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Summary

In vivo studies were performed to evaluate maturational changes
in PAH extraction (Epan) in the rabbit and to determine whether
accelerated maturation of this process could be achieved. Fifty-
four animals were injected with penicillin before study at 10, 14,
21, or 28 days of life. Forty-eight rabbits served as saline-injected
controls. PAH extraction in controls increased from 29.3 = 2.4%
at 10 days of age to 359 * 3.3% at 14 days, 59.7 + 3.5% at 21
days, 71.6 *+ 1.9% at 28 days, and 72.7 + 2.3% at 35 days of life.
Penicillin injection on the 3 days before study resulted in enhance-
ment of Epan on days 10 and 14 to 42.7 + 2.4% and 65.0 = 3.2%
(P < 0.005). On days 21 and 28 less stimulation was noted (68.7
+ 2.3%; 76.0 + 4.1%). Preinjection on days 6-9 with study delayed
to day 14 also led to augmentation (46.7 = 3.7% P <0.05) but less
than that achieved after injection on days 10-13. These data
suggest that Epan stimulation may be transient, descreases as
maturation is approached and is likely related to substrate avail-
ability.

Speculation

The mechanism(s) responsible for the transport of organic
anions in young rabbits responds to factors related to subtrate
availability by increasing the rate of transfer of these substances.
Enzyme systems, tubular mass, transport proteins, and blood flow
distribution may be involved; singly, or in combination.

The extraction of organic anions is an example of a process
which is not fully operational at birth or in the neonatal period
(12, 21, 28). PAH, an organic anion, is concentrated and secreted
by the cells of the proximal tubule (25). The rate of secretion is
higher in the straight than the convoluted portion (23). Transfer
of PAH from peritubular capillary to lumen appears to occur in
two steps. First, concentration of the anion within the tubular cell,
then secretion into the lumen down a concentration gradient. The
active, concentrating step is thought to involve both an energy-
dependent and an enzyme-dependent process (6, 7, 11). The
extraction of p-aminohippurate (Epan) has been noted to be low
in newborn rats (12), in human infants (2), and in puppies (15).
Hirsch and Hook (8-10, 13), utilizing the in vitro renal cortical
slice technique of Cross and Taggart (3), studied the ability of
slices of the kidney from newborn rabbits to accumulate PAH
from a bathing medium. They found a gradual increase in the
slice to medium ratio of PAH from 1 day to 2 weeks of age, and
a more rapid increase from 2 weeks to a peak at 4 weeks of age.
After 4 weeks, a decline of S/M ratio to adult values was noted.
A similar pattern has been observed in puppies (21). Hirsch and
Hook also demonstrated an increment in the uptake of PAH by
kidney slices from immature rabbits following stimulation with an
organic anion, penicillin. However, the increase in PAH transport
was noted only up to 2 weeks of age. Animals pretreated with
penicillin had increased kidney weight to body weight ratios
compared to controls at 2 weeks, but not at 4 weeks of age (8, 9).
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Data derived even under optimal conditions in vitro must be
extrapolated cautiously to in vivo situations (29). In light of these
provocative in vitro findings, our studies were designed to evaluate
the maturational changes in PAH extraction in vive in rabbits, to
determine whether penicillin stimulation of PAH extraction could
be achieved, and to assess mechanisms which might be responsible
for these changes.

MATERIALS AND METHODS

Studies were performed on groups of 102 New Zealand White
rabbit pups on days 10, 14, 21, 28, and 35 of life. Rabbits were
bred in the departmental animal quarters and the young animals
were left with their mothers throughout the duration of the
injection period. The weights of the pups studied ranged from 135
g at 10 days to 1150 g at 35 days of age. Treated and control
animals were randomly chosen from each litter without regard to
sex or weight. Fifty-four rabbits were injected sc with 30,000 units
of procaine penicillin G suspension twice daily during each of
four time periods (on days 6-9, 10-13, 17-20, or 24-27 of life).
Fifteen rabbits were treated with penicillin on days 6-9 of life. Of
these, eight were studied on day 10, 24 hr following the last
penicillin injection and seven were studied on day 14, 5 days
following the final injection. Twenty-one pups were injected with
penicillin on days 10-13 of life; 13 were studied on day 14 and 8
were studied on day 21 of life. Twelve animals were treated with
penicillin on days 17-20 and studied on day 21. Six rabbits were
injected with penicillin on days 24-27 and studied on day 28.
Forty-eight littermates served as controls, and were similarly
injected with isotonic saline. Seven were studied on day 10, 13 on
day 14, 13 on day 21, and 9 on day 28 of life. Six saline-injected
animals were studied at 35 days of age.

The rabbit pups were taken from their mothers and littermates
on the morning of study. The body weight of each animal was
measured at that time. The rabbits were lightly anesthetized with
Inactin, 50-80 mg/kg body ip. They were placed on a heated
operating table, thermostatically controlled, between 38° and 40°,
One jugular vein was exposed and catheterized with PE 50 poly-
ethylene tubing. A volume of isotonic saline equal to 1% of body
weight was administered to replace surgical fluid losses. A prime
of 25% mannitol, 0.25 g/kg body wt, was also injected. An infusion
followed consisting of PAH, 0.05-0.2 mg/min depending on the
body weight of the animal; [*“Clinulin (New England Nuclear), 5
pCi/hr; and mannitol, 0.25 g/kg body weight/hr in isotonic saline.
The infusion rate was 0.02 ml/min. The quantities of PAH, and
[“Clinulin sustained a plasma PAH level of 3.3-6.5 mg/100 ml
and a plasma inulin level at least 4 times background. During an
equilibration period of at least 40 min, the right ureter was isolated
and cannulated. The right and left renal veins were prepared for
later puncture. After the equilibration period, two 20-min urine
collections were made under mineral oil. Immediately following
the second urine collection, the right and left renal veins were
punctured with a 25-gauge beveled needle and 0.2-0.3 ml blood
withdrawn. Hemostasis was accomplished. The heart or aorta was
then punctured with a 22-gauge needle and a “peripheral” blood
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Table 1. Extraction of PAH

10 Day 14-Day 21-Day 28-Day 35-Day
operation, % operation, % operation, % operation, % operation, %

Saline-injected controls 293 +24 359+33 59.7%35 716+ 1.9 727 +23

(n=17) (n=13) (n=13) (n=9) (n=06)
PCN? injection, 6-9 days 42724 46.7+3.7

(n=28) (n=17)
PCN injection, 10-13 days 65.0 +3.2 57.3+49

(n=13) (n=28)
PCN injection, 17-20 days 68.7 £2.3
(n=12)
PCN injection, 24-27 days 76.0 = 4.1
(n=6)

' +SE.
2 Penicillin.

sample obtained. The animals were sacrificed and their kidneys
removed, blotted, and weighed on a Mettler balance. Plasma and
urine PAH levels were determined by a microadaptation of the
method of Bratten and Marshall, as modified by Smith. ["C]
Inulin in plasma and urine was measured in a liquid scintillation
spectrometer (Packard Instrument Co.). Urine volumes were de-
termined by weight on a Mettler balance.

The extraction of PAH (Epan) was calculated as [(Apan —
Vean)/Apan], where Apan and Vpau represent PAH concentra-
tions in peripheral vessels and right and left renal veins, respec-
tively. Inulin extractions were determined similarly. Clearances of
PAH and inulin (UV/P), true filtration fraction (Ein) and renal
plasma flow (Cpan/Epan) were calculated. Data are presented as
group means * SE. Left and right kidney extractions were aver-
aged and n values in all tables represent the number of animals
studied. Significance of the differences between the mean values
was evaluated by the student’s ¢-test. The 0.05 level of probability
was used as the criterion of significance.

RESULTS

The saline-injected control rabbits revealed a stepwise increase
in PAH extraction on days 10, 14, 21, and 28 of life (Table 1).
Epan increased from 29.3 + 2.4% SE at 10 days to 35.9 + 3.3% at
14 days, 59.7 + 3.5% at 21 days, and 71.6 + 1.9% at 28 days of
life. Significant increments occurred between 14, 21, and 28 days
(see Table 2). Pups showed no further increase of extraction of
PAH at 35 days of age (72.7 % 2.3%).

Preinjection of penicillin on days 6-9 significantly increased
PAH extraction on day 10 compared to saline-injected controls
from 29.3 + 2.4% to 42.7 £+ 2.4% (see Tables 1 and 2). In pups
studied on day 14 of life, penicillin treatment either early (on days
6-9) with a 5-day interval before study or directly before study
(on days 10-13) significantly enhanced extraction of PAH relative
to saline-injected controls studied on day 14 (Tables | and 2).
Epan increased from 35.9 + 3.3% in controls to 46.7 + 3.7% in
those treated early and to 65.0 = 3.2% in those treated just before
study.

A%{Zl days of age, a changing pattern emerged. Those animals
treated with penicillin on days 17-20 illustrated a significant
augmentation of PAH extraction from 59.7 + 3.5% in saline
controls to 68.7 = 2.3%. In contrast, those animals injected on
days 10-13 and studied on day 21 showed no increase (Tables 1
and 2) in the extraction of PAH. Penicillin injections on days
24-27 did not significantly affect the ability of the 28-day-old
animals to extract PAH. Epau increased slightly from 71.6 + 1.9%
in controls to 76.0 £ 4.1% in treated animals.

Mean peripheral plasma PAH levels varied between 3.3 and 6.5
mg/100 ml (Table 3). There was no statistically significant differ-
ence in PAH level between any experimental group and its
corresponding age-matched control.

Glomerular filtration rate as estimated by inulin clearance (Cin)
increased steadily with age (Table 3). GFR increased in controls

Table 2. Statistical analyses of PAH extractions

Groups compared P values
10-day control vs. 10-day experimental < 0.005
14-day control vs. 14-day experimental (PCN' days 10-13) < 0.001
14-day control vs. 14-day experimental (PCN days 6-9) < 0.05
14-day experimental (PCN days 10-13) vs. I4-day experi- < 0.0l
mental (PCN days 6-9)
21-day control vs. 21-day experimental (PCN days 17-20) < 0.05

21-day control vs. 21-day experimental (PCN days 10-13) NS

21-day experimental (PCN days 17-20) vs. 21-day experi- < 0.05
mental (PCN days 10-13)

28-day control vs. 28-day experimental (PCN days 24-27) NS

10-day control vs. 14-day control NS

14-day control vs. 21-day control < 0.001

21-day control vs. 28-day control <0.005

28-day control vs. 35-day control NS

from 41.2 = 9.5 ul/min X g kidney at 10 days to 306.6 + 21.3
pl/min X g kidney at 28 days of age. There were no significant
differences between the mean inulin clearances of any of the
penicillin treated groups and their corresponding controls.

Renal plasma flow as estimated by Cpan/Epan increased grad-
ually during the first four weeks of life from 528.8 = 120.0 pl/min
X g kidney at 10 days to 1235.9 + 117.1 ul/min X g kidney at 28
days. An estimation of the fraction of plasma filtered (true filtra-
tion fraction) may be obtained by measuring the extraction of
inulin. Mean levels of Ein did not vary significantly with age after
14 days or between penicillin-treated and control groups. Signifi-
cantly lower values were noted between 10 day and all older
animals in both control and penicillin-treated groups (P < 0.005).
No difference was present between the 10 day experimental and
control rabbits.

Body weight, kidney weight, and kidney weight corrected for
body weight are tabulated in Table 4. Mean body weight increased
with age in saline injected controls from 180.0 % 10.1 g at 10 days
to 560.2 + 46.7 g at 28 days. Kidney weight increased with age
from 138 + 0.05 g at 10 days to 3.00 + 0.17 g at 28 days.
Experimental groups injected either on days 6-9 or on days 10-13
were found to have significantly heavier kidneys on day 14 than
the saline-injected controls also studied on day 14 of life (P <
0.001). When kidney weights were factored for body weight, the
statistically significant difference between the PCN (6-9 days and
10-13 days) and control groups persisted (P < 0.05). No other
penicillin-injected group differed in these parameters from its age-
matched control.

DISCUSSION

Immaturity of organic anion transport has been noted in human
infants (4, 26) and in other mammalian neonates, including rabbits
(12, 16, 17). Our data demonstrate, for the first time in vivo, a
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Table 3. Selected renal functions in control and penicillin-treated neonatal rabbits’

No. of C[N, Plasma PAH. CPAH ul/min/ g RPF (CpAH/EpAH),
Group, age animals Vol gl/min  pl/min-g KW Ein, % mg/100 ml Kw ul/min-g KW

10-Day control 7 37 41.2 15.3 4.7 153.8 528.8
+0.2 +9.5 +1.6 +0.7 +30.2 +120.0
10-Day exp; PCN days® 6-9 8 4.1 52.0 16.8 5.4 1973 498.5
+0.3 +4.2 +2.1 +0.9 +31.8 +1324
14-Day control 13 5.1 94.8 26.0 5.8 282.9 647.3
+0.3 +8.2 +2.3 +0.5 +54.2 +227.9
14-Day exp; PCN days 10-13 13 3.5 85.0 25.1 5.1 2349 405.5
+03 +6.5 +2.0 +0.4 +25.2 +75.3
14-Day exp; PCN days 6-9 7 42 83.4 27.6 4.7 188.9 4445
+0.4 *10.8 +2.1 +0.8 +34.2 +140.5
8.4 166.5 28.7 5.1 414.1 706.3
21-Day control 13 +0.4 +18.6 +1.9 +0.5 +64.3 +180.6
21-Day exp; PCN days 6.6 108.8 28.1 6.5 331.7 507.1
17-20° 12 +0.6 +17.5 +2.1 +0.4 +50.2 +112.6
21-Day exp; PCN Days 6.8 105.3 26.1 6.5 376.3 670.8
10-13 8 +0.5 +15.2 +2.6 +0.7 +64.5 +184.6
12.3 306.6 22.7 33 959.6 1235.9
28-Day control 9 +0.5 +21.3 +5.1 +0.7 +88.9 +117.1
28 Day exp PCN days 13.4 267.4 26.1 5.6 728.6 908.4
24-27 6 +0.6 +34.0 +5.1 +0.6 +91.8 +168.5

! Data presented as mean *+ 1 SE. Cin: clearance of inulin; Cpan: clearance of PAH; Cpan/Epan: renal plasma flow; Ein: extraction of inulin; KW:

kidney weight.
2 PCN days: penicillin injected twice daily on each of the days indicated.

Table 4. Body weight, kidney weight

Body Kidney Kidney wt,
n' wt, g wt, g 100 g body wt

10-Day control 7 180.0 1.38 0.76
+10.1 +0.05 +0.02

10-Day (PCN 6-9 8 184.4 1.47 0.80
days) +11.7 +0.06 +0.03
14-Day Control 13 2242 1.47 0.67
%104 +0.04 +0.02
14-Day (PCN 10-13 13 2484 1777 0.72*
days) +12.6 +0.04 +0.02
14-Day (PCN 69 7 231.9 1.78* 0.78*
days) +12.1 +0.04 +0.04
21-Day control 13 329.0 1.93 0.63
+25.8 +0.08 +0.02

21-Day (PCN 17-20 12 299.0 1.95 0.67
days) +20.5 +0.07 +0.03
21-Day (PCN 10-13 8 3253 2.15 0.67
days) +21.8 +0.08 +0.03
28-Day control 9 560.2 3.00 0.54
+46.7 +0.17 +0.02

28-Day (PCN 24-27 6 417.0 2.52 0.59
days) +14.0 +0.11 +0.04

! Number of animals.
? Significantly different than control.

progressive increase in the ability of the rabbit kidney to extract
PAH throughout the neonatal period.

Saline-injected control animals had increasing inulin and PAH
clearance even when corrected for kidney weight with increasing
age from 10-28 days of life. PAH extraction increased significantly
in control rabbit pups between 2 and 4 weeks of life. Its ascent
slowed markedly during the fifth week, as the pups attained adult
extraction capability.

An attempt was made to stimulate increased extraction of the
kidney of this organic anion during the neonatal period. There is
evidence that a single concentrating step exists facilitating PAH
transport from peritubular capillary, through tubular cells and
into the tubular lumen (5, 7). Several compounds with structural
similarities are thought to share this pathway of secretion. One of

these, penicillin, was chosen as a “pretreatment” in an effort to
identify and to stimulate the mechanism(s) responsible for the
secretion of PAH.

Hirsch and Hook and others (8-10, 13, 20) have demonstrated
in vitro that the administration of exogenous anionic substances
enhance the ability of renal cortical slices to transport PAH. Our
data in vivo show that penicillin injection prior to functional study
enhances the extraction of PAH compared to controls preinjected
with an equal volume of saline. This stimulation was found in
groups of rabbit pups from 10-21 days of age studied 24 hr after
the last in a 4-day series of penicillin injections. The induced
increment in PAH extraction was most pronounced on the 14th
day of life after penicillin treatment on days 10-13. This experi-
mental group attained levels of Epan approximating those seen at
21-28 days in the control animals. An increase in PAH extraction
compared to controls was not observed in those animals that were
administered their last dose of penicillin on day 27 and studied on
day 28 of life. Adult levels of Epau (those observed in 28- and 35-
day controls) were not exceeded by any of the penicillin-stimulated
groups. Rabbits preinjected with penicillin on days 6-9 but with
their study delayed 5 days showed a blunted response. This group
demonstrated a significant increment in Epan compared to con-
trols, although it was of a smaller magnitude than those studied
immediately after their penicillin treatment (Table 2). The 21-day
group, studied 7 days after the last injection of penicillin, did not
show augmentation of Epan. These findings suggest that until the
mechanism responsible for extraction of PAH reaches mature
levels, preinjection with penicillin results in enhancement of PAH
removal. Data obtained from animals studied 5-7 days after
penicillin pretreatment indicate that the effect of anion adminis-
tration on PAH extraction is transient.

The increased removal of PAH by the kidney could be related
to growth (i.e., an increase in the number and/or size of proximal
tubular transport sites associated with increased kidney weight),
a shift in the distribution of renal blood flow to structurally and
functionally more mature areas of the renal cortex, or the matu-
ration or stimulation of a specific or nonspecific transport mech-
anism located within already existing tubular structures.

Enhanced extraction of PAH might be the result of enhanced
growth. Microdissection studies have shown that proximal tubular
length increases slowly during the early neonatal period, followed
by an acceleration of linear growth. This increase in functional
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area with an accompanying increment in transport sites and
enzymatic activity (22) could be responsible for the changing
transport capability in normal development and in substrate stim-
ulated animals. Kidney weight was increased in those rabbits
demonstrating the greatest enhancement of PAH extraction (14-
day penicillin stimulated rabbits). Wet kidney weight was signifi-
cantly greater in both penicillin treated groups studied on day 14
of life.

This weight increase was not related to body weight in those
injected on days 6-9 or 10-13 as the statistical differences persisted
when kidney weight was factored for body weight. It is possible
that penicillin may stimulate protein synthesis and growth in the
kidney at least at 2 weeks of age.

Structurally, the kidneys of newborn rabbits have a persistent
nephrogenic zone in the outer cortex. The immature kidney
perfuses the juxtamedullary nephrons with a relatively large frac-
tion of total renal blood flow, thus bypassing secretory sites of
PAH (18, 22). An alteration in the distribution of renal blood flow
to a more peripheral pattern could account for the observed
increase in PAH extraction. Direct measurements of renal blood
flow distribution are needed to clarify this possibility.

The presence of increased substrate may enhance the transfer
of PAH from capillary to lumen in existing functional units of the
proximal tubule. Increased concentration of substrate results in
greater reaction velocity in many enzymatically mediated inter-
actions (27). Penicillin acting as a substrate in this instance may
augment the formation of enzyme or carrier for transport of
penicillin and/or PAH.

Recently, investigations into renal organic anion binding pro-
teins (ligandin), have been reported (14). It has been suggested
that this substance, identical to the y protein isolated from liver,
may function in the proximal tubular cell as a component of the
renal organic anion transport system. Penicillin may influence the
role of such a transport protein. This study provides no evidence
for or against the induction of ligandin synthesis by penicillin.

In summary, our data demonstrate that in vivo extraction of
PAH reaches mature levels in the rabbit by 28 days of life.
Penicillin injection during maturation results in enhancement of
PAH extraction. The magnitude of this stimulation decreases as
maturation is neared and the enhancement appears to be transi-
tory. Increased kidney weight is seen in those animals demonstrat-
ing the greatest increment of Epau after penicillin treatment. It
appears most likely that the stimulation of the mechanism(s)
responsible for PAH removal by the kidney is related to substrate
availability and its effects on metabolic, enzyme-related processes
occurring at existing tubular transport sites. A concomitant in-
crease in the size and number of the kidney’s functional elements
may be contributory at 2 weeks of age.
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