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SUMMARY 

Low-Kin transport of L-proline and glycine and high-Kin transport of a-amino- 
isobutyric acid is absent in newborn Long-Evans rat kidney cortex slices. Other 
modes of uptake found in mature kidney are present in postnatal kidney. 

The deficient proline transport appears at one week of age while the systems for 
glycine and a-aminoisobutyric acid become active by the 3rd week. The Vma x of 
systems present at bilth increases 2- or 3-fold during maturation indicating that 
ontogeny affects both total and specific activity of membrane transport systems in 
kidney. The findings in vitro correlate with postnatal physiological transport in vivo. 

Steady-state accumulation of amino acids in vitro is greater in newborn kidney 
than in mature tissue; reduced efflux accounts for this. Elevation of temperature 
stimulates efflux less in newborn kidney. 

Anoxia primarily inhibits low-Kin transport of L-proline and glycine. Transport 
in newborn kidney by the high-Kin system is relatively protected from anoxia. 

INTRODUCTION 

Uptake of L-pioline and glycine 1 and of a-aminoisobutyric acid 2, in rat kidney 
is served by several membrane transport systems in vitro. Under conditions of short 
incubation, low-Kin transport of proline and glycine and high-Kin transport of ~- 
aminoisobutyric acid is deficient in newborn rat kidney slices compared to mature 
tissue ~-5. However, net uptake after prolonged incubation is generally greater in 
newborn kidney 3-6. The manner in which this ontogeny of amino transport expresses 
itself in kidney, is the subject of this paper. We found that the specific activity of 
membrane transport systems is modulated during postnatal maturation of renal 
function. There is evidence that systems already present at birth can increase their 
activity with age while other systems not present at birth can appear at specific 
times during development. The relationship of influx to efflux also appears to be dif- 
ferent in newborn and mature kidney. 

* Publication No. 249 f rom the McGill Universi ty-Montreal ,  Children Hospital  l~esearch 
Inst i tute .  
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METHODS AND MATERIALS 

Long-Evans  rats were used as in the previous study *. Techniques for incubation 
of kidney cortex slices and measurement of uptake have been described 6. Ettlux was 
examined in the present study by  an adaptation of the method of SEGAL AND CRAW- 
HALL 7. Measurements were performed at i, 3, 5, IO and 20 min; the first Io-sec period 
of efflux was taken to determine zero-time data. Efttux was expressed as the percent 
of initial radioactivity lost from the slice. 

Concentration-dependent uptake of L-proline, glycine and a-aminoisobutyric 
acid was measured over a Ioo-fold range of initial substrate concentration. Correction 
for non-saturable uptake under the near steady-state conditions of these studies, was 
made according to AKEDO AND CHRISTENSEN s. Derivations of the Michaelis equation 1, 2 
were again employed to determine the kinetics of mediated uptake. Steady-state 
measurements will provide valid information about the apparent Km for substrate 
binding to the transport  site 2, 9. 

Materials 
Labelled compounds of known specific activity and radiochemical purity were 

obtained from the sources and examined as described in the accompanying paper s . 
Other chemicals were obtained from Fisher Laboratories or Mann Chemical Corpora- 
tion, New York. 

RESULTS 

Early time course 
Initial uptake ratios after short incubation ( < i  5 min) with L-proline, glycine 

at low initial concentrations, and of ~-aminoisobutyric acid at high and low concen- 
trations, are lower in kidney cortex slices obtained from unweaned rat  pups when 
compared with the mature animal (Fig. i). Uptake of glycine and ~-aminoisobutyric 
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Fig. i. E a r l y  t ime  course for u p t a k e  of L-proline, g lycine  and  ~ -amino i sobu ty r i c  acid (AIB) a t  
low and  h igh concen t ra t ions  in t i le  in i t i a l  medium.  The i so tope  d i s t r i bu t i on  ra t io  is (counts /min  
per  ml  in t r ace l lu l a r  fluid per  un i t  t ime) : ( counts /min  per  ml  in i t i a l  medium) .  P r e l i m i n a r y  s tud ie s  
h a v e  shown 3 t h a t  differences in ox ida t i on  of subs t r a t e  do no t  exp la in  age -dependen t  differences 
in u p t a k e  of L-proline and glycine.  Each  po in t  is the  mean  of a t  leas t  three  observa t ions ,  w -- 
week(s);  Ad -- adul t .  
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acid is depressed for 3 weeks after birth while that  for L-proline improves after the 
first week. At high concentrations of proline and glycine, there is little difference in 
the initial uptake between immature and adult kidney. These findings suggest that  
postnatal development of transport is both substrate and concentration specific. 

Late time course 

Newborn kidney achieves a higher isotope distribution ratio than mature 
kidney after prolonged incubation with L-proline and glycine at high or low con- 
centrations and with e-aminoisobutyric acid at low concentrations (Fig. 2); mean 
values and standard deviation at 120 rain are given in the preceding paper 6. These 
findings indicate that  net uptake of amino acids newborn kidney is influenced by 
more than the initial uptake rate 3, 5, 6,10, n 
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Fig. 2. L a t e  t ime  course for u p t a k e  of L-proline, glycine and  ~ -amino i sobu ty r i c  acid (AIB) a t  low 
a n d  h igh concen t r a t i ons  in the  in i t i a l  medium.  I s o tope  d i s t r i bu t i on  ra t io  as descr ibed in Fig. i.  
Values  are the  mean  of a t  l eas t  th ree  observa t ions .  Symbols  are as in Fig. i .  

T A B L E  I 

, O N T O G E N Y  O F  E F F L U X  I N  RAT K I D N E Y  

D a t a  are percen t  of in i t i a l  i n t e rna l  label  los t  to  m e d i u m  af te r  2o rain i ncuba t ion  in efflux m e d i u m  
a t  37 °. Slices were i n c u b a t e d  a t  37 ° a t  the  ind ica t ed  concen t r a t i on  of laC-labelled s u b s t r a t e  in 
the  u p t a k e  m e d i u m  for a per iod  chosen so t h a t  the  i so tope  d i s t r i bu t i on  ra t io  af ter  p re load ing  
was  the  same in slices t a k e n  from an imals  of different  ages 3 (e.g. 3 ° min  p re incuba t ion  for 0.051 mM 
L-proline, and  6o rain for 12 mM L-proline). E m u x  was  then  per formed  a t  37 ° in to  5 ml of fresh 
m e d i u m  con ta in ing  no amino  acid accord ing  to  the  t echn ique  descr ibed in METHODS. The d a t a  
.on efftux are the  mean  a nd  S.D. of a t  l eas t  t r i p l i ca t e  obse rva t ions .  

A mi~*o acid Conch. of Age of animal: 
substvate during 
preinc~bation r week 
(raM) 

2 week 3 week ddule  

L-Prol ine o.o 5 
1 2 . O  

Glyc ine  0.03 
6 . 0  

c¢-Aminoisobutyr ic  acid o.12 
2 0 . 0  

50.3 ± 5.2 57 .6 i 2.6 64.6 i 2.5 73.9 q- 2.6 
60.0 ± 2.1 71.3 ~ 1.26 67.8 ± 3.6 82. 4 q- 1.2 

3 °.1 ~- 1-3 37.7 J= 2.4 38.5 ~ 4.2 49.6 ~ 4.2 
47 .2 ± 5 .6 63.0 i 3.4 66. 4 ± I.O 74-7 ± 1.4 

44.5 ± 0.8 58.7 -L 2.0 68.3 i 2.8 77.7 ~- 6.4 
54-3 ± 4.5 69-7 -E 4.8 74-6 ± 2.4 75.8 if- 2.9 
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ETfiux 
Efftux of L-proline, glycine and ~-aminoisobutyric acid at 37 ° is impaired in 

newborn kidney, at both low and high concentrations of internal substrate (Table I) ; 
the rate of efflux increases with age after birth. Efitux is temperature-sensitive at all 
ages, but less so in newborn kidney, e-Aminoisobutyric acid efflux at 20 min is 234 % 
greater at 37 ° than at 17 ° in adult kidney, but only 18o% greater in the one-week 
kidney (mean of 6 observations at each temperature; P < 0.05 by Students t test) ; 
the corresponding values for L-proline efflux are 173 % and 148 % (P < 0.02). 

Concentration-dependent uptake 
The Michaelis Constant. Uptake of iminoacids, glycine and e-aminoisobutyric 

acid in mature kidney is saturable 1, 2 (Fig. 3). However, L-proline uptake for example, 
observes a different pattern of saturation in newborn kidney (Fig. 3). A striking dif- 
ference characterizes the kinetics of uptake by newborn and mature kidney. Augus- 
tinssen plots (u vs. u/[S~) reveal only one mode of transport for each amino acid in 
the kidney of 1-week-old animals (Fig. 4), in contrast to the more complex transport 
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Fig. 3. Akedo-Christensen plot s of L-proline uptake by newborn and adult rat kidney cortex 
slices. Uptake undergoes saturation over the whole concentration range in adult kidney suggesting 
more than one type of uptake whereas uptake at low concentrations is different in the newborn 
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Fig. 4- Eadie-Augustinsson plots (u vs. u/IS3) for uptake of L-proline, glycine and 0C-amino- 
isobutyric acid (AIB) by renal cortex slices from 1-week-old animal (O) and adult rats (©). 
A low-Kin mode of uptake is missing for L-proline and glycine in the newborn; the high-Kin. 
mediation for 0~-aminoisobutyric acid is also absent. The apparent K , / s  are given in Fig. 5. 
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found in adult kidney 1, 2. The respective low-Kin components for L-proline and glycine 
transport and the high-Kin component for ~-aminoisobutyric acid transport are each 
missing in kidney of i-week-old animals. The low-Kin component of L-proline trans- 
port becomes active by the second postnatal week (Fig. 5), whereas the corresponding 
system for glycine transport appears only in the third postnatal week. The high-Kin 
mode of ~-aminoisobutyric acid uptake also appears during the third postnatal week. 
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Fig. 5- Graph  of a p p a r e n t  A'm va lues  for u p t a k e  of L-proline, glycine and  cc-aminoisobutyric  acid 
(AIB) by  ra t  k idney  cor tex  slices p repared  f rom an imals  of different  ages. A second  low-Kin mode  
of e n t r y  for L-proline appear s  a t  2 weeks  while the  low-Kin s y s t e m  for glycine enters  in the  th i rd  
week. A h i g h - K , ,  m o d e  for x - amino i sobu ty r i c  acid up t ake  appea red  in the  th i rd  week. These  d a t a  
are g iven as a p p a r e n t  Km va lues  (filled symbols) .  Open  symbo l s  for  the  adu l t  indicate  correc ted  
Km va lues  when  s i m u l t a n e o u s  e n t r y  by  mul t ip le  s y s t e m s  is accoun ted  for in e s t i m a t i n g  the  Km 
as descr ibed p rev ious ly  1, 2. 

Maximum uptake rates Vmax. The Vmax values for uptake mechanisms already 
present at birth (the shared high-Kin transport for L-proline and glycine, and the low- 
Km transport for a-aminoisobutyric acid) increase with age (Table II). This finding 

T A B L E  I i  

M A X I M A L  R A T E S  (Vmax)  F O R  T R A N S P O R T  O F  L - P R O L I N E ,  G L Y C I N E  A N D  ~ - A M I N O I S O B L T T Y R I C  A C I D  I N  

N E \ V B O R N  A N D  M A T U R E  K I D N E Y  

The  average  Vmax for the  s a tu rab l e  c o m p o n e n t  was d e t e r m i n e d  f rom the  Michaelis  equa t ion  sub-  
s t i t u t i n g  d a t a  f rom all e x p e r i m e n t s  pe r fo rmed  in th is  series of inves t iga t ions  (approx.  15 de te rmi -  
na t ions  were m a d e  a t  each concent ra t ion) .  I n c u b a t i o n  t imes  for L-proline, glycine and  g -amino-  
i sobutyr ic  acid were, 3 o, 3 ° and  4 ° rain respect ively.  The  concen t r a t i ons  of L-proline and  glycine 
used in these  e x p e r i m e n t s  favor  up t ake  on the i r  sha red  high-Kin s y s t e m  1 whereas  t h a t  chosen 
for ~ -amino i sobu ty r i c  acid favors  up t ake  on its low-Km s y s t e m  ~. 

Subs t ra t e  Conch. range 
(raM) 

Vmax per age of animal 
(l~moles/ml intraeellular fluid per unit time) 

• week Adult Vmax ratio; 
adult~newborn 

L-Proline 1-12 4.8 io.o 2.1 
Glycine i - i o  3 .1 lO.5 3.3 
~ -Amino i sobu ty r i c  acid o. 12-8 2.5 5-2 2.2 
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suggests tha t  the n u m b e r  of these t ranspor t  sites or their capaci ty to t ransport ,  in- 
creases during postnata l  development.  

Inhibition studies 

Interaction between amino acids. The respective low-Kin systems for t ranspor t  
of L-proline and  glycine cannot  be inhibi ted by each other 's substrate  in mature  kid- 
ney 1. These two amino acids inhibi t  each other 's uptake  in newborn kidney (Table III) .  
High concentrat ions of L-proline and glycine will s t imulate  each other 's  uptake if 
en t ry  of the substrate  is assigned predominant ly  to its own low-Kin system 1. No 
s t imula t ion  is apparent  in newborn k idney under  these conditions. L-Alanine in- 
hibits  a-aminoisobutyr ic  acid t ranspor t  by its high-Kin system in mature  kidney z 
while L-proline st imulates ~-aminoisobutyric  acid en t ry  by  its low-Kin system 2. L-Ala- 
nine is a poor inhibi tor  of ~-aminoisobutyr ic  acid uptake  in newborn kidney and  
L-proline does not  s t imulate  a-aminoisobutyr ic  acid uptake  (Table III) .  These findings 
imply  tha t  the sites at which inhibi t ion or exchange and counterflow occur in ma tu re  
k idney are different in newborn kidney. 

Non-competitive inhibition. Cyanide (lO -2 M) inhibi ts  low-Kin s teady-state  up-  
take of t -prol ine more than  its high-Kin t ranspor t  in adult  kidney1; proline uptake 
at  low and high concentrat ions is inhibi ted equally (85 %) in newborn kidney. Anoxia  

TABLE III  

I N T E R A C T I O N  B E T W E E N  A M I N O  A C I D S  D U R I N G  S T E A D Y - S T A T E  U P T A K E  B Y  R A T  K I D N E Y  C O R T E X  S L I C E S  

F R O M  N E W B O R N  ( I  W E E K  O L D )  A N D  A D U L T  R A T S  

Slices were paired from the same animal. Control slices were incubated in the presence of substrate 
alone while experimental slices were incubated in the presence of substrate and the inhibitor. 
Uptake (/~moles/ml intracellular fluid per unit time at steady state) in the presence of inhibitor 
is expressed as percentage of control uptake. Values are mean of six paired observations. All values 
unless indicated otherwise are significantly different from control (P<o.oi by Student's t test) 
and all newborn data are significantly different from adult data (P<o.oi) unless indicated other- 
wise. Underlined values indicate stimulation. 

Substrate Conch. % of transport Inhibitor Conen. Uptake 
(raM) occurring on (mM) (% of control 

designated system isotope distri- 
in adult kidney bution ratio) 

I week Adult 

Pro 0.026 71 (low-Km)* Glycine 0.25 69 IiO 
~-Aminoisobutyric acid 0.25 68 96"** 

Pro 0.2 50 (high-Kin)* ~-Aminoisobutyric acid IOO 4 18 
Pro 8.o 92 (high-Kin)* ~-Aminoisobutyric acid 80 65 § 7 ° 
Gly 0.026 43 (low-Kin)* L-Proline 0.25 73 I7O 
GIy o.o12 48 (low-Kin)* L-Proline ioo 12 4 ° 
a-Aminoisobutyric acid 0.8 58 (high-Kin) ** L-Proline 8.0 62 145 

L-Alanine 8.0 65 § 76 
a-Aminoisobutyric acid 8.o 72 (high-Kin)** L-Alanine 8o 65 38 

* Data derived from ref. I. 
* *  Data derived from ref. 2. 

*** No significant difference from control. 
§ No significant difference between newborn and adult. 
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inhibits net uptake of glycine or L-proline at low or high concentrations only modestly 
but equally in newborn kidney (Fig. 6). Maturation of low-Kin transport of proline 
renders uptake at low concentrations sensitive to anoxia. Glycine entry at low con- 
centrations remains comparatively resistant to anoxia throughout the newborn period 
(Fig. 6) but sensitivity to anoxia occurs when the low-Kin system for glycine trans- 
port eventually appears. These findings indicate that concentrative uptake of proline 
and glycine in newborn kidney is partially protected from anoxia by membrane trans- 
port which is coupled to anaerobic metabolism. 
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Fig. 6. Effect of anoxia (circles and bar  graphs) and cyanide (squares) upon uptake of L-proline 
and glycine at  low concentrat ions by kidney cor tex slices from animals of different ages. Solid 
area of bar  indicates effect of anoxia  on isotope dis t r ibut ion ratio; open area above indicates 
to ta l  soluble isotope uptake ratio obtained when counts  in 14COz are included in calculating 
uptake.  Paired slices f rom same animal  were incubated either in oxygenated buffer or in buffer 
gassed wi th  N 2. In  experimental  flasks, the incubat ion was also carried out  under  N 2. Incubat ions  
were 3 ° min with L-proline and 60 rain with glycine. Da ta  are presented for slices exposed to 
inhibi tor  expressed as percent  of control  uptake.  Results  are mean of at  least triplicate obser- 
vations.  A -- adult. Abscissa, age in weeks. 

DISCUSSION 

Reabsorption of amino acids from urine occurs predominantly in the straight 
portion of the proximal tubule in vivo 12,13. The reabsorptive process for the imino- 
acids and glycine is saturable 1~, 15 and there are many similarities between in vivo and 
in vitro transport of these substances by kidney 1,1~, 17. The failure of mammalian 
kidney to reabsorb iminoacids and glycine efficiently after birth 18,19 might be attribut- 
ed to the small mass of the proximal tubule relative to the glomerulus in the new- 
born 2°-22. However, a simple change in glomerular-tubular balance during postnatal 
development does not explain how proline and glycine reabsorption change inde- 
pendently after birthS, 6. 

The behaviour of proline and glycine reabsorption in vivo during postnatal 
maturation is explicable when the kinetics of their concentration-dependent uptakes 
in vitro are considered. Initial rates of uptake for proline, glycine and ~-aminoiso- 
butyric acid in vitro are depressed in kidney of the newborn Long-Evans rat. The 
low-Kin uptake for L-proline and glycine are deficient at birth. However, their ap- 
pearance in vitro in the Ist and 3rd weeks, respectively, after birth, corresponds pre- 
cisely with the timing of improved reabsorption in vivo of the two substances. This 
finding suggests independent control of the two low-Kin transport systems in kidney. 

Biochim. Biophys. Acta, 249 (1971) 364-372 
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The segregation of low-Km and high-Kin transport  for the iminoacids and glycine 
and also for ~-aminoisobutyric acid in the newborn suggests that  these two types of 
uptakel, ~ are also controlled independently. Ontogeny thus supports the genetic 
evidence 17 for discrete high-Kin and low-Kin systems transport  mechanisms for imino- 
acids and glycine in kidney. If membrane transport  proteins 2a account for solute 
binding during transport  in renal tubular membranes 24 it should be possible even- 
tually to isolate the appropriate targets of mutation and ontogeny relevant to mem- 
brane transport  in kidney. 

Absence of transport  activity in postnatal  kidney might reflect either the ab- 
sence of particular membrane transport  proteins or non-functioning mechanisms 
which bind substrate but cannot transport  it. The failure to obtain stimulation of 
uptake in newborn kidney, under conditions where simple exchange with an internal 
solute stimulates uptake from the extracellular fluid in mature tissuO, 25, suggests 
that  the carrier necessary for exchange is absent. Studies of exchange or interaction 
between solutes and the carrier, are helpful to discriminate between loss of carrier 
and lack of coupling of intact carrier with energy metabolism for active transport  of 
amino acids 26. 

Newborn kidney can achieve steady-state uptake ratios in vitro for proline and 
glycine and e-aminoisobutyric acid which are higher than in mature kidney. Impaired 
efflux in the newborn appears to explain this phenomenon, as shown here and by 
others 7,10,11. Because ontogeny affects initial uptake (influx) and efflux independently, 
one is tempted to consider that  they may be separate and identifiable processes. 

The foregoing indicates changing specific activity of transport sites in kidney 
during postnatal maturat ion but there is also increased " total"  membrane activity 
with maturation. This probably reflects enlargement of tubular mass 2°-22 and devel- 
opment of a mature brush border configuration 2°. The greater membrane area at 
matur i ty  is likely to contain a larger number of membrane binding sites to serve 
transport. 

The shared high-Kin transport for proline and glycine in newborn kidney is 
apparently coupled to glycolysis and can maintain concentrative uptake under 
anaerobic conditions. When the low-Km systems for uptake of proline and glycine 
become active after birth, anoxia can then inhibit transport. This finding indicates 
an adaptive advantage in the presence of anoxia held by immature kidney over 
mature tissue. 

Some of our data are at variance with those of others. SEGAL'S group u was 
unable to find deficient low-Kin transport  of L-proline and glycine in newborn Sprague- 
Dawley rats; these authors did not present any corresponding data on tubular reab- 
sorption in vivo. I t  is not known whether there is a species difference in the renal 
transport  ontogeny of Sprague-Dawley and Long-Evans  rats, or whether methodolo- 
gical differences account for this discrepancy. 
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