and the state of
the extracellular fluid volume, suggest that during development
the renin-angiotensin-aldosterone system is geared toward the
maintenance of the positive sodium balance intrinsic to the process
of growth.

The renin-angiotensin-aldosterone system is known to play an
important role in the regulation of blood pressure and in sodium
homeostasis in the adult animal and human (4, 13, 19, 20, 23, 31).
It also has been implicated in the phenomenon of autoregulation
of renal blood flow, single nephron glomerular filtration rate, and
intrarenal distribution of blood flow (1, 21, 22, 28). In the newborn
period, plasma renin levels are higher by about one order of
magnitude than they are later in life (5, 9, 11, 18). This may relate
to the low rates of total renal blood flow (2, 14) and outer cortical
blood flow (2) observed at this age. It is known that the renin-
angiotensin system can be stimulated in the newborn by peritoneal
dialysis or by administration of diuretics (9, 11, 29), but there is a
relative paucity of information regarding its responsiveness to
agents known to suppress it in adults (11, 15, 27), and the results
of these studies conflict with each other. Another aspect that needs
to be investigated is the relationship between the renin-angioten-
sin-aldosterone system and sodium homeostasis. The limited na-

triuretic response of the newborn following volume expansion
might be related to the high plasma concentration of aldosterone.
In the present study, normal values of immunoassayable plasma
renin concentrations (PRC) were established, the developmental
pattern was assessed, and the effect of acute volume expansion on
PRC was determined in awake and anesthetized animals of var-
ious ages.

METHODS

Suckling mongrel puppies born in our animal quarters were
studied during the first 3 weeks of life. Baseline PRC was deter-
mined on 0.1 to 0.2 ml plasma samples obtained in the morning
(9 to 10 A.M.) from 173 awake animals. Fifty-six of these puppies
were studied serially at 2 to 4 different ages. Thus, the number of
baseline determinations exceeds the number of animals studied.
Diurnal variation was studied in 15 animals by comparing the
values obtained in the morning to those found in samples collected
in the afternoon (2 to 3 P.M.). All blood samples were obtained
from the jugular vein. This necessitated that the puppies be held
in a recumbent position with the neck extended. The plasma was
separated from red blood cells at 4°C in a Sorvall Cold Centrifuge,
and the samples were kept frozen at —40°C until the time of
analysis.

The effect of volume expansion was evaluated in 13 animals
belonging to one of three age groups (4 to 6, 11 to 15, and 19 to
23 days), known to correspond to specific developmental stages of
intrarenal blood flow distribution (2).

General anesthesia (stage III, plane 2; Ref. 6) was induced and
maintained with ether. PE 50 (Clay Adams, Inc., New York)
catheters were placed into the right femoral artery and vein for
blood sampling and infusion of saline, respectively. A 33-gauge
needle was inserted through a left flank incision into the renal
artery at its junction with the aorta for the injection of '¥*Xe used
to determine renal blood flow (2). After surgical preparation, the -
animal received a 10% body weight isotonic saline load over a 30-
min period. Blood samples for PRC were obtained before and
after induction of anesthesia, as well as after the completion of
saline expansion.

The effect of saline expansion on PRC was assessed in a separate
group of 15 awake animals. In the early morning hr, the femoral
artery and vein were cannulated, and the animal was allowed to
awaken and was returned to the litter. Four hr later, the puppy
was volume expanded as described above. Blood samples for PRC
were obtained before induction of general anesthesia, 4 hr after
recovery from anesthesia, and after saline loading.

PRC was determined by the measurement of the generation of
angiotensin (A) in the presence of excess homologous substrate
(1678 + 205 ng Al/24 hr/ml) and while degradation of Al was
blocked by the addition of 8-OH quinoline and dimercaprol.
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Plasma samples (50 um) were mixed with 1.5 ml of substrate rich
plasma obtained from adult dogs 48 hr after bilateral nephrectomy
and with 15 ul of 8-OH quinoline (6.6%) and dimercaprol (10%)
each. Fifty pl of this mixture were incubated in polystyrene tubes
at 4 or 37°C for 30 min. The angiotensin contained in the sample
was determined by radioimmunoassay with a commercially avail-
able kit (E. R. Squibb & Sons, Inc., Princeton, N.J.), as previously
described (7). The coefficient of variance for intraassay and inter-
assay replications were 4.7 and 13.5%, respectively.

RESULTS

PRC UNDER CONTROL CONDITIONS

Values of PRC in puppies, expressed as ng Al/ml.30 min, were
21929 (S.E)(n=51),204 £ 1.8 (n=57),48.2 £ 6.4 (n = 42),
and 21.4 x 3.8 (n = 34) in the first day, first, second, and third wk
of life, respectively (Fig. 1). Thus, PRC rose and then fell during
the development of the puppy. Analysis of variance and multiple
range testing demonstrated that PRC was significantly greater in
2-wk-old animals (P < 0.0001) than in the other age groups.

The variability between individual observations in each group
was due mainly to differences between litters (P < 0.0001). This
is illustrated in Figure 2, which depicts the mean and S.E. of the
values observed from birth to seven days in nine litters, each
consisting of at least five puppies. The differences between litters
were apparent at each age studied. However, the analysis of
variance demonstrated that the increase in PRC noted during the
second wk of life remained significant (P < 0.05), when the
differences between litters were statistically constrained.

No significant difference in PRC was observed (P > 0.2)
between the samples obtained in the morning (29.6 + 6.9) and
afternoon (21.2 *+ 5.7 ng Al/ml.30 min), and no significant
correlation could be established between PRC and changes in
body weight (r = 0.28). :

RESPONSE OF PRC TO STIMULI DURING DEVELOPMENT

The results of the studies regarding the effects of saline expan-
sion on plasma renin in anesthetized animals are shown in Table
1. Anesthesia resulted in a significant increase and saline loading
in a decrease in PRC at each age (paired ¢ test), but the latter
levels remained above those observed prior to anesthesia. In 2 of

60—

(42)

551
50—
as}-
40 =

35

30

25l
o FIT
e

(51
I

PRC (ng Al/ml-30mm)

10—
5

IDAY  IWEEK 2WEEKS 3WEEKS

Fig. 1. PRC in unanesthetized puppies of various ages (x x S.E.). The
number of animals studied at each age is given in the brackets at the top
of bars.
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Fig. 2. PRC (x % S.E.) in nine litters of awake puppies 0 to 7 days of
age. The number of pups in each litter is indicated at the rop of bars.

the animals, PRC increased following saline expansion, probably
as a result of small variations in the level of anesthesia. There was
no significant correlation between the PRC and either mean renal
blood flow (RBF), outer cortical flow rate, or the percentage of
RBF perfusing the outer cortex (Table 1).

Because these experiments demonstrated that anesthesia results
in significant increases in PRC and that saline expansion did not
lower PRC to values observed in the control state, the loading
studies were repeated in a separate group of 15 animals allowed
to recover from the anesthesia used during the placement of
femoral catheters. The control values were similar to and not
significantly different from those found in the preceding studies
(Table 2). Analysis of variance and multiple range testing dem-
onstrated the PRC to be higher at 2 wk than at either 1 or 3 wk of
age (P < 0.05). Within 4 hr after recovery from anesthesia, PRC
returned to preanesthetic levels at all ages (P > 0.3). Following
expansion with saline, PRC fell to 35.9 * 3.5% of control in the
youngest group, to 29.9 + 9.3% in the intermediate age groups,
and to 20.0 + 4.0% in the oldest animals. At each age, the fall in
PRC was significantly greater than the fall in hematocrit (P <
0.05). A tendency toward a progressively larger fall in PRC with
age was demonstrated by linear regression (r = 0.47; P = 0.09).

DISCUSSION

The kidneys of fetal and newborn experimental animals are
known to be able to synthesize and secrete renin (5, 9-12, 18, 24),
the PRC in the fetus and newborn being generally greater than
that of the mother (5, 12, 26, 29). It is also well known that in the
newborn plasma renin is very high in both the human and in
experimental animals (9-11, 24, 29). The present study was de-
signed to trace the profile of the changes in PRC during devel-
opment and to test whether or not procedures known to alter PRC
in the adult provoke qualitatively and quantitatively similar re-
sponses in maturing animals. In addition, we sought to determine
whether or not developmental changes in RBF and its intrarenal
distribution correlate with the changes in PRC.

The results obtained confirm that in the puppy PRC is high
during the first wk of extrauterine life. New is the observation that
PRC is higher during the second wk of life than cither during the
first or third and that the values found during the latter two
periods do not significantly differ from each other. Granger et al.
(9), using a bioassay, found plasma renin activity in puppies to be
higher during the first two wk than later in life but failed to
demonstrate a difference between the one- and two-wk-old ani-
mals. One possible reason is the small number of animals (n = 5),
which were investigated in the second wk of life. Furthermore,
the difference might have been obscured by the fact that measure-
ments were not done in littermates; as shown by this study, great
variability exists among litters of similar age. It is also possible
that a substrate-limited reaction may obtain at an early age and
give rise to lower values for plasma renin activity than PRC.
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Table 1. PRC and RBF in anesthetized puppies

PRC (ng Al/ml - 30 ml)

RBF (ml/100 g - min)

Post/Preexpan- Outer cortex
- Age (wk) Control' Preexpansion Postexpansion sion (%) Whole kidney  Outer cortex (%)
1 18.4 459 43.0 93.7 529 81.9 2
1 8.6 114 6.5 57.0 88.2 138.6 2
1 20.5 94.2 40.0 428 48.5 153.2 2
X 15.8 50.5 299 64.5 63.2 124.6 2
S.E. 37 240 1.7 15.2 12.6 21.8 2
2 61.2 1519 144.0 94.8 76.5 306.4 7.3
2 653 197.1 89.3 453 60.6 264.6 8.1
2 1.6 205 6.5 317 88.0 291.1 8.1
2 ND? 76.4 45.1 59.0 ND ND ND
2 55.6 66.3 922 139.1 104.0 415.8 14.4
X 474 102.4 154 740 823 3195 9.6
S.E. 134 31.7 233 194 9.2 332 1.6
3 78.2 1223 23.7 194 91.0 485.1 9.4
3 375 85.1 532 62.5 69.3 3584 7.8
3 11.9 47.1 30.7 65.2 138.6 4478 102
3 94 30.9 338 109.4 ND ND ND
3 17.0 83.7 78.5 93.8 145.5 646.8 16.9
X 30.8 73.8 40 70.0 1.1 484.5 11.1
S.E. 12.8 16.0 9.9 154 18.5 60.3 20

! Prior to anesthesia.
% Not distinguishable from inner cortical flow.
¥ ND, not done.

Table 2. PRC' in puppies allowed to recover from anesthesia

Age (wk) Control® Preexpansion Postexpansion Post/Preexpansion (%)
1 321 21.2 9.2 484
| 20.2 474 12.6 26.6
1 26.1 42.6 127 29.8
1 43.0 423 18.7 4.2
1 5.0 13.5 438 35.6
X 253 334 1.6 35.9°
S.E. 6.3 6.7 23 35
2 56.1 393 14.2 316
2 33.0 46.0 280 60.9
2 59.0 55.0 12.4 256
2 95.0 320 213 36.0
2 5.0 5.0 0.2 4.0
X 49.6 45.5 15.2 29.9°
SE. 14.9 127 4.7 9.3
3 147 239 45 18.8
3 72 443 5.0 113
3 17.8 25.1 83 33.1
3 4.1 144 1.8 12.5
3 5.7 35 0.9 25.7
X 9.9 222 4.1 20.1°
SE. 27 6.7 1.3 4.1

' ng Al/ml. 30 min.
2 Prior to anesthesia.
? Significantly less than 100% (P < 0.05).

As in the puppy, plasma renin levels have been found to be
high in the human neonate and to decrease thereafter. Kotchen et
al. (18) demonstrated a fall from 8.8 + 2.8 ng Al/ml-hr on the
first day of life to 2.3 £ 0.5 ng Al/ml-hr at 3 to 6 wk of age.
Hayduk et al. (10) reported that PRC fell from 14.7 + 3.1 ng AIl/
ml-hr at birth to 8.4 + 2.8 ng by 3 to 16 days of age. Both of these
studies also documented an increase in plasma renin in the first
days of life with a subsequent decrease to the levels quoted earlier.
Thus, a biphasic pattern is demonstrable in the human neonate as
well as in the puppy, although the postnatal ages at which the

highest levels are observed appear to differ. It is unlikely that the
increase in plasma renin is related solely to the decrease in
extracellular volume known to occur after birth. In the study of
Hayduk et al. (10), the maximal weight loss of the neonates did
not coincide with the increase in PRC. The same holds true for
the present study because the animals were in a positive balance
for salt and water, as judged from their continuous weight gain, at
the time PRC underwent a rise. Moreover, there was no significant
correlation between the changes in body weight and PRC in those
animals studied on more than one occasion.
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It might be noted that the increase in PRC observed during the
second week of life corresponds to the appearance of a zone in the
superficial cortex which is perfused at a high rate. The temporal
relationship might suggest that the rise in PRC is the consequence
of a passive outpouring of renin already stored in the outer cortex.
As discussed below, this is not the case.

Because PRC is dependent upon factors related to the intra-
uterine environment, it was not surprising that at birth the varia-
bility between litters was rather great. Several studies have dem-
onstrated the mutual interdependence of the maternal and fetal
renin-angiotensin system (12, 26, 29) as well as the influence of
the maternal diet on the level of serum aldosterone in the neonate
(3, 8). Unforeseen was the persistence of the difference between
the litters long after birth. This may be due to the genetic endow-
ment (30) or be dependent on exogenous influences such as the
sodium content of maternal milk.

The present experiments explored the responsiveness of PRC to
expansion with an isotonic saline solution. In the awake state,
sodium loading resulted in a fall in PRC in all animals. The mean
decrease in PRC (70.4 x 3.8%) could not be attributed solely to a
dilutional effect because it exceeded the decrease in hematocrit
(323 * 3.1%). In addition, these data demonstrate a tendency
toward a progressively greater relative fall in PRC with each
increment in age (0.1 > P > 0.05), suggesting that the mechanism
responsible for the maintenance of PRC may be less responsive to
suppressive exogenous stimuli in the first wk than in the second or
third wk of life. This is in agreement with a preliminary report
(15), indicating that the relative fall in PRC consequent to daily
IP injections of sodium chloride was greater in 3-wk-old puppies
than in 1-wk-old animals. It should be clear, however, that the
high PRC characteristic of developing animals could not be due
solely to the inability to suppress renin release or to a passive
outflow of prestored renin because neither of these mechanisms
would be expected to be altered by saline expansion alone and
presumably PRC would not decrease.

In the anesthetized animals, the suppression of PRC by saline
loading was less consistent than in awake animals. In addition,
the effect of saline loading was much smaller with only an overall
suppression of about 30%, compared to the 67% decrease found in
awake animals. The difference in response to saline observed
between awake and anesthetized animals is probably due to the
fact that anesthesia alters the renin-angiotensin-aldosterone sys-
tem. However, even in the anesthetized state, the fall in PRC
exceeded that in hematocrit (P < 0.01).

The physiologic significance of the high level of PRC in the
newborn is yet to be determined. Speculation regarding its role in
maintaining the low rates of RBF encountered in early life had to
be discarded when experiments using competitive antagonists of
angiotensin failed to show an increase in RBF in developing
animals (16). The possibility still exists, however, that the high
levels of PRC are the consequence of the low renal perfusion
pressure. Finally, the relationship between the high level of PRC,
high level of aldosterone, and enhanced distal reabsorption of
sodium prevailing in the newborn (17, 25) needs to be considered.
Our finding that the PRC is not fixed but varies with alterations
in the state of sodium balance favors the existence of such a
relationship.
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