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Summary The renin-anaiotensin-aldosterone axis is active at birth and 

The purpose of this study was to evaluate the intrarenal distri- 
bution of renin in individual glomeruli during development in the 
rabbit. Superficial cortical and juxtamedullary glomeruli were 
obtained inw animals at 1,2, and 4 wk of age ad from adults to 
determine renin concentration. In addition, kidney weight, total 
renal renin content, plasma renin concentration, ad plasma an- 
giotensin I concentration were also measured during this tlme 
period. Superficial cortical glomerular renin concentration at 1 wk 
of age averaged 7.7 f 1.6 (S.E.M.) pg/h whereas juxtamedullary 
glomerular renin concentration was 4 5  f 1.8 pg/h. There was no 
difference in concentration between the superficial ad deep glo- 
meruli at this age. At 2 wk of age, however, superficial glomerular 
content had increased significantly to 143.8 f 2.94 pgh wbereas 
the juxtamedullary concentration remained unchanged (7.9 f 1.6 
pg/h). The concentration in the superficial nephrons continued to 
increase with age. At 4 wk, superficial renin content was 224.6 f 
27.2 whereas the deep nephrons did not change (16.0 f 7.5 pg/h). 
Adult animals demonstrated a further increase to 842.7 f 15.1 pg/ 
h in the superficial nephrons whereas the deep aepbnms continued 
to remain low (15.9 f 4.7 pg/h). 

The results of this study demonstrate that after the first week 
of Me there was significantly more renin activity in glomeruli in 
the outer cortex than in the juxtamedullary cortex. Total renal 
renin concentration increased with age and showed a significant 
positive correlation with the concomitant increase in kidney 
weight. But renal renin content increased more than kidney weight 
between 1-2 wk of age. 

Abbreviations 

AI, angiotensin I 
GRC, glomerular renin concentration 
PAI, plasma angiotensio I 
PRC, plasma renin concentration 
RAS, renin-aqbteasia system 
RRC, renal renin content 

responds quali&tively though not quantitatively, to stimuli in a 
manner similar to that observed at a later age (8, 12, 13, 17,21,24, 
30). Relatively few data are available regarding the physiologic 
role of the RAS in infanw and childhood. The RAS has been 
implicated in the replatiod of systemic and renal hemodynamics, 
domerular filtration rate. domerulotubular balance. and sodium - 
homeostasis both in the ad%t animal and during de;elopment (6, 
19, 23, 31). In the adult animal, the distribution of renin in the 
renal cortex shows a characteristic pattern. The concentration of 
renin is greatest in outer cortical glomeruli and far less in juxta- 
medullary nephrons (3,7). In the immediate postnatal period, the 
newborn kidney undergoes rapid morphologic and functional 
changes; therefore, we reason that developmental change in the 
intrarenal distribution of renin, if present, may be imwrtant in 
modulating adaptive changes in neonatal r e d  function. The 
~ m s e  of this studv was to evaluate the intrarenal distribution of 

in individual'glomeruli during development in the rabbit. 
In addition to measurement of glomerular renin content in single 
superf~cial cortical and juxtamedullary glomeruli, plasma renin 
concentration, plasma angiotensin I concentration, and total renin 
renal renin concentration were determined during development. 

MATERIALS AND METHODS 

Group I. Determination of PRC, PAI concentration and total 
RRC. These experiments were camed out in rabbits of the follow- 
ing ages: 1 day. (n = 5), 3 days (n = 5). 1 and 2 wk (n = 4). 1 
month (n = 5). and adult (n = 5). The youngest animals were 
killed by decapitation; blood was collected directly into polysty- 
rene tubes containing disodium ethylenediamenetetraacetic acid 
(EDTA); and the right kidney was axcised. In the adult animal, 
blood was drawn from an ear vein while the animals were re- 
strained in a sling and then nephrectomy was parformed after 
anesthesia was induced with intravenous puntobarbital sodium. 

Group II. Determination of renin content of single glomeruli. 
.These experiments were performed on suckling newborn rabbits 
of both sexes and on adult male rabbits. Four animals were 
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studied at 1 wk of age (weight 140.8 f 4.9 g) and five animals in 
the other age groups: 2 wk (weight 200.4 f 7.8 g), 4 wk (weight 
746.6 f 13.5 g), and adults (average weight 2.5 kg). 

Intrarenal distribution of renin in single glomeruli was deter- 
mined utilizing a slight modification of the techniques described 
by Gilles and Morgan (1 1) and Granger et al. (14). This method 
allowed us to dissect glomeruli with the afferent arteriole and 
adjacent tubular structures attached and was found to be repro- 
ducible. Because renin granules are synthesized and stored in the 
modified muscle cells of the afferent arteriole (juxtaglomerular 
cells), it is important to obtain the vascular pole attached to the 
glomerulus for such studies. 

Under pentobarbital sodium anesthesia, laparatomy was per- 
formed and the abdominal aorta cannulatad with PE-50 polyeth- 
ylene tubing (Clay-Adams, Inc., Parsippay, NJ). The tip of the 
catheter was placed at the level of the renal arteries. In very small 
animals, the thoracic aorta was cannulated. The aorta was clamped 
above or below the renal arteries and the superior mesenteric 
artery was tied in order to isolate the renal circulation. The renal 
vein was severed and the kidneys were perfused with a small 
amount of heparinized saline, immediately folllwed by Microfil 
MV-117 (Canton Biomedical Products, Inc., Boulder, CO) until 
the surface of the kidney turned orange. The renal arteries then 
were clamped and the kidneys were excised and snapfrozen in a 
mixture of acetone and dry ice. One kidney was freeze-dried 
overnight (Thermovac Industries Corporation, Copiague, Long 
Island, NY) and stored at -20°C. For mitxdkeaion of individ- 
ual glomeruli, thin slices of renal cortex were cut free-hand, 
extending from the capsule through the cortico-medullary junc- 
tion. The slim were then transfemd to a petri dish, maintained 
at 4-10°C, and covered with paraffin oil. The glomeruli were 
dissected under a Stereo Star-Zoom Microscope (American Opti- 
cal Company, Buffalo, NY, Model 570; 4.2 x 25) with fme, sharply 
pointed needles. Thirty glomeruli were dissected from each kid- 
ney, 15 from the outermost cortical area and 15 from the cortico- 
medullary junction. Only glomeruli with a vascular pole (afferent 
arterioles) attached were considered adequate for renin assay. In 
each experiment, the sequence of dissection was randomized, 
alternatively, dissecting five glomeruli from each zone. The total 
d i g  time averaged 1.5-2 h for all age groups. The glomeruli 
with arterioles and adjacent tubular structures were t r a n s f d  in 
the tip of a the  glass pipet to polystyrene tubes (12-75 mm) for 
renin determination. Successful transfer of individual glomeruli 
was verif~ed under the stereo-microscope for each tube. The 
individual glomemli were suspended in 100 f l  of 200 mM TRIS- 
HCl buffer (pH 7.5) containing 5 mM EDTA and deepfrozen 
until the time of assay when the buffer was thawed and the 
glomeruli were homogenized by ultrasound for a period of 10 see 
at 4°C (Crest Ultrasnic Corp., Trenton, NJ). 

Analytical techniques. Renin concentration was determined by 
radioimmunoassay. The generation of angiotensin I was measured 
in the ppence of excess hog angiotensinogen. For the aasay of 
GRC, 100 p1 of this mixture was reconstituted to 100 pl with 0.1 
M TRIS-acetate buffer (pH 7.4) containing 1 mg/ml bovine senun 
albumin and 2 mg/ml of neomycin. Duplicates of this mixture 
were incubated in polystyrene tubes at 4°C and 37°C for 4 h (1- 
wk-old animals) or 2 h (all other age groups). The radioactivity 
was measured in a auto gamma-scintillation spectrophotometer 
(Packard Company, Model 5 11, Downer's Grove, IL). PRC was 
determined with a method described previously (34). PA I con- 
centration was determined using the same radioimmunoassay 
without incubation with substrate. 

RRC was dctcrmhed after extraction. Briefly, tissue was ho- 
mogenized with a Brinkman-Polytron homogenizer (Westbury, 
NY) in i a  cold 200 mM TRIS-acetate buffer (pH 7.9, containing 
5 mM EDTA. The homogenate was subjected to five freezethaw 
cycles to disrupt any renin granules left intact. The homogenate 
was cenvifuged at 3000 rpm for 15 min. The sppernatant was 
dialyzed against isotonic sodium chloride at 4°C for 24 h, then 
diluted before assay. Results were expressed as ng AI/g kidney. 

Data analysis. Data for all age comparisons were analyzed by 

one-way analysis of variance. Where heterogeneity of variance 
existed, data were log transformed before analysis. Differences 
between experimental means were determined by the least sig- 
nificant difference test (32). Differences in renin content of super- 
ficial and deep glomeruli were determined using Student's t test 
for unpaired data. The relationship between RRC and kidney 
weight was determined by linear regression analysis. In all cases, 
the probability level of 0.05 was used as the criterion of signifi- 
cance. Data are presented as mean * S.E.M. 

RESULTS 

Group I. Determination of PRC, RRC, and PAI. In the imme- 
diate postnatal period, PRC was not elevated and was comparable 
to the adult value. The value at 2 wk of age was significantly less 
than the adult value. Although PRC at 2 wk of age was not 
statistically different from that at 1 day, there was a steady decline 
in the values and then a rise to the adult concentration after 4 wk 
of age. The result suggests that the changes in PRC are biphasic 
but because the values at 1-2 wk of age were not statistically lower 
than those at 1 day, such an interpretation requires additional 
studies. 

PA1 was highest at birth (Table 1). This value was si@~cantly 
hlgher than values at all other ages, which did not differ from 
each other. Furthermore, there appeared to be no tendency toward 
the biphasic distribution seen with PRC. Total RRC increased 
with age and showed a signif~cant positive correlation with the 
concomitant increase in kidney weight (Table 1, Fig. 1). 

Group 2. Determination of GRC. Superficial GRC at 1 wk of 
age averaged 7.7 * 1.6 pg/hr whereas the deep GRC at this age 
was 4.5 * 1.8 pg/h (Fig. 1). During development, superf~cial 
glomerular content increased (2 wk, 143 f 2.94; 4 wk, 224.6 f 
27.3; and adult 842.7 * 15.1 pg/h) but renin in the deep glomeruli 
did not change significantly (2 wk, 7.9 * 1.6; 4 wk, 16.0 * 7.5; and 
adult, 15. * 4.7 pg/h). At 1 wk of age, superficial and deep 
glomerular content of renin were not different. At all other ages, 
the glomeruli in the outer cortex contained signif~cantly more 
renin activity than those in the juxtamedullary cortex. The super- 
ficial/+ GRC ratio was 1.7 at 1 wk of age, 18.2 at 2 wk, 14.0 
at 4 wk of age and 52.9 in the adult animals. 

Some glomeruli contained no measurable renin (Table 2). At 1 
wk of age glomeruli in both the outer cortex and juxtamedullary 
regions of all of the kidneys had no activity. As the concentration 
of renin increased in the superf~cial cortex, the number of glomer- 
uli containing no renin fell and almost all of the glomeruli in the 
outer cortex of the adult animals contained measurable quantities 
of renin; however, the juxtamedullar region continued to have a 
number of glomeruli with no activity even in the adult animals. 

Table 1. Plasma renin concentration (PRC), plasma angiotensin I 
(PAI), total rmin content (RRC) and right kidney weight in 
nonanesthetized rabbits I &y of age to adulthood (n = 5) 

Kidney 
PRC PA1 RRC weight 

Age (ngAI/ml/h) ( W d )  Ole) (6) 

1 day 1.54 f 0.35' 1.34 f 0.18' 15.87 f 1.62" 0.26 f 0.01" 
3 days 1.05 f 0.38 0.44 f 0.08 17.83 f 1.93 0.43 f 0.02 
7days 0.50f0.12 0.79f0.25 40.54f2.22 0.97f0.02 
2 wk 0.44 f 0.122 0.54 f 0.8V 88.37 f 9.40 1.31 f 0.02 
4 wk 1.63 f 0.24* 0.46 f 0.11' 147.40 f 14.21 3.82 f 0.14 
Adult 2.35 f 0.33' 0.65 f 0.14 284.91 f 28.39 7.86 f 0.17 

' Mean f S.E. 
'n-4 .  
' Sigdkmtly higher than PRC at 2 wk of age (P < 0.05). All other 

values were not signir~cantly difbcnt from each other. 
' SiBnif~cantly higher than all other PA1 values (P < 0.05). All other 

values were not significantly different from each other. 
"Regresdon analysis of relationship between increase in RRC and 

kidney weight with age r' - 0.98; y r 34.75~ + 14.16. 
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Fig. 1. Total renin content as a function of kidney weight during 
development. Note that at 2 wk of age (kidney weight, 131 * 0.02 g) the 
increase in renal renin content is greater than the increase in kidney 
weight. Values are mean@) * S.E.M. When S.E.M. does not appear, it 
falls within the units of the symbols. 

Table 2. Percent of ~lomeruli isolated with no detectable renin 

Experiment number 

Age 1 2 3 4 5 

wk scl JM* sc JM sc JM sc JM sc JM 
1 40 . 27 40 47 27 20 60 85 - - 
2 7 85 14 40 0 47 27 53 14 53 
4 20 20 0 20 40 47 40 74 14 93 

Adult 0 5 0  0 6 0  0 1 4  7 4 7  7 4 7  

' SC, superficial cortical golmeruli. 
JM, juxtamedullary glomeruli. 

DISCUSSION 

The data on PRC in the developing rabbit differ from those 
observed in other species, including the rat, dog, piglet, lamb and 
human (2, 8, 14, 18, 21, 24, 25, 27, 28, 30, 33). Plasma renin 
concentration in the newborn rabbit was not high and was com- 
parable to adult values. In adult rabbits, the value was higher than 
that seen at 2 wk of age. There were no other statistically signifi- 
cant differences but there was a definite trend that may have 
become significant had more animals been studied. The reasons 
for the observed discrepancies between the present data in rabbits 
and those of other species is unknown. These data may indicate 
a different sodium handling by the rabbit pup compared to that 
of other species. Additional data on the renal function of rabbits 
during this critical period of development are needed before final 
conclusion can be reached. 

The changes in plasma A1 concentration may be, in part, related 
to maturation of pulmonary angiotensin I converting enzyme (34). 
Within 3 days after birth, the concentration of PA1 had dropped 
significantly and remained stable throughout further development. 

Previous studies have demonstrated that changes in converting 
enzyme may be important in the regulation of plasma concentra- 
tions of both A1 and angiotensin 11. 

The present study shows that RRC increased rapidly after birth, 
a finding in accordance with that of Solomon et al. (28) and 
Minuth et al. (20) in developing rats and mice. In general, the 
increase in RRC showed a highly significant positive correlation 
with the increase in kidney weight; however, between 1-2 wk of 
age, RRC increased more than kidney weight. During that period 
of time, kidney weight increased by a factor of 1.35 whereas RRC 
rose 2.2-fold and superficial GRC increased 18-fold. During this 
critical period of postnatal development, there appears to be a 
si@icant absolute increase in renal renin concentration that is 
due to a rapid rise in outer cortical glomerular renin content. No 
correlation was found between RRC and PRC during develop- 
ment. Studies on newborn pigs suggest that PRC during devel- 
opment is dependent upon factors other than the release of renin 
from the kidney (2). 

In the adult rabbit and rat, the outer cortical nephrons contain 
large concentrations of renin whereas the juxtamedullary neph- 
rons contain only minimal renin activity (3,7, 1 1, 13). Most studies 
on the intrarenal aspects of the renin-angiotensin system in fetal 
and early postnatal life have concentrated on morphology and few 
functional data are available (4,5,9, 10,20,25,26,28). Neogenesis 
of glomeruli continues in the rabbit after birth, and as in other 
species, development is centrifugal. 

Our studies show a steep rise in renin content of the superficial 
glomeruli during development, the greatest increase occurring 
between 1-2 wk of postnatal life. From 2-4 wk of age, no 
significant increase in outer cortical glomerular renin content 
occurred. No change in renin concentration in the juxtamedullary 

S D S D S D S D 
I WK 2 WK 4WK ADULT 

Fig. 2. Individual glomerular renin content (GRC) in the superficial 
(S) and deep (D) cortex during development. The numbers in brackets 
refer to the number of glomeruli assayed. At 1 wk of age, four animals, at 
all other ages, 5 animals were studied. Note the Log Scale on the ordinate. 
*Sipticant differences in superficial/deep GRC ratio (P  < 0.05). Super- 
ficial GRC increased significantly from 1 wk to 2 and 4 wk of age and 
from 2-4 wk to adulthood. Juxtamedullary GRC did not significantly 
change during development (P  < 0.05). Values are mean@) * S.E. 
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glomeruli was seen throughout the course of development. The 
adult vattern of distribution of intrarenal renin between su~erficial 
and deep glomeruli was observed from the age of 2 wk bnward. 
Only in the youngest animals was no intrarenal renin gradient 
seen. 

In some glomeruli, both superficial and juxtamedullary, no 
renin activity was measured. Brown et al. (3) also found glomeruli 
obtained from adult rabbit kidneys which contained no renin 
activity. The glomeruli with no renin were utilized in the calcu- 
lation of the mean value at the various ages, because they do 
modify the total kidney renin wntent as renin appears in the 
glomeruli of the older animals. With maturation, fewer units with 
no renin were found and, in fact, in the adult animals most of the 
glomeruli in the superficial cortex contained renin. But there 
continued to be a significant number of glomeruli in the iuxta- 
medullary regions &at were without aciivity. This change in 
distribution of renin mav be because the elomeruli which develo~ " 
after 1-2 wk contain more renin per unit or because more renin 
appears in the outer wrtical glomeruli, even those present at birth. 
Our data do suggest that the increase in total kidney renin is due 
to both more renin per glomerulus and less glomeruli containing 
no detectable renin. 

Few data are available for comparison. Friedberg (10) studies 
the granulation of the juxtaglomemlar cells of the afferent arteriole 
in mice during postnatal development. He found that granulation 
in outer wrtical glomeruli increased with age. The granulation of 
the deep nephrons was high at birth and fell significantly over a 
period of 1 month after which time it remained unchanged. Thus, 
during the first 2 wk of life, the intrarenal pattern of granulation 
found in adult mice was reversed. The studies by Cain and Kraus 
(5) and Minuth et al. (20) also indicate that in rat and mice at 
birth, the juxtamedullary glomeruli contain more renin than the 
outer wrtical nephrons. The reasons for the discrepancy between 
these findings and our results are not clear but may be due to 
species differences and/or differences in methodology. In neither 
of these studies was the renin content of the glomeruli determined 
directly. 

The physiologic significance of the present findings remains 
unclear. In the immediate postnatal period, significant changes in 
renal function take place in which the RAS may play a role 
including an increased renal blood flow and glomerular filtration 
and changes in renal vascular resistance. The relatively small 
amount of renin found in the rabbit pup's juxtamedullary neph- 
rons, which at birth are the most mature functioning units of the 
kidney, may be interpreted to suggest that renin is not important 
in the control of hemodynamics of these nephrons. On the other 
hand, the rapid increase in glomerular content of renin in the 
developing outer cortical nephrons may indicate a more important 
role for this vasopressor system in regulation of function of these 
units. It is of interest that the concentration of renin rises in the 
outer wrtical nephrons in spite of the fact that at least as reported 
in other species, the vascular resistance decreases and renal blood 
flow and glomerular fdtration rate increase during this period of 
time (1, 15, 22, 29). The elucidation of the role of the renin- 
angiotensin system in the direct regulation of glomerular and 
tubular function during development will require additional in- 
formation including the rate of release of renin from glomeruli 
and the sensitivity of the glomeruli and vasculature to angiotensin 
11. 
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