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ABSTRACT 

We invest igated the process of neonatal hyperpro l inur ia  i n  dog and ra t .  Plasma 
p ro l i ne  var ied on ly  2-fold i n  the puppy whereas p ro l i nu r i a  increased up t o  12- 
f o l d  from b i r t h  t o  the 10th day dec l i n i ng  thereaf ter  t o  reach a d u l t  values 
(<0.1 umolelmg creat in ine)  by the t h i r d  wk. Stop-flow analysis i n  puppies 
(<17 days o ld ,  n=3) and one adu l t  dog revealed t ha t  backflux of p ro l i ne  i n  a is -  
t a l  nephron i s  no t  the source o f  neonatal hyperprol inuria. P ro l i nu r i a  occurs i n  
the Long-Evans r a t  pup during the f i r s t  postnatal wk. We measured net  uptake o f  
L-pro l ine a t  low (0.2 mM) and h igh (5  mM) concentrat ions by tubule fragments 
prepared from newborn and adu l t  kidneys. At  both concentrat ions and a t  i n i t i a l  
rates, uptake was s im i l a r  i n  newborn and mature tubules; a t  o r  near steady- 
state, tubules o f  newborn kidney had greater net  uptake r e l a t i v e  to mature k id-  
ney, apparently because e f f l u x  i s  attenuated. A dif ference i n  metabol ic runout 
d i d  not  exp la in  the d i f ference i n  p ro l i ne  uptake by newborn kidney. Tubules 
from pups less than 7 days o l d  d i d  no t  exclude the competi t ive i n h i b i t o r  AIB 
from i n te rac t i ng  w i t h  p ro l i ne  during uptake a t  0.2 nl.( when compared w i t h  mature 
kidney, (p  = 0.005). These f indings imply t ha t  t ranspor t  o f  p ro l i ne  on the 
prev ious ly  described pra l ine-prefer r ing h igh-af f in i ty  system i s  def ic ient  i n  
proximal nephron of newborn kidney. 

SPECULATION 

Maturat ion o f  p ro l i ne  reabsorption a f t e r  b i r t h  requires 1  wk i n  the ra t ,  about 1  
month i n  the dog and 3 months o r  more i n  man. Def ic ient  a c t i v i t y  dur ing these 
i n te r va l s  on one among several ca r r i e r s  i n  brush-border and basa l - la tera l  mem- 
branes i n  proximal tubule segments i s  su f f i c i en t  t o  exp la in  neonatal hyper- 
p ro l i nu r i a .  

INTRODUCTION 

Homeostasis of physiologic function i s  regulated by means of con t ro l l i ng  ( i n -  
t r i n s i c )  s igna ls  i n  response t o  d i s t u rb i ng  ( e x t r i n s i c )  signals. The t r ans i t i on  
from i n t r au te r i ne  t o  Dostnatal l i f e  i s  a  major d i s t u rb i ng  signal.  Accordingly, 
one expects the process o f  per inata l  adaptat ion t o  be re f lec ted by changes i n  
c e l l u l a r  functions. The kidney i s  an organ o f  homeostasis t ha t  undergoes pe r i -  
nata l  adaptat ion (29) and amino ac id  reabsorption re f l ec t s  the processes of 
rena l  ontogeny. 

I n  mature mammals, amino acids are reabsorbed from f i l t r a t e  by saturable, Na+- 
dependent cotransport systems located i n  the luminal membrane o f  the proximal 
nephron (6,33,49,50); the d i s t a l  nephron does not  pa r t i c i pa te  i n  t h i s  process 
(6,36). Whereas the luminal membrane cont ro ls  net reabsorption of amino ac id  
(33,38,42,49), mediated systems i n  the basa l - la tera l  membrane a lso serve ce l l u -  
l a r  uptake o f  amino acids from pe r i t ubu la r  f l u i d  t o  maet metabol ic needs along 
the nephron i n  s i t u  (5,7,11,30,33,38,42). 

Neonatal iminog lyc inur ia  i s  a  manifestat ion o f  renal ontogeny (35.37). Pro l ine 
i s  transported by m u l t i p l e  systems i n  the mature nephron (10,34,35,51,52). 
Several invest igators  (2-4,12,32) have i d e n t i f i e d  i n  vivo and i n  v i t ro  d i f f e r -  
ences between the newborn and adu l t  r a t  i n  renal handling o f  imino acids and 
g l yc i ne  t ha t  must invo lve one o r  more of the car r iers .  P o s s i b i l i t i e s  t o  ex- 
p l a i n  the neonatal p ro l i nu r i a  inc lude diminished i n f l u x  o r  increased backflux 
o f  p ro l i ne  a t  the luminal membrane, and diminished e f f l u x  a t  the ant i lumina l  
membrane. 

We used i s o t o p i c a l l y  labeled p ro l i ne  t o  invest igate :  (1)  by stop-f low analysis 
i n  vivo,  whather the d i s t a l  tubule i s  a  s i t e  o f  backflux o f  p ro l i ne  dur ing 
ontogeny; (2)  by col lagenase-treated i so l a ted  renal c o r t i c a l  tubule fragments 
i n  v i t ro ,  whether net  uptake o f  p ro l i ne  i s  d i f f e ren t  i n  newborn and adu l t  
kidney. Our f i nd ings  imply t ha t  a c t i v i t y  o f  the h i gh -a f f i n i t y  p ro l i ne  t rans-  
p o r t  system i s  attenuated i n  the proximal nephron o f  newborn kidney; they 
exclude the d i s t a l  tubule t s  the s i t e  of neonatal p ro l i nu r i a .  

METHODS AND MATERIALS 

Animals 

Mongrel dogs were used for  stop-flow studies. Collagenase-treated tubule f rag-  
ments were obtained from Sprague-Dawley ra ts .  Animals were ra ised i n  our f a c i -  
l i t i e s ,  housed under approved condit ions, and studied a t  known postnatal age. 

Stop-flow technique 

Experiments were performed on 4  adu l t  female dogs (11-20 kg) and 13 puppies 
(7-22 days a f t e r  b i r t h ;  0.45-1.23 kg). The stop-f low method o f  Malvin e t  a l .  
(251, modif ied by Lambert e t  a l .  (22). was used. Animals were fasted, a s  
thet ized w i t h  Nembutal (30-1, tracheotomize:, and cannulated i n  the l e f t  
jugu lar  vein. An abdominal i nc i s i on  was made t o  expose and asp i ra te  the ur inary  
bladder and cannulate both ureters. Control samples o f  blood and ur ine were 
obtained and mannitol (5% i n  0.3% NaC1) was then infused a t  0.3 mllmin. When 
u r i ne  f low had s tab i l ized,  one uretera l  catheter was clamped. A f t e r  an i n te r va l  
(9 min), 1 3 ~ 1  L-pro l ine (15 uCi) and 114~1  i n u l i n  (0.25 uCi) were i n j ec ted  
together I n  200 u l  through the jugu lar  catheter. The uretera l  clamp was re -  
leased a f t e r  3  min and u r i ne  co l lec ted i n  consecutive 40 u l  a l iquots  for a  
fur ther  6  min. When the ur ine co l l ec t i on  terminated, a  blood sample was drawn 
from the l e f t  femoral vein. 

I so l a t i on  and incubation of renal tubules 

Adul t  r a t s  (250-400 g )  and pups (2-14 d) were decapitated and the kidneys r e -  
moved inmediately, ch i l l ed ,  decapsulated, and hemisectioned. Thick c o r t i c a l  
s l i ces  (>ZOO urn) were cut r ap id l y  w i t h  a  c h i l l e d  Stadie-Riggs microtome, and 
incubated f o r  45 min a t  37OC i n  collagenase (0.4%) as described by Burg and 
Or l o f f  (8)  and modif ied by Chesney and Jax (9)  for  newborn t issues. Krebs- 
Henseleit  bu f f e r  (containing 5  mM CaC12 t o  enhance collagenase a c t i v i t y )  was 
used f o r  incubation of tubules a t  pH 7.4. Collagenase d igest ion was stopped 
by immersing the vessel i n  crushed ice.  After cent r i fugat ion (40 x  g  f o r  30 
sec a t  4°C). the p e l l e t  was washed three times w i t h  co ld  buffer and f i l t e r e d  
through a l aye r  o f  nylon. L i gh t  cent r i fugat ion of the f i l t r a t e  gave a p e l l e t  
which was d i l u t e d  t o  y i e l d  tubules a t  a  f i n a l  concentrat ion o f  70-100 ug wet 
wtlml buf fer .  

Suspensions of tubules were incubated i n  special f lasks ( 8  c o n t a l n ~ n g  Krebs- 
Henseleit  buffer a t  the usual 1  mM CaC12. At  zero t ime, [ l jC l -L-pro i ine,  was 
added t o  the so lu t ion which was gassed continuously w i t h  59: C02 i n  02.  HI- 
o r  114~1 - i nu l i n  was used t o  measure the ex t race l l u l a r  space. Incubations were 
terminated a t  specif ied times by cent r i fugat ion o f  the tubule suspension 
(10,000 x  g  for  10 min) a t  4OC, followed by washing w i t h  0.5 ml NaCl (0.9%) and 
resuspension i n  doub le -d i s t i l l ed  Hz0 (0.5 m l ) .  The contents were bo i led f o r  5  
min, cent r i fuged again, the p e l l e t  discarded, and an a l i quo t  o f  supernatant 
added t o  Aquasol-11. I n  other experiments, a-aminoisobutyrate (AIB), was added 
t o  the incubation mix ture  a t  10 times the substrate concentrat ion t o  perform a 
constant - ra t io  i n h i b i t i o n  t e s t  (28) a t  various concentrat ions o f  L-pro l ine 
(0.02-10 mM); osmolari ty of the buffer was adjusted t o  compensate for  AIB 
content. 

Analy t ica l  

Pro l ine content o f  serum and u r i ne  was measured on a  modif ied Beckman-Spinco 
amino ac id  analyzer (39). Radioact iv i ty  i n  ur ine (stop-f low s tud ies)  and 
supernatant ( tubu le  fragment experiments) was measured by l i q u i d  s c i n t i l l a t i o n  
counting i n  Aquasol-I1 w i t h  a  Beckman L-200 counter. Net uptake by tubules was 
expressed as the soluble i so top i c  d i s t r i b u t i o n  r a t i o  (17). S t a t i s t i c a l  ana- 
l y s i s  was performed by standard methods (44). 

Mater ia ls  

Uniformly-labeled [ 3 ~ l - ~ - p r o l i n e  (27.2 ~ i / n m o l e ) , ~ ~ ~ ~ ~ l - ~ - ~ r o l i n e  (2.5 Ci/ 
m o l e ) ,  i nu l i n -13m (127 mCi/g), i n u l i n  carboxy-[ Cl (1.91 mCi1g) and 
Aquasol-I1 were obtained from New England Nuclear, Boston, R . Reaqent qrade 
L-pro l ine and AIB were purchased from Mann Res. Lab. (New York). ~ o i l a q e i a s e  
(grade 11) was obtained from Worthington, Freehold, N.J. 

RESULTS 

Pro l ine excret ion i n  v ivo i n  the dog. P ro l i nu r i a  increased 5-12 f o l d  during 
the f i r s t  10 days o f  postnatal l i f e  (Fig. 1) .  It then decreased during the 
fo l lowing 10 days u n t i l  i t  was v i r t u a l l y  extinguished, as i n  the mature animal. 
Plasma p ro l i ne  was approximately 0.2 mM; i t  var ied less than 2- fo ld  i n  the 
postnatal per iod (Fig. 1). These f indings imply a  rena l  o r i g i n  o f  postnatal 
p r o l i n u r i a  i n  the dog. 

Stop-flow analysis. Experiments were performed on puppies aged 8, 9, and 17 
days w i t h  neonatal p ro l i nu r i a  and an adul t  dog without p ro l i nu r i a .  P m l i n e  ex- 
c re t i on  curves were a l i k e  i n  young and adu l t  animals (Fig. 2 ) .  Pro l ine excre- 
t i o n  d i d  not  precede i n u l i n  excret ion (no s i g n i f i c a n t  precession) a f t e r  release 
of the ure tera l  clamp i n  e i t he r  newborn o r  mature animals. This f i nd i ng  i n d i -  
cates t ha t  postnatal p ro l i nu r i a  does not  o r i g i na te  i n  the d i s t a l  nephron. 

Pro l ine uptake by i so l a ted  r a t  renal tubule 

Net uptake o f  L-pro l ine ( a t  0.2 mM and 5 mM) was measured as the soluble i so -  
top ic  d i s t r i b u t i o n  r a t i o .  Uptake was greater  a t  steady-state i n  tubules from 
newborn r a t s  (c7 days o l d )  compared t o  those from the adu l t  animal (F ig .  3) .  
There was an inverse re l a t i onsh ip  between d i s t r i b u t i o n  r a t i o  and ex t race l l u l a r  
p ro l i ne  concentrat ion, i nd i ca t i ng  s a t u r a b i l i t y  o f  the uptake process i n  newborn 
and mature tubules. I n i t i a l - r a t e  measurements ind icated s l i g h t l y  slower uptake 
o f  5  mM L-pro l ine by newborn r a t  tubules compared w i t h  tubules from adu l t  r a t s .  
Th is  f ind ing was apparent on l y  a t  the higher p ro l i ne  concentrat ion. 

We measured accumulation o f  ~ 1 4 ~ 1  i n  COq dur ing uptake by tubules t o  determine 
whether loss o f  isotope from the soluble i n t r a c e l l u l a r  pool i n t o  the gaseous 
phase could exp la in  the dif ferences i n  net  uptake o f  p ro l i ne  by newborn and 
adu l t  r a t  tubules. During 10-min incubation, a t  0.02 mM pro l ine,  81% o f  labe l  
enter ing tubule c e l l s  was converted t o  C02 i n  the newborn ra t ;  the corresponding 
value i n  the adu l t  r a t  was 87%; a t  2  118'4 p ro l i ne  the conversions were 76% and 
61% respect ive ly .  These f i nd ings  imply t ha t  ontogeny of rena l  p ro l i ne  oxida- 
t i o n  does not account f o r  the observed dif ferences i n  net  uptake o f  p ro l i ne  
i n t o  the soluble pool o f  i so l a ted  tubules from newborn and adu l t  r a t  kidney. 

AIB i s  a  competi t ive i n h i b i t o r  o f  p ro l i ne  uptake by the r a t  renal cor tex  s l i c e  
a t  substrate concentrat ions above 1 mM (28.41). We confirmed t ha t  i t  i s  a  com- 
p e t i t i v e  i n h i b i t o r  o f  p ro l i ne  uptake by the i so l a ted  tubule of the mature r a t  
(data not  shown). We used the constant - ra t io  i n h i b i t i o n  t e s t  (2,28) t o  show 
t h a t  tubules from a d u l t  r a t s  exclude A16 from i n te rac t i on  w i t h  p ro l i ne  uptake 
a t  low concentrations (0.2 mM) o f  substrate (Fia. 4). On the o ther  hand. AIB 
s i g n i f i c a n t l y  i nh ib i t ed  p ro l i ne  uptake (p=0.~05j a t ' t he  low substrate concen- 
t r a t i o n  i n  tubules f r an  r a t  pups less than 1-week-old. This f ind inq ind icates 
t ha t  the uptake system used by low concentrat ions of p ro l i ne  does not exclude 
AIB i n  very imnature tubules. It i s  compatible w i t h  de f i c i en t  a c t i v i t y  o f  the 
low-Km transport system i n  the very young r a t  pup. 

DISCUSSION 

Various methods have been used t o  describe the process of L-pro l i r , r  t ranspor t  
i n  mamnalian kidney. Whole-kidney and single-nephron clearance methods reveal 
the presence of more than one saturable system I n  the prox~mal  nephron for  net 
reabsorption of pro l ine (10,34,51,52). Reabsorption from f i l t r a t e  i s  ach7eved 
by Na+-dependent and NaC- independent systems w i t h  low and high capacity res-  
pect ive ly  (6,10,51,52). Studies w i t h  renal cor tex  brush-bcrder membrane 
ves ic les  a lso reveal mediated p ro l i ne  t ranspor t  (15,26,27) w i t h  heterogeneity 
of the uptake process (26,27), the character is t ics  o f  which are essen t i a l l y  
compatible w i t h  those defined i n  the perfused tubule (51.52). In t rarenal  o x i -  
dat ion (metabolic runout) o f  subztrate inf luences net ' rena l 'uptake o f  p ro l i ne  
both i n  v i t ro  (3.18.28). and i n  vivo 114.40). Decreased ox idat ion i n h i b i t s  net 
reabsorption and increases the c e l l u l a r  p ro i i ne  content (40). Pro l ine e f f l u x  
a t  the basa l - la tera l  membranc o f  renal epithel ium i s  mediated by a  Nat-inde- 
pendent ca r r i e r  (40). This c a r r i e r  modulates permeabi l i ty  runout from cyto-  
plasm t o  per i tubu lar  space. 

These f indings imply t ha t  net  reabsorption o f  p ro l i ne  by the mammalian nephron 
i s  achieved by mu l t i p l e  ca r r i e r s  deplcyed i n  the brush-border membrane o f  
proximal nephron and i s  inf luenced by events t ha t  sustain metabol ic runout i n  
cytoplasm and permeabil i ty runout a t  the basa l - la tera l  membrane. 

Renal cortex s l ices,  i n  which the basa l - la tera l  membrane appears t o  be predomi- 
nant ly  exposed (1,531, d isp lay  mu l t i p l e ,  saturable p ro l i ne  t ranspor t  systems 
t ha t  presumably serve e p i t h e l i a l  n u t r i t i o n .  These systems have low and high 
capac i t ies  and higher o r  lower s e l e c t i v i t y  f o r  Dro l ine respect ive ly  (2-4.28). 
Iso la ted renal tubules, which a p p a r e ~ t l y  expose both the brush-border and basal- 
l a t e r a l  membrane (11, a lso possess mu l t i p l e  uptake systems f o r  t ranspor t  of 
p ro l i ne  (17). 

Mutant phenotypes of renal p ro l i ne  ca r r i e r s  are l a rge l y  confined t o  man, but 
they too i nd i ca te  the presence of m u l t i p l e  ca r r i e r s  f o r  p ro l i ne  i n  the nephron 
(24,34,35). Hereditary iminoqlyc inur ia  i n  the mature subject causes p a r t i a l  
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Plasma p r o l i n e  c o n c e n t r a t i o n s  u  p e r  oane l )  and u r i n e  p r o l i n e  c o n t e n t  Llower 
panei) i n  puppies ( 0 )  and a d u l i  i o n g r e l  dogs ( a ) .  The inc rease  i n  u r i n a r y  
p r o l i n e  d u r i n g  t h e  f i r s t  10 days a f t e r  b i r t h  i s  a t t r i b u t e d  t o  i n c r e a s i n g  
s i n g l e  nephron f i l t r a t i o n  i n  t h e  dog d u r i n g  t h i s  p e r i o d  (47 ) .  
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