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A B S T R A C T The functional and morphologic pattern
of superficial nephron development was studied in guinea
pigs ranging in age between 2 h and 38 days. Con-
comitent measurements of total kidney function and
glomerular counts were also performed.

Superficial nephron glomerular filtration rate was
found to increase from 0.92 to 19.32 nl/min. The filtra-
tion rate of the entire kidney rose from 0.19 to 1.31 ml/
min. During the first 15 days of life the average rate of
increase in glomerular filtration rate per nephron (0.48
nl/min-day), obtained by dividing the increase in total
kidney glomerular filtration rate by glomerular number,
was more than twice the observed rate of increase in the
superficial nephrons (0.21 nl/min-day). During the re-
mainder of the first month, the increase in superficial
nephron glomerular filtration rate (0.97 nl/min-day)
was greater than the average increase for all nephrons
(0.71 nl/min-day). Thus, the initial increase in total
kidney glomerular filtration rate was primarily a con-
sequence of the activity of the deep nephrons, whereas
during the ensuing period the superficial nephrons ap-
peared to be the sole contributors to the change in
total kidney glomerular filtration rate.

The increase in superficial nephron glomerular filtra-
tion rate was found to correlate closely with the increase
in proximal tubular length. Functional glomerulotubular
balance was maintained throughout the entire period of
renal maturation.

A preliminary report was presented at the annual meet-
ing of the Society for Pediatric Research, Washington,
D. C., 1972.
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INTRODUCTION
Both the ontogeny and phylogeny of the kidney are char-
acterized by a centrifugal pattern of change; the first
nephrons to form are those in the juxtamedullary area,
and the last, the superficial ones (14). Studies of intra-
renal distribution of blood flow performed in growing
animals have shown a disproportionately high increase
with time in the superficial cortical component (5-7).
It is not known if the same sequence of events character-
izes the increase in glomerular filtration rate which
occurs in early life. The problem is of particular signifi-
cance in view of functional differences shown to exist
between superficial and juxtamedullary nephrons (8-
10). The first purpose of this study was to answer this
question by measuring superficial nephron glomerular
filtration rate (SNGFR)1 and total kidney glomerular
filtration rate (TKGFR) and comparing the quantitative
relationship between them at various ages.

Another major change that occurs in the developing
kidney arises as a consequence of differential rates of
glomerular and tubular growth, the anatomical relation-
ship between glomeruli and tubules early in life being
in the direction of glomerular preponderance. During
maturation, because of more rapid growth of tubules, the
ratio gradually assumes that observed in the adult (4). It
has been suggested that the early morphologic glomer-
ular preponderance is paralleled by functional glomerular
preponderance (11-13). A second purpose of this study,
therefore, was to examine the relationship between glo-
merular filtration and tubular reabsorption during this

l Abbreviations used in this paper: EFP, effective filtra-
tion pressure; GBF, glomerular blood flow; SNGFR,
superficial nephron glomerular filtration rate; TKGFR,
total kidney glomerular filtration rate; TmG, maximal rate
of glucose reabsorption.
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critical period of development in order to determine if
there is in fact a marked deviation from the adult pattern.

These studies were performed in guinea pigs because
this animal, like the human, but unlike most of the
other mammals, is born with a full complement of func-
tional nephrons.

The results obtained indicate that during postnatal life
the kidney continues to develop from the center toward
the periphery, the superficial nephrons being the last
ones to reach mature levels of glomerular filtration. The
increase in TKGFRinitially appears to be a consequence
of a major increase in the filtration rate of the deep
nephrons, whereas after 2-3 wk of age the main con-
tributors to the rise in TKGFR are the superficial
nephrons.

The study also shows that proportionality between fil-
tration and reabsorption is maintained throughout de-
velopment and that in the increase in proximal tubular
reabsorption is directly proportional to the increase in
proximal tubular length. This would suggest that no
appreciable change in intrinsic reahsorptive capacity
occurs with age.

METHODS
Studies were performed in 32 guinea pigs, ranging in age
between 2 h and 38 days and in weight between 81 and
315 g. In order to ensure accurate determination of the
age of the experimental animals, pregnant guinea pigs were
obtained and delivery of the offspring took place in our
animal quarters.

The preparation of the animals was similar to that de-
scribed previously (14). Isotonic saline (0.9%o NaCl), con-
taining ["C] carboxyl inulin in concentrations calculated to
deliver 60 ,tCi/h in the 1st wk of life, 50 ,uCi/h during the
2nd wk, and 40 /uCi/h thereafter, was infused throughout
the experiment at a rate of 0.3-0.8 ml/h according to the
weight of the animal. The relatively high rate of adminis-
tration of isotope during the newborn period was made
necessary by the low glomerular filtration rates prevailing
at this age. Blood samples were obtained from the arterial
catheter, which was also used to record mean arterial
pressure.

After a 30 min period of equilibration, timed collections
of proximal tubular fluid were obtained. Special care was
taken to avoid the use of negative pressure during the col-
lections and to prevent retrograde leak by adequate blocks
of mineral oil. The volume of the tubular fluid samples
was measured in constant-bore pipettes. Because of the
effect of lissamine green on reabsorption (15, 16) and the
sensitivity of the newborn animals to the toxic effects of
this substance,2 its use was kept at a minimum. As a
consequence, only some of the collections were "late proxi-
mal." Transit time was taken as the interval between the
diffuse staining of the kidney surface and the appearance
of the dye in the tip of the collecting pipette. Simultaneous
timed collections of urine and specimens of blood were
obtained. At the end of the experiment the renal pedicle
of the left kidney was clamped and the kidney removed
and weighed on a Mettler H20 T analytical balance (Met-

2 Unpublished observations.

tler Instrument Corp., Princeton, N. J.). The organ was
then placed in an oven (Thelco model 16, Precision Sci-
entific Co., Chicago, Ill.) at 380C and left until it achieved
constant weight.

The concentration of radioactively labeled inulin was de-
termined in a Packard Tricarb scintillation counter (Pack-
ard Instrument Co., Inc., Downers Grove, Ill.). All sam-
ples in which the total count was not at least twice back-
ground were discarded.

TF/P,. and U/Pi2 ratios were used to calculate single
nephron and total kidney GFR. Absolute fluid reabsorption
by a single tubule was calculated from SNGFRminus V,
in which V represents the volume of fluid collected in nan-
oliters per minute. Work in progress in this laboratory
indicates that inulin is a valid marker of glomerular filtra-
tion in the newborn guinea pig.

Glomerular number was determined according to the
method of Damadian, Shawayri and Bricker (17) as modi-
fied by Kaufman and Hayslett. India ink (Gunther Wagner
Special Ink) in an amount of 0.5 ml was injected slowly
through a catheter inserted into the carotid artery. Each
kidney was removed, weighed, divided in small pieces, and
placed in a 25% solution of HCl at 500C. The period re-
quired for digestion varied between 60 and 150 min, accord-
ing to the age of the animal. At the end of this period
the preparation was diluted with distilled water to 20 ml
and cooled to 40C to stop digestion. The suspension was
then stirred mechanically until the mixture appeared homo-
geneous, and 10 aliquots of 50 A1 each were drawn into
volumetric pipettes from various levels of the homogenate.
The content of each pipette was deposited on a glass slide
and the number of glomeruli was counted in the entire
volume of the sample under a dissecting microscope (mag-
nification 40 X). The number obtained in the aliquots was
averaged, and the total number of glomeruli was calculated
by multiplying the result by the dilution factor (400).

Microdissection of the proximal tubules was performed
according to the method of Dawson (18), as modified by
Wahl and Schnermann (19).

The regression curves were calculated to the least square
fit by a polynomial (20). The computer program used for
this purpose (POLFIT) is part of the library of the Albert
Einstein College of Medicine. Data are expressed as mean
or as mean plus or minus standard error.

RESULTS

The results of individual measurements of single nephron
and total kidney function are listed in Table I. The mean
value of SNGFRduring the 1st day of life was 0.92 nl/
min. The increment in the rate of filtration observed dur-
ing the subsequent 2 wk was relatively small (0.21 nl/
min day). During the following 15 days the rate of
change increased markedly (0.97 nl/min day), until
SNGFR reached a plateau averaging 19.32 nl/min
(Fig. 1).

TKGFRincreased from 0.19 ml/min per kidney dur-
ing the first 2 days of life to 1.31 ml/min at 38 days
of age (Fig. 2). The average daily change was 0.02 ml/
min during the first 15 days of life and 0.03 ml/min
for the next 15 days.

' Personal communication.
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'TABLE I
Measurements of Single Nephron and Total Kidney Function

Kidney weight
Experiment

No. Age Body weight Dry Wet GFR/kidney* TF/Pln* SNGFR* Absolute reabsorption*

days g g mi/min nl1ni/t

9 2 li 91 0.102 0.449 0.19 1.80 0.48 0.22
12 1 100 0.098 0.490 0.18 1.42 0.79 0.24
4 2 83 0.141 0.635 0.21 1.93 1.09 0.53
7 2 81 0.086 0.439 0.19 1.52 1.51 0.53
8 4 97 0.146 0.701 0.28 1.66 1.92 0.65

11 4 111 0.133 0.652 0.26 1.70 2.19 0.90
30 5 138 0.157 0.832 0.28 2.18 2.12 1.03
13 6 149 0.145 0.696 0.26 1.37 1.47 0.38
31 7 139 0.29 1.70 2.10 0.80
14 8 146 0.170 0.918 0.33 1.70 1.66 0.68
18 11 121 0.145 0.725 0.38 1.21 2.59 0.48
23 11 175 0.156 0.874 0.35 1.46 2.45 0.72
24 13 135 0.162 0.745 0.38 1.61 3.02 1.04
35 14 154 0.195 0.897 1.58 4.36 1.80

2 15 185 0.219 0.942 0.46 2.17 2.87 1.15
3 16 217 0.224 0.963 0.46 1.72 5.75 2.06
6 16 170 0.216 0.950

14 17 167 0.194 0.815 0.50
15 17 1.90 8.42 3.18
22 18 199 0.225 0.968 0.52
36 18 1.96 3.86 1.90
37 20 1.97 5.88 2.76
29 21 284 0.351 1.404 0.77 2.00 10.70 8.15
16 22 205 0.217 0.651 0.66 2.13 13.15 8.14
33 22 195 0.216 0.842 0.73
26 22 1.56 13.59 4.44
32 26 230 0.355 1.172 1.04 1.80 18.90 7.62
27 28 301 0.310 1.178 0.95 2.20 20.90 10.74
28 32 286 0.375 1.350 1.10 1.59 18.54 5.67
38 38 315 0.398 1.398 1.21 2.07 20.20 10.34

* Each value represents a mean of two to six individual measurements.

The number of glomeruli was determined in six kid-
neys from three animals (Table II). The difference be-
tween counts of aliquots obtained from the same kidney
was no greater than 5%. Variation between left and
right kidneys and between kidneys of animals of different
ages were small.

The length of 22 convoluted proximal tubules (Table
III) was measured in eight animals. Microdissections
were not performed in the guinea pigs used for physio-
logical measurements because of the technical difficulties
in maintaining the newborn animal in a stable state for
longer than 2-3 h and in injecting the latex compound
into tubules of small animals that have already been
punctured for collection of fluid. The length of the
proximal convoluted tubule averaged 1.1 mmduring the
first day of life and 6.1 mmduring the fourth month.

The ratio of dry to wet kidney weight (Fig. 3) aver-
aged 0.20±0.01 during the first 14 days of life and in-

creased steadily thereafter to
the fourth week.

reach 0.28±0.02 during

DISCUSSION

Morphological studies performed as long as 50 yr ago
(1) documented that in most mammals the development
of the renal cortex is incomplete at birth. In the rat, for
instance, the number of cortical glomeruli doubles dur-
ing the first week of extrauterine life, and there is an
even greater increase in tubular mass. Examination of
the surface of the kidney in these animals fails to dis-
close "open" tubules during at least the first 2 wk of
life; as a consequence, micropuncture techniques cannot

be employed until this relatively late stage of develop-
ment (21, 22).

The guinea pig on the other hand, being born with a

functional superficial cortex, is particularly suited for
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FIGURE 1 Increase in superficial nephron glomnerular fil-
tration rate with age. Each point represents the mean of
two to six measurements performed in the same animal
(y = 0.297 + 0.725 x - 0.109 x2 + 0.0065 X- 0.000088 x4, r =

0.97).

the investigation of immediate postnatal changes in
nephron function.

Changes in filtration rate with age. The results ob-
tained in the present study demonstrate that the onto-
genetic and phylogenetic pattern of renal organogenesis
persists after birth. The increase in SNGFRduring the
first 2 wk of extrauterine life was small. At the age of
2-3 wk, a marked rise in the rate of change occurred,
which continued up to the age of 4 wk. A similar phe-
nomenon has been observed by us (5, 6) and by others
(23, 24) with regard to changes in cortical blood flow.
Measurement of pressure for glomerular filtration in
developing animals performed in this laboratory (14)
suggests that the sudden increase in nephron function is
determined mainly by a decrease in resistance at the level
of the glomerular membrane and an increase in the surface
available for filtration. It is of interest that the rapid in-
crease in SNGFR is paralleled by an increase in the

0 4 8 12 16 20 24
AGE (days)

FIGURE 2 Increase in total kidney glomerular filtration rate
with age. Each point represents the mean of two to six
measurements performed in the same animal (y = 0.157 +
0.018 x + 0.00033 x2, r = 0.98).

TABLE I I
The Number of Glomeruli As Determined in

Six Kidneys from Three Animals

Kidney weight Number of glomeruli

Age Body wt. Left Right Left Right

days g g

12 251 1.3 1.3 42.160 40.960
31 278 1.4 1.2 43.040 42.880
49 625 2.4 2.4 41.360 41.520

dry/wet kidney weight ratio (Fig. 3), suggesting a re-
lationship to cell mass.

The values for SNGFRobserved by us compare favor-
ably to those reported by Horster and Valtin (21) in
puppies. Consideration should be given to the fact that
the superficial nephrons of the puppy start to function
at about 3 wk of life. One would expect, therefore, a
certain lag in time between the two species. The value
of 3.22 nl/min found by Horster and Valtin in a 21-day-
old dog corresponds to that of a 14-day-old guinea pig.
A careful examination of their data suggests that the
rate of increase in SNGFRis slower during the first
20 days of observation (up to about 40 days of age)
than during the subsequent 20 day period. It would ap-
pear, therefore, that the development of the kidney pro-
ceeds according to a similar sequence of events, whether
or not the animal is born with a functioning superficial
cortex. The only other study in which measurements of
SNGFRwere performed in developing animals is that
of Solomon and Capek (22) in rats. The youngest

TABLE III
AMicrodissection of Proximal Convoluted Tubules

Age Length Age Length

days mm days mm

1 1.02 18 2.25
1.00 2.40
1.12 2.74

3 1.07 24 3.76
1.13 4.38

4.49

8 1.25
1.52 32 5.38
1.63 5.88

6.06

10 1.76
1.62 120 6.30

6.13
5.81
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animals w-ith functional superficial nephrons were 15
days old. The SNGFRat that age was about 1.5 nl/min
which would correspond to a 3 to 4-day-old guinea pig.
Unfortunately, the large scatter in the data of Solomon
and Capek precludes any further comparison.

Unlike SONGFR, the change in TKGFRwith age is
smoother over the period of observation covered by the
study (Fig. 2). The values observed by us for TKGFR
are similar to those found by Potter et al. (25) and by
Horster and Lewys (26) in rats.

Since the increase in SNGFRis minimal during the
first 2 wk of life, it appears that the increase in TKGFR
(luring early extrauterine life is determined primarily
by the increase in the filtration rate of the deeper neph-
rons. The more superficial units make their major con-
tribution during the third and fourth wk.

This conclusion is supported by an analysis of the
rate of increase in superficial nephron and total kidney
GFRduring these two periods of postnatal development
(Table IV). Considering a nephron population of 42,000
per kidney, the estimated average daily rate of increase
in single nephron GFR (all nephrons) during the first
15 days is almost 2.5-fold higher than the increase in
SNGFR. During the subsequent 15 days, the increase
in SNGFRaccounts entirely for the observed rate of
increase in TKGFR. Using the same set of variables
and assuming a 4: 1 distribution between cortical and
juxtamedullary nephrons, a diagrammatic picture of the
superficial and deep nephron function and their respec-
tive contributions to total kidney function can be con-
structed (Table V). It is apparent from these data that
a very rapid increase in the rate of filtration must occur
in the juxtamedullary nephrons during the first 15 days
of life. This increase would be smaller if we postulate
that the degree of nephron heterogeneity is higher in the
younger animal and that not two but three or more pop-
ulations of nephrons coexist in the developing kidney.
It is likely that until the kidney reaches the relative
homogeneity of the adult organ, an infinite gradation in
functional capacity exists from the juxtamedullary to
the superficial nephrons.
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FIGURE 3 Ratio of dry to wet kidney weight from 2 h
to 36 days of age.

TABLE IV
Average Daily Increase in Single Nephron GER (nl, nun)

Age Superficial nephrons All nlei)hrons*

lays

1-15 0.21 0.48
16-30 0.97 0.71

* 42,000 per kidney.

Iro.xitinal thb n/ar fmitnction and its rclationis/ipi to GFR.
Morphological imbalance between glomerular and tub-
ular development in early life Adas demonstrated first
in white rats by Arataki (1) and confirmed by Fetter-
mnan et al. (4) in studies of the human kidney.

Functional studies performed in young animals and
infants appeared to confirm the concept of glomerulo-
tubular imbalance in early life. Tudvad (27) demon-
strated that the maximal rate of glucose reabsorption
(TmG) is low. Edelmaun and associates (28) have
shown that the renal threshold for bicarbonate is de-
p)ressed both in premature and full-term infants. Brodehl
and Gellissen (13). utilizing shot-term clearance studies,
found significantly higher rates of urinary excretion and
lower net and percent tubular reabsorption of certain
free amino-acids in infants than in older children. Simi-
larla, it has been shown that the rate of tubular reabsorp-
tion of filtered phosphate is low in the infant (29, 30).

Some of these findings, particularly those on glucose
reabsorption, have been reexamined recently both in ex-
perimental animals and humans. Brodehl, Franken, and
Gellisen (31) did not find any difference in TmG/,CIf
ratio between infants and older children. Moreover, in a
study performed in puppies Arant, Nash, and Edelmann
(32) have found a higher Tinm./Ci. ratio in the newborn
than later in life. The discrepancies between these recent
and the old studies might be explained by differences in
the state of hydration, and therefore, in extracellular
fluid volume, or just by a failure to reach Tm in some
of the experiments.

The data obtained in the present investigation provide
further information regarding reabsorption of fluid in
the proximal segment of the nephron, and the relation-

IIABLE V1
Calculated Values of Deep Nephron GFRat

Different Ages (nl/min)

Age Cortical (80%) Juxtamedullary (20%)

(lays
1 0.9 17.2

15 4.1 43.2
30 19.3 42.1
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FIGURE 4 Relationship between single nephron filtration
rate and absolute reabsorption of fluid at the end of the
proximal convoluted tubule (y = 0.574 x - 0.225, r = 0.98).

ship between reabsorption and filtration. Fig. 4 depicts
the correlation between SNGFRand absolute rate of re-
absorption only for those nephrons in which transit time
has been measured and found to be above 8 s. This was
taken as marker of the puncture site, indicating collection
from a late segment of the proximal tubule. The calcu-
lated regression line demonstrates a direct relationship
between these two variables, with a strong degree of cor-
relation (r 0.98). A close relationship is also evident
between the increase in proximal tubular length and the
increase in SNGFRwith age (Fig. 5). It appears, there-
fore, that as the animal matures, a parallel increase takes
place in the capacity of the tubule to reabsorb, on the
one hand, and the rate of glomerular filtration, on the
other. Further support for this statement is provided
by the lack of change in TF/Psa as a function of age.
With the possible exception of the first 2 or 3 days of
extrauterine life, fractional reabsorption at the end of
the proximal tubule was found to remain relatively con-

stant (Fig. 6). Similar results were obtained in puppies
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ranging in age between 20 and 80 days (2). Thus,
glomerulotubular balance is present soon after birth and
is maintained during the period of postnatal growth and
development. This conclusion represents a departure
from the long held view (11-13) that both morphological
and functional glomerulotubular imbalance with glomer-
ular preponderance are characteristic of the maturing
animal and human.

The fact that functional glomerulotubular balance does
obtain in the developing animal at a time when morpho-
logical imbalance with glomerular preponderance exists
suggests either that tubular capacity for reabsorption
controls in some way the rate of glomerular filtration, or
that glomerular size is a poor indicator of the capacity
for filtration. One of the mechanisms underlying the first
of these two postulates might be that put forward by
Leyssac (33) who assumed that a decrease in tubular
reabsorption lowers the effective filtration pressure
(EFP) and, therefore, the filtration rate. Although the
validity of the experiments which support this theory
has been questioned (34, 35), one of the essential fea-
tures of such a mechanism, namely the ability of the
proximal tubular wall to withstand a moderate trans-
mural hydrostatic pressure difference, has been demon-
strated recently (36, 37). Moreover, two studies (21,
37) have revealed an even greater hydrostatic pressure
gradient across the proximal tubular wall of young
animals. It can also be considered that a low proximal
tubular reabsorption will result in an increased delivery
of filtrate to the macula densa, which, by a feedback
mechanism, will result in a decrease in glomerular filtra-
tion rate (38-40). It is of interest to note in this regard,
that plasma levels of renin were found to be markedly
elevated in newborns (41, 42) and that angiotensin was
found recently to induce selectively vasoconstruction of
the glomerular capillaries of the superficial nephrons
(43). Furthermore, indirect and direct methods have
documented a high intrarenal vascular resistance in the
immediate newborn period and a steep fall thereafter
(5, 6, 23, 44). This fall can be experimentally induced by
infusion of vasodilators (45).

Evidence that glomerular size need not correlate
linearly with the capacity for filtration, at least in the
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FIGURE 5 Relationship between proximal tubular length
(*) and nephron filtration rate (solid and broken line) in
superficial nephrons from birth to 4 mo of age.
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FIGURE 6 Fractional reabsorption of fluid at the end of the
proximal convoluted tubule as a function of age.
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FIGURE 7 Glomeruli of a 1 day (a) and 30 days (b) animals photographed at the same mag-
nification (562 X). Notice the difference in the surface area occupied by capillaries.

immature kidney, can be derived from the work of
Arturson et al. (46), who demonstrated a significant
increase in the permeability of the glomerular capillary
membrane with age. Furthermore, surface area available
for or used in the process of filtration need not be a
function of the glomerular volume, and might vary dur-
ing development. Measurements of this sort are lacking.
However, some insight into this problem can be ob-
tained by comparing the structure of the glomerulus
in the newborn with that of an adult animal. Photomicro-
graphs taken under the same magnification (Fig. 7)
show that between 1 (a) and 30 (b) days of life the
change consists not only in an increase in diameter, but
also in a relative and absolute increase in the area occu-
pied by glomerular capillaries. These morphological
changes appear to contribute significantly to the increase
in GFR observed in early life. Measurements of pres-
sure gradients for glomerular filtration support this
assumption.

SNGFRcan be expressed by the equation SNGFR=
Kf (Puf ) where K, is the product of the effective hy-
draulic permeability of the glomerular capillary mem-
brane (k) and the surface area for filtration (S) and
PUf is the mean pressure for ultrafiltration. Changes in
SNGFRmay be the consequence of changes in any of
these variables, acting independently or in combination
(47). In a previous investigation (14) we found that
PUf at the afferent arteriolar end of the glomerular
capillary increased during the first 15 days of life from
6.4 to 9.1 cm H20 (i.e., by 50%), whereas the SNGFR
was shown in the present study to rise 400% during
the same period of time. During the following 15 days
Puf increased to 13.9 cm H20 (another 50%), while
SNGFRrose about 500%. Since the permeability of the
glomerular membrane increases as a function of age (46)
Pur at the foremost end of the glomerular capillary, if
anything, will tend to overestimate the mean Puf more

in the older than in the younger animals. Or stated in
another way, the increase in mean PuR over the period
covered by the study most likely was smaller than sug-
gested by our measurements. It should be noted that
filtration pressure equilibrium is not implied or required
by this statement. Whether or not equilibrium is reached
in the newborn animal is not known.

Under equilibrium conditions changes in SNGFR
were found to vary directly and proportionately to
changes in glomerular blood flow (GBF) (48). This
process seemed to be mediated almost exclusively by
variations in Pur brought about by a change in the re-
lationship between hydrostatic and oncotic pressures
(48, 49). Experiments pereformed by us in puppies
(5) have documented a 26-fold increase in GBF of the
superficial nephrons and a 4-fold increase in the GBF
of the deep nephrons between birth and 6 wk of age.
Although the magnitude of these changes might be suf-
ficient to account for the increase in GFRobserved dur-
ing the same period of time, our measurements in guinea
pigs (14) indicate that a change in Kf must be postulated
to occur during development. The relationship between
changes in renal blood flow and GFR during matura-
tion appear, therefore, to be more complex than in the
adult animal. The initimate process remains to be de-
fined. The present state of knowledge allows only the
conclusion that during postnatal development the in-
crease in TKGFR is the result of both structural and
functional changes. Characteristic features of this period
are a more advanced state of maturation of the deep
nephrons in comparison to the superficial ones, the per-
sistence in the extrauterine life of the centrifugal pattern
of change established during the intrauterine develop-
ment of the kidney and the existence of a functional
glomerulotubular balance which probably corresponds
to a morphological balance between the capacity of the
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glomerulus to filter and the capacity of the tubule to

handle the filtrate.

ACKNOWLEDGMENTS
Wewish to express our thanks to Dr. C. M. Edelmann, Jr.,
and Dr. E. E. Windhager f or their advice in the prepara-

tion of this manuscript, and to Mrs. Jacqueline D. Ruffin
and Sara Posen f or their skillful technical assistance.

This work was supported in part by U. S. Public Health
Service Grants 2 RO1 AM-12904, 9 P01 AM-14877, and
The Kidney Foundation of New York.

REFERENCES
1. Arataki, M. 1926. On the postnatal growth of the kid-

ney with special reference to the number. and size of the
glomeruli (albino rat). Ain. J. Anat. 36: 399.

2. Lj undquist, A. 1963. Fetal and postnatal development
of intrarenal pattern in man. Acta Paediat. 52: 443.

3. Gersh, I. 1937. The correlation of structure and function
in the developing mesonephros and metanephros. Con-

trib. Embryol. 153: 35.
4. Fetterman, G. H., N. A. Shuplock, F. J. Phillip, and

H. S. Gregg. 1965. The growth and maturation of

human glomeruli and proximal convolutions from term

to adulthood. Pediatrics. 35: 601.
5. Olbing, H., M. D. Blaufox, L. C. Aschinberg, G. I. Sil-

kaIns, J. Bernstein, A. Spitzer, and C. M. Edelmann,

Jr. 1973. Postnatal changes in renal glomerular blood
flow distribution in puppies. J. Clin. Invest. 53: 2885.

6. Aschinberg, L. C., D. I. Goldsmith, H. Olbing, 'M.
Hardy, A. Spitzer, C. M. Edelmann, Jr., and M. D.

Blauf ox. 1972. Neonatal changes in renal blood flow
distribution in puppies. In, Abstracts of the Fifth Inter-
national Congress of Nephrology, Mexico City. 12.

7. Calcagno, P. L., and M. L. Rubin. 1963. Renal extrac-

tion of para-amino-hippurate in infants and children.
J. Clin. Invest. 42: 1632.

8. Horster, M., and K. Thurau. 1968. Micropuncture
studies on the filtration rate of single superficial and
juxtamedullary glomeruli in the rat kidney. Pfluigers
Arch. gesanite Physiol. M1ensclhcn, Tiere. 301: 162.

9. Jamison, R. L. 1970. Micropuncture study of superficial
and juxtamedullary nephrons in the rat. Am. J. Physiol.
218: 46.

10. Jamison, R. L. 1973. Intrarenal heterogeneity. The case

for two functionally dissimilar populations of nephrons
in the mammalian kidney. Am. J. Med. 54: 281.

11. Smith, H. W. 1951. The Kidney Structure and Func-

tion in Health and Disease. New York, Oxford Uni-

versity Press. 492.
12. Edelmann, C. M., Jr., and A. Spitzer. 1969. The ma-

turing kidney. A modern view of well-balanced in-

fants with imbalanced nephrons. J. Pediat. 75: 509.

13. Brodehl, J., and K. Gellissen. 1968. Endogenous renal

transport of free amino-acids in infancy and childhood.
Pediatrics. 42: 395.

14. Spitzer, A., and C. M. Edelmann, Jr. 1971. Maturational
changes in pressure gradiants for glomerular filtration.

Am. J. Physiol. 221: 1431.
15. Heller, J. 1971. The influence of lissamine-green on

tubular reabsorption of electrolytes and water on rats.

Pfliigers Arch. Eur. J. Physiol. 323: 27.

286 Adrian Spitzer and Matthias Brandis

[6. Lynch, R. E., E. G. Schneider, J. W. Strandhoy, L. R.
Willis, and F. G. Knox. 1973. Effect of lysamine green
dye on renal sodium reabsorption in the dog. J. Appl.
Physiol. 35: 169.

17. Damadian, R. V., E. Shawayri, and N. S. Bricker.
1965. On the existence of non-urine forming nephrons
in the diseased kidney of the dog. J. Lab. Clin. Med.
65: 26.

18. Dawson, B. 1926. A note on the staining of the skele-
ton of cleared specimens with Alizarins red S. Stain
Technol. 1: 123.

19. Wahl, M-., and J. Schnermann. 1969. Microdissection
study of the length of different tubular segments of rat
superficial nephrons. Z. Aniat. Ent-wickl.-Gesch. 129:
128.

20. Snedecor, G. WV. 1956. Statistical Methods. The Iowa
State University Press, Ames, Iowa. 5th edition.

21. Horster, MI., and H. Valtin. 1971. Postnatal develop-
ment of renal function: micropuncture and clearance
studies in the dog. J. CGn. Invest. 50: 779.

22. Solomon, S., and K. Capek. 1972. Regulation of super-
ficial single nephron glomerular filtration rates in
infant rats. Proc. Soc. Exp. Biol. Med. 139: 3215.

23. Jose, P. A., L. Slotkoff, I. Lilienfeld, P. Calcagno, and
G. Eisner. 1971. Intrarenal blood flow distribution in
the canine puppy. Pediat. Res. 3: 335.

24. Kleinman, L. I., and J. H. Reuter. 1973. Maturation
of glomerular blood flow distribution in the newborn
dog. J. Physiol. (Lond.). 228: 91.

25. Potter, D., A. Jarrah, T. Sakai, J. Horrah, and M. A.
Holliday. 1969. Character of function and size in kidney
during normal growth of rats. Pecdiat. Res. 3: 51.

26. Horster, M-., and J. E. Lewy. 1970. Filtration fraction
and extraction of PAH during the neonatal period in
the rat. Am. J. Physiol. 219: 1061.

27. Tudvad, F. 1949. Sugar reabsorption in prematures
and full-term babies. Scand. J. Cliii. Lab. Invest. 1: 281.

28. Edelmann, C. M., Jr., J. Rodriguez-Soriano, H. Boichis,
A. B. Gruskin, and M. Acosta. 1967. Renal bicarbonate
reabsorption and hydrogen ion excretion in infants. J.
Clin. Invest. 46: 1309.

29. Dean, R. F. A., and R. A. 'McCance. 1948. Phosphate
clearances in infants and adults. J. Physiol. (Lond.).
107: 182.

30. McCrory, W. W., C. V. Forman, H. McNamara, and
H. L. Barnett. 1952. Renal excretion of phosphate in
newborn infants. J. Clin. Invest. 31: 357.

31. Brodehl, J., A. Franken, and K. Gellissen. 1972. Maxi-
mal tubular reabsorption of glucose in infants and
children. Acta Paediat. Scand. 6: 417.

32. Arant, B. S., M. A. Nash, and C. M. Edelmann, Jr.
1972. Renal handling of glucose in the developing kid-
ney. Pediat. Res. 6: 417. (Abstr.)

33. Leyssac, P. P. 1963. Dependence of glomerular filtra-
tion rate on proximal tubular reabsorption of salt.
Acta Physiol. Scand. 58: 236.

34. Thurau, K., and I. Ranke. 1962. Tubulusdruck und
Harnauscheidung der Ratteneire im hdmorrhagischen
Schock. In Akutes Nierenversagen. I. Symposium der
Gesellschaft fur Nephrologie. S. Saare and K. Rother,
editors, Georg Thieme Verlag, Stuttgart. 65.

35. Steinhausen, M., A. Loreth, and S. Olsen. 1965. Mes-
sungen des tubularen Harnstromes seine Beziehungen
zum Blutdruck und zur Inulin-Clearance. Pfluigers Arch.
gesamnte Physiol. Menschen Ticre. 286: 118.



36. Brenner, B. M., J. L. Troy, and T. M. Daugharty.
1972. Pressures in cortical structures of rat kidney. Am.
J. Physiol. 222: 246.

37. Allison, M. E. M., E. M. Lipham, and C. W. Gott-
schalk. 1972. Hydrostatic pressure in the rat kidney.
Am. J. Physiol. 223: 975.

38. Guyton, A. C., J. B. Langston, and G. Navar. 1964.
Theory of renal autoregulation by feedback at the
juxtaglomerular apparatus. Circ. Res. Slippl. 24, 25:
187.

39. Thurau, K. 1964. Renal hemodynamics. Am. J. Med.
36: 698.

40. Thurau, K., and J. Schnermann. 1965. Die Natrium
Konzentration an der Macula densa-Zellen als regu-
lieren der Faktor fur des Glomerulumfiltrat (Mikro-
punctionversuche). Klin. Wochenschr. 43: 410.

41. Kotchen, T. A., A. L. Strickland, T. W. Rice, and
D. R. Walters. 1972. A study of the renin-angiotensin
system in newborn infants. J. Pediat. 80: 938.

42. Granger, P., J. W. Ropo-Ortiga, S. Casado Perez, R.
Boucher, and J. Genest. 1971. The renin-angiotensin
system in newborn dogs. Can. J. Physiol. Pharmacol.
49: 134.

43. Hornych, H., M. Beaufils, and G. Richet. 1972. The
effect of exogenous angiotensin on superficial and deep

glomeruli in the rat kidney. Kidney Int. 2: 336.
44. Gruskin, A. B., C. M. Edelmann, Jr., and S. Yuan.

1970. Maturational changes in renal blood flow in
piglets. Pediat. Res. 4: 13.

45. Jose, P. A., L. M. Slotkoff, L. S. Lilienfield, P. L.
Calcagno, and C. M. Eisner. 1972. Intrarenal blood flow
distribution in the maturing kidney. In Radionuclides
in Nephrology. M. D. Blaufox and J. L. Funck-Bren-
tano, editors. Grune & Stratton, Inc., New York. 87.

46. Arturson, G., T. Groth, and G. Grotte. 1971. Human
glomerular membrane porosity and filtration pressure:
dextran clearance data analyzed by theoretical models.
Clin. Sci. 40: 137.

47. Deen, W. M., C. R. Robertson, and B. M. Brenner.
1972. A model for glomerular ultrafiltration. Anm. J.
Physiol. 223: 1178.

48. Brenner, B. M., J. L. Troy, T. M. Daugharty, and W.
M. Deen. 1972. Dynamics of glomer-ular ultrafiltration
in the rat. II. Plasma flow dependence of GFR. Am.
J. Physiol. 223: 1184.

49. Deen, W. M., J. L. Troy, C. R. Robertson, and B. M.
Brenner. 1973. Dynamics of glomerular ultrafiltration in
the rat. IV. Determination of the glomerular capillary
ultrafiltration coefficient. J. Clin. Invest. 52: 1500.

Maturation of Superficial Nephrons and Total Kidney Function 287


