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Renal Fanconi syndrome: developmental  basis for a new animal 
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Using suecinylacetone (SA), a metabolite of tyrosine excreted in excess by infants and children with hereditary 
tyrosinemia and the renal Fanconi syndrome (FS), we have investigated developmentally-related membrane transport 
events leading to emergence of the generalized renal tubular dysfunction seen in human F$.  SA was found to impair 
sugar and amino acid uptake by both newborn renal tubules and "/-day renal brush-border membrane vesicles (BBMV). 
This impairment by SA was due in part to a slowing of substrate cotransport rate of ~Sa÷-en t ry  into BBMV. 
Concentration-dependent uptake studies indicated SA inhibited the newborn high-affinity transport systems for sugars 
and amino acids. SA also caused ml increase in membrane fluidity and a shift in the thermotropie transition 
temperature. The demonstrated dual nature of $A's  effect on membrane fluidity and 02 consumption, together with the 
relative contribution of each component to SA-indueed transport impairment helps to provide a basis for an 
understanding of the age-related increases in glucosurla, amlnoac|durga and natriurla seen in infants with FS. 

Introduction 

Age-related changes in rat renal tubular membrane 
transport have been widely investigated in order to gain 
a better understanding of developmental changes which 
occur in the human nephron. With respect to morpho- 
logic and biochemical criteria, the newborn rat ap- 
proximates the maturational state of the human neonate. 
Previous investigations have provided a great deal of 
information about developmental changes in renal tubu- 
lar transport of iminoglycine [1-3}, l - amino  acids [4,5], 
cystine and dibasic amino acids [6,7] and su~nrs [8,9]. 

We suggested the possibility that interruption of  
developmental events leading to maturation of renal 
tubular function might constitute the basis for the 
transport abnormalities comprising the human renal 
Fanconi syndrome [10]. Support for this hypothesis was 
derived from studies using maleic acid, which induces 
the renal Fanconi syndrome when administered to adult 

Abbreviations: AIB, a-aminoisobutyrie held; MAG, methyl et-D-glu- 
coside; SA, succinylacetone. 

Correspondence: K.S. goth, Department of Pediatrics. Medical Col- 
lege Virginia, Richmond, VA 23298. U.S.A. 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical 

rats but had no effect on sugar and amino acid uptake 
by newborn rat renal tubules; indeed, partial matura- 
tion of the respective membrane transport system was 
required for maleate to exert a demonstrable effect on 
uptake [10]. This led us to a critical reexamination of 
the utility of the maleic acid adie adult rat kidney model 
for study of human renal transport dysfunction seen in 
Fanconi syndrome, Since the Fanconi syndrome is seen 
predominantly in human infants, these observations 
caused us to question the validity of the use of maleie 
acid as a model for the study of  this human transport  
disorder. In addition, the physiological significance of 
the maleic acid model is questioned because maleic acid 
is not a metabolic intermediate product of rats or 
humans. 

We have recently described the ability of the com- 
pound succinylacetone (SA) to generate glucosuria, pro- 
teinuria and aminoaciduria in adult rats [11]. The sig- 
nificance of these studies lies in the unique finding of  
urinary excretion of SA in infants with hereditary 
tyrosinemia and the associated renal Fanconi syndrome 
[12], In vitro studies using adult rat renal tubules re- 
vealed inhibition of sugar and amino acid uptake by SA 
[11,13]. In adult rat renal brush-border membrane 
vesicles, SA inhibited sugar and amino acid uptake in 
part, by a direct membrane interaction and not via 
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alteration of cellular metabolism [14]. These observa- 
tions suggest that SA may be used to generate a physio- 
logically relevant animal model for study of the human 
renal Fanconi syndrome. To further our understanding 
of the human renal Fanconi syndrome we have investi- 
gated the effects of SA on the development of rat renal 
tubular sugar and amino acid transport. 

Methods and Materials 

Animals and tissue preparations 
Gravid Sprague-Dawley rats were purchased from 

Charles River Breeding Labs (Wilmington, MA) at 14 
days gestation. After parturition mothers were housed 
separately and provided Purina Chow and water ad 
libltum. Renal tubule fragments from ~ewborn rats 
were prepared from kidneys of pups killed by decapita- 
tion within 36 h of age, according to methods previously 
described [8,9]. Renal tubule fragments were also pre- 
pared from seven and 14-day-old animals by the same 
method. Isolated renal tubule fragments from 150-175 
g adult males were prepared and used for comparison 
with tubules from younger rats. Brush-border mem- 
brane vesicles were made from seven-day-old animals 
starting with whole kidney and utilizing the method of 
Booth and Kenny [15], modified as we have previously 
described [16,17]. The final membrane preparation was 
enriched in alkaline phosphatase 6-7-fold over the 
starting homogenate, comparable to that previously re- 
ported [18,19]. 

Time-dependent substrate uptake by tubules 
Uptake by 2 mM methyl a-D-glucoside (MAG) and 
0.065 mM a-aminoisobutyric acid (AIB) by isolated 
renal tubule fragments was examined in the absence 
and presence of 4 mM SA. This concentration was 
selected for several reasons: 4 mM SA has previously 
been reported to provide optimal levels of transport 
inhibition for in vitro study [11]; in the affected human, 
the renal tubule cell contains an undetermined con- 
centration of endogenously-produced SA, as well as 
being exposed to circulating levels of SA produced in 
liver; and, reported urinary levels are in this range. 
Blood levels of SA in tyrosinemic individuals have not 
been reported. Tubules were suspended in Krebs-Ringer 
bicarbonate buffer (KRB), pH 7.4 and gassed continu- 
ously with 95~ 02/5% CO2 at 37°C,  according to 
previously described techniques [2,8]. Tubule suspen- 
sions contained 10-12 nag t issue/ml.  The immediate 
inhibitory effect on SA on uptake by tubule suspensions 
has been reported [11,13,14], eliminating a need for 
preincubation. Substrate uptake studies were initiated 
by addition of  0.1 lgCi of t4C-labei per mi of suspension 
plus sufficient unlabeled material to achieve the desired 
final concentration, and aliquots removed at specified 

times. Distribution ratios (DR), defined as the ratio of 
cpm/p.I intraccl!ular fluid to cpm//xl extracellular fluid, 
were calculated as previously described [2,8]. Data were 
analyzed for significance by Student's t-test and plotted 
as the mean (+  S.E.) distribution ratios versus time of 
sampling (minutes). 

Effect o f  SA on concentration-dependent uptake by new- 
born tubules 

Concentration-dependent uptake of a-aminoisobu- 
tyric acid (~:.026-4.0 mM) and methyl a-I>-glucoside 
(0.02-5.0 raM) was examined using newborn tubules in 
the absence and presence of 4 mM SA. Tubules were 
incubated as above with 0.1 ~Ci of ~4C-labeled sub- 
strate plus the appropriate amount of unlabeIed sub- 
strate to yield the desired final concentration. Distribu- 
tion ratios were determined ~fter a 15 rain incubation 
with AIB and a 5 min incubation with MAG, times 
which we have previously shown inform on *.he initial 
uptake of these solutes [2,9]. Distribution ratios and 
velocities of uptake were calculated and the data e~- 
amined for significance as above. Results were analyzed 
as Hofstee or Lineweaver-Burk transformations and 
apparent transport parameters determined by linear re- 
gression analysis for each system. 

Substrate uptake by brush-border vesicles from 7-day-old 
rals 

Renal brush-border membrane vesicles were pre- 
pared from 7-day-old animals as described above, and 
the final membrane pellet was resuspcnded in THM 
buffer, pH 7.4 (2 mM Tris-Hepes + 100 mM mannitol) 
to a protein concentration of 0.7-0.85 mg protein/ml .  
Protein concentration was determined by the Bio-Rad 
method (Bio-Rad, Richmond, CA). Sodium-gradient 
stimulated uptake of 0.06 mM glycine and 0.06 mM 
glucose was examined with and without 4 mM SA, and 
compared to substrate uptake under Na+-equilibrated 
conditions in the absence of SA. Sodium-gradient stud- 
ies were carried out by addition of 480 pl  of membrane 
suspension to vials containing a mixture of substrate 
(0.1 /.tCi t4C-label + unlabeled material), NaCI and SA 
or THM to yield a final concentration of 0.06 mM 
substrate in 100 mM NaCI with or without 4 mM SA in 
total volume of 500 /~1. Sodium-equilibrated studies 
were carried out by addition of membrane suspension 
preincubated in 100 mM NaCI to tubes containing only 
substrate as above. Incubations were carried out for 30 
s, 1, 3, 5, 20 and 60 rain, and stopped by rapid filtration 
as previously described [17]. Filters were air-dried over- 
night and radioactivity determined using a liquid scintil- 
lation counter. Uptake was calculated as nmol substrate 
per mg protein, and the da',a analyzed for significance 
as above. 



E f f e c t  o f  S A  on : " N a  u p t a k e  by  btTtsh-border m e m b r a n e  
oes ides  f r o m  7-day-o ld  rats 

For these studies, membranes were prepared from 
whole kidneys of 7-day-old animals, as described previ- 
ously [171- The final membrane preparation contained 
approx. 0.7 mg protein/ml.  Vesicles were suspended in 
100 mM NaCI + THM buffer at pH 7.4 for 60 rain at 
25 ° C. To initiate incubations, 480 ~tl of vesicle suspen- 
sion (approx. 0.35 mg protein) were added to a mixture 
contair, ing !0 pl of  200 mM SA or 10 ~1THM buffer, 5 
#1 of 6 mM glycine and 5 #1 (0.5 /~Ci) of 22NaCI to 
bring the total volume to 0.5 ml, with final concentra- 
tion of 0.06 mM glycine and 100 mM NaCI with or 
without 4 mM SA. The entry of sodium was measured 
at different times from 15 s to 20 rain, after which the 
incubation was stopped by rapid filtration of  the mix- 
ture followed by washing the filter with 5 ml of ice-cold 
buffer cr~ntaini.~g 154 mM choline chloride, 100 mM 
mannitol and 2 mM Tris-Hepes, pH 7.4. Filters were 
air-dried overnight and assayed for radioactivity in a 
Beckman Gamma 4000 counter. Study of the effects of 
medium osmolarity on the entry of 22NaCI into vesicles 
was carried out as previously described [14]. 

Fluorescence  po lar i za t ion  s tudies  
For these experiments, the lipid soluble fluorescence 

probes 1,6-diphenyl-l,3,5-hexatriene (DPH) and DL-12- 
(9-anthroyl)stearie acid (12-AS) were employed and pre- 
pared according to established techniques [14,20]. All 
studies used either freshly prepared membranes, or 
membranes stored at - 2 0 ° C  for less than 2 weeks. 
Estimates of relative membrane fluidity were calculated 
following fluorescence polarization measurements using 
a Shimadzu RF-540 spectrofluorophotometer fitted with 
a thermoregulated sample chamber and automatic 
polarizers. In these experiments, the term 'fluidity' is 
used to describe the motional freedom of lipid soluble 
molecular probes (DPH, 12-AS), within a membrane 
bilayer. Determination of absolute fluidity is limited in 
an anisotropic membrane or liposome suspension (as 
opposed to a homogeneous, isotropic medium) because 
of the inability to accurately reproduce the three-dimen- 
sional structure of  the hydrophobic bilayer. Therefore 
the steady-state fluorescence anisotropy r (the recipro- 
cal of fluidity) is employed t~ estimate relative degrees 
of fluidity, following probe incorporation into the bi- 
layer. Values for r were calculated (Ref. 20) from 
fluorescence polarization measurements using the equa- 
tion 

r= (1,, -- I± ) / ( i ,  +21z ) 

where I ,  and I± equal fluorescence intensities parallel 
and perpendicular, respectively, to excitation plane (ex- 
citation wavelength = 360 nm for DPH, 365 nm for 
12-AS; emission wavelength = 430 nm for both probes). 

Scattered light plus ambient medium fluorescence con- 
tributed less than 5~ to the total fluorescence intensity 
throughout the temperature range utilized in all studies. 
Fluorescence anisotropy in cell membranes of liposomes 
may be further resolved according to the Perrin rela- 
tionship [21], a modified form of which may be written 

r = rod -~(r o - r~)[ tc / ( t  c + tr) I 

where r o represents the maximal limiting anisotropy in 
the frozen state (0.365 for DPH, 0.285 for 12-AS); t c, 
the correlation tlm.e; and tf, the mean lifetime of  ihe 
excited state. The term r represents the static compu- 
nent of fluidity, or limiting hindered anisotropy, which 
is related to both bilayer molecular order and the degree 
of hindrance to probe rotation by packing of bilayer 
lipids (factors which cannot  be distinguished under the 
present experimental conditions). Here, r~o was calcu- 
lated according to the equation proposed by Van Blit- 
terswijk et al. [221, where rod = (4r /3)  -- 0.1. 

To determine the effects of  known renal transport 
inhibitors on brush-border membrane lipid physico- 
chemical properties, anisotropy measurements were per- 
formed following membrane incubation (5 rain at 37 o C) 
in either SA (4 mM final concentration) or maleic acid 
(6 mM); and, these values were compared to data 
obtained in the absence of transport inhihitors (phos- 
phate-buffered saline, alone). This concentration of 
maleate was selected for study in order to compare its 
action on membrane fluidity with our earlier studies of 
age-related, maleate-induced membrane transport in- 
hibition in the rat kidney [10]. Data were analyzed by 
one-way analysis of variance (ANOVA); and, if a level 
of significance of p < 0.05 was determined, results were 
finally compared utilizing Newman-Keul 's  multiple 
range testing [23]. 

Results 

E f f e c t  o f  S A  on  sugar  a n d  a m i n o  a c i d  u p t a k e  
(.4) Tubules .  Newborn tubules actively transport both 

MAG and AIB, evidenced by their ability to achieve a 
DR greater than 1 [10]. These capabilities develop at a 
separate age-dependent rate for each substrate [2,9,10], 
Tubules from 7-day- and 14-day-old rats preincubated 
with 4 mM SA exhibited impaired concentrative uptake 
of both substrates within 15 rain of  incubation (Fig. 1). 
MAG and AIB uptake by newborn, 7- and 14-day 
tubules was significantly inhibited by SA, as shown in 
Table I. A comparison with the adult data indicated a 
more rapid rate of maturation of MAG than of AIB 
uptake, with SA exerting a greater absolute degree of 
impairment of MAG than of AIB uptake at all ages. 

( B )  B r u s h - b o r d e r  m e m b r a n e  vesicles. Since prepara- 
tion of vesicles from newborn rat kidney requires free- 
flow electrophoresis necessitating exposure of the mem- 
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Fig. 1. Time-dependent uptak¢ of 2 mM MAG (A and B) ,~nd 0.065 
mM A1B (C and D) by % and 14=day-old rat renal tubules. Tubules 
were prepared and incubated as described in Methods. Each ml of 
suspension contained 0.1 pCi of MC-labeled substrme plus sufficient 
unlabeled material to give the desired final concentration. Data are 
the mean (+S.E.) of the distribution ratios ((cpm/ml intracellular 
f luid)/(epm/ml medium)) versus the time of incubation (ram). Each 
point represents at least nine separate determinations, incubated 
without (0) and with (o )  4 mM SA. Adult renal tubular uptake (A) is 

shown for comparison. 

b r a n e s  to  c o n d i t i o n s  d i f f e r i n g  f r o m  t h o s e  u s e d  in p r e -  

p a r a t i o n  o f  a d u l t  m e m b r a n e s  124], w e  c o n f i n e d  o u r  
o b s e r v a t i o n s  to  t h e  7 - d a y - o l d  a n i m a l .  U p t a k e  o f  0 .06  
m M  g l u c o s e  b y  7 - d a y  b r u s h - b o r d e r  ves ic les  w a s  f o u n d  
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Fig. 2. Effect of 4 mM SA on uptake of 0.06 mM D-glucose by 7-day 
rat renal brush-b0rder membrane vesicles, Vesicles were prepared and 
incubated as described in Methods. Incubations were performed at 
25°C under 100 mM NaCI gradient conditions with (O) or without 
(e) 4 mM SA: in addition, uptake was studied under 100 mM 
NaCI-equilibrated conditions (×) .  Data shown represent the means 
(±S.E.) of at least 15 separate determinations, and are plotted as 
nmol uptake ( × 101 ) per mg protein versus incubation time in minutes. 

TABLE 1 

Age-related effects of 4 m M  SA on concentrative uptake of MAG and AIB by renal tubules 

Tubules were made from animals of various ages and incubated under identical conditions described under Methods. Results were calculated as the 
distribution ratios ((cpm/ml intracellular fluid)/(cpm/ml medium)) and analyzed for significance by StudcaCs t-t~t. Data for adult controls are 
presented for comparison. 

Substrate 15-rain Distribution ratio ( ± S-E-) 

newborn 7-day- 14-day adult 
n = 1 8  n = 1 8  n = 3 0  

MAG (2 mM) 
Control ] A9 ( ~ 0,055) 4,82 ( ± 0.10) 5.98 ( ± 0.06) 
4-4 mM SA 1.20 (4-0.021) * 4. 4.59 (±0.05) * 4.60 ( ± 0.03) * * 

AIB (0,065 raM) 
Control 1.96 ( + 0.08) 1.82 ( + 0.25) 2.59 ( _+ 0.07) 
+ 4 mM SA 1.55 ( "t" 0.05) * * 1.36 ( + 0.07) * 2.36 ( + 0.05) * * 

6.30 ( ± 0~09) 

2.31 (±0.11) 

" P < 0.0,5. 
** P < 0.01. 
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to be sod ium g rad ien t -dependen t  and  exhib i ted  a typi-  
cal  "overshoot '  which was  m a x i m a l  at  three minu tes  of  
incubat ion .  Add i t i on  of  4 mM SA e l imina ted  the over-  
shoot  and  add i t iona l ly  reduced g rad ien t -d r iven  glucose  
up t ake  by the vesicles to  a ra te  which  was s imi la r  to  
tha t  observed using Iqa+-equi l ibra ted  vesicles (Fig.  2). 
Contro l ,  SA- t rea ted  a n d  Na+-equ i l i b r a t ed  vesicles 
achieved the same equ i l ib r ium u p t a k e  va lue  a t  20 rain 
of  incuba t ion  ( p  > 0.6), indica~,ing no s igni f icant  dif-  
ference of  the in t raves icu la r  vo lume for solute  d is t r ibu-  
t ion a m o n g  the three groups.  

In  c'.~ntrasL up take  of  0.06 m M  glycine  by  7-day  
m e m b r a n e  vesicles exh ib i ted  a d i f fe rent  prof i le  of  so lu te  
uptake.  Na+-grad ien t  s t imula ted  g iyc ine  u p t a k e  d id  no t  
resul t  in an  overshoot ,  a l though  by  5 ra in  of  incuba t ion ,  
up t ake  in the presence  of  a N a  + g rad i en t  s ign i f i can t ly  
( p  < 0.001) exceeded sod ium-equ i l i b r a t ed  ves icu lar  so- 
lute  entry.  In  the presence of  4 m M  SA, in i t i a l  N a  +. 
g r ad i en t  u p t a k e  of  g lyc ine  was  the  same  as  cont ro l ,  b u t  
p la teaued  af ter  1 rain. Thus~ la te r  u p t a k e  by  SA- t rea ted  
vesicles remained  s - h s t a n t i a l l y  lower than  tha t  seen 
u , d e r  both  Na+-g rad ien t  and  N a + - e q u i l i b r a t e d  condi-  
t ions  (Fig. 3). 

Effect of  SA on 22NaC[ entry in 7-day membrane vesicles 
In  order  to examine  the  effect  o f  SA on  en t ry  of  

ZZNa+ in to  renal  b rush -borde r  m e m b r a n e  vesicles f rom 
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Fig. 3. Effect of 4 mM SA on uptake of 0.06 mM glycine by 7-day rat 
renal brush-border membrane vesicles. Control, SA-treated and Ha +- 
equilibrated data points are represented by the symbols e, × and o, 

respectively. 
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Fig. 4. Effec t  o f  4 m M  S A  on  22Na4"-ent ry  in to  7 - d a y  b r u s h - b o r d e r  

membrane vesicles. Vesicles were prepared as described in Methods 
and preincubated in unlabeled 100 mM NaCI at 25°C for 60 rain. 
Vesicles were then ;ncubated with O.S pCi 22NaCI with (o) and 
without (e) 4 mM 3A. Data are shown as the mean percentage 
(+S.E,) of 20-rain uptake versus time in minutes and represent at 
le.~z~, ten separate determinations. 20-rain uptake values did not differ 
significantly for control and SA.treated vesicles (2.43+0.122 vs. 2.37 

4- 0.201 pg/mg protein, resp~tively). 

7-day-old  rats,  vesicles  were  p r e i n c u b a t e d  in  100 m M  
N a C I  to  e l i m i n a t e  non-spec i f i c  s o d i u m - b i n d i n g  to  the 
m e m b r a n e  as  p rev ious ly  desc r ibed  [14]. Inc lus ion  of  
un labe l l ed  g lye ine  d u r i n g  the  i n c u b a t i o n s  m a x i m i z e d  

co t r anspo r t - r e l a t ed  s o d i u m  entry .  O s m o t i c  reac t iv i ty  
s tud ies  i nd i ca t ed  a l inear ,  inve rse  r e l a t ionsh ip  be tween  
osmola r i ty  a n d  22]qa+ ent ry ,  w i th  22Na+ b i n d i n g  
respons ib le  for a p p r o x i m a t e l y  15% o f  to ta l  u p t a k e  in  
b o t h  con t ro l  a n d  SA e x p o s e d  vesicles.  T h e  da ta ,  s h o w n  

i o  oz 

8 -  

_-~.> 6 - 

4 -  

bs 
Fig. 5. Effect of 4 mM SA on concentration-dependent uptake of 
MAG by newborn rat renal tubules. Tubule suspensions were in- 
cubated for 5 rain as described in Methods. Each ml of suspension 
contained 0.1 p.Ci t4C-label, plus sufficient unlabeled material to glee 
the desired final concentrations with (0) or without (e) 4 mM SA. 
Points shown represent reciprocals of the mean velocities of uptake 
( v =  mmol/i intracellular fluid per 5 rain), plotted versus the recipro- 
cal of the various substrate concentrations (S, it, raM). Data are from 
at least t2 separate determinations. Points shOw:l in the inset repre- 
sent low-affinity MAG uptake by control (~) and SA-treated (o) 

tubules. 
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Fig. 6. Effect of 4 mM SA on concentration-dependent uptake of AIB 
by newborn rat renal tubules. Legend as for Fig. 5 (Note: V = nmol/l  

per 15 rain). 

in Fig. 4, indicate that vesicles reached 50% of  equi- 
l ibrium entry within the first 1.5 rain of  incubation in 
the absence of SA. In contrast, 4 mM SA-treated vesicles 
r e q u i r e d  a l m o s t  5 r a i n  to  a c h i e v e  50% o f  s t e a d y - s t a t e  

u p t a k e  level .  I n  a d d i t i o n ,  t h e  r a t e  o f  e n t r y  w a s  s igni f i -  
c a n t l y  r e d u c e d  ( p  < 0 .001)  c o m p a r e d  to  c o n t r o l  ves ic les  
b y  15 s o f  i n c u b a t i o n .  

E f f e c t s  o f  S A  on concen t ra t ion -dependen t  subs t ra te  u p t a k e  

b y  n e w b o r n  tubules  

C o n c e n t r a t l o n - d e p e n d e n t  u p t a k e  o f  M A G  b y  n e w -  

b o r n  t u b u l e s  w a s  o b s e r v e d  to  o c c u r  b y  m e a n s  o f  t w o  
s e p a r a t e  t r a n s p o r t  s y s t e m s ,  as  p r e v i o u s l y  d e s c r i b e d  [9]. 
A d d i t i o n  o f  4 m M  S A  c a u s e d  a s i gn i f i c an t  r e d u c t i o n  o f  

40  30 20 t 0 o C 
0 . 3 -  I I 1 I 

~ O - O  
V ~.,.O.0¢O°" m l e ' l  

o- o - - o  
I r  pl ~ 4  MSA 

0.l : : • • , 
2,, 3 z  32, 3:4 3;s 2,~ 2,;7 

1/T ( K} x 102, 

Fi B. 7. Representative Arrhenius plot of the fluorescence amsotropy, 
r, for DPH of renal brush-border membrane vesicles from 7-day-old 
rats, im;ubated without (0)  and with (Q) 4 mM succinyla¢et0ne, 
accordin 8 to techniques in Materials and Methods. Arrows indicate 

the thermotropie transition temperatures. 
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TABLE I1 

Fffecz of 4 mM SA on apparent Iransport parameters for MA G and AIB 
in newbor~ tubules 

Tubules were incubated for 5 rain (MAG), or for 15 rain (AIB) at 
various substrate concentrations under identical conditions, as de- 
scribed in Methods. Velocities of uptake were calculated by linear 
regression analysis and the data represented as double-reciprocal 
plots. Each data point shown represents the mean I-I-S.E.) of the 
apparent transport parameters caiculated from at least three separate 
experiments, each with four replicate determinations. Significance was 
determined by Student's t-test, n.s.. not significant. 

Substrate Kml (mM) Kin2  (mmol/I  per 5 min) 

(mM) Vrnaxl Vmax z 

MAG 
Control 0.07 ( :k 0.007) 2.0 0.20 5.56 
-:-4 mM SA 0.13 (+0.0l  1) 2.0 0.20 5.46 

p < 0.02 n.s. n.s, n.s. 

K~t  { raM)  Kin2  ( m m o l / I  per 15 rain) 

( raM)  Vma~ I Vmax 2 

AIB 
Control 
+4 mM SA 

o.2o (±0.032) 2.o 1.11 2.25 
0.48 ( +_ 0.023) 2.0 1.11 !.7 
p < 0.05 n.s. n.s. n.s. 

u p t a k e  ( p  < 0 .02)  o n  the  h i g h - a f f i n i t y  s y s t e m  d u e  to  
c o m p e t i t i v e  i n h i b i t i o n  (F ig .  5). U p t a k e  o n  the  I o w - a f f i n -  
i ty  s y s t e m ,  wh i l e  no t  s i g n i f i c a n t l y  r e d u c e d ,  w a s  im-  
p a i r e d  d u e  to  n o n - c o m p e t i t i v e  i n h i b i t i o n  ( inse t ,  Fig.  5). 
A I B  u p t a k e  w a s  a I so  s h o w n  to  o c c u r  by  t w o  s e p a r a t e  
c o n c e n t r a t i o n - d e p e n d e n t  s y s t e m s  in t he  n e w b o r n  k i d -  
ney .  A s  w i t h  M A G ,  4 m M  S A  s i g n i f i c a n t l y  i n h i b i t e d  

t r a n s p o r t  o n  t he  h i g h - a f f i n i t y  s y s t e m  in  a c o m p e t i t i v e  

m a n n e r  ( p < 0 .0S)  a n d  e x e r t e d  a m i n o r  n o n - c o m p e t i t i v e  
i n h i b i t i o n  o f  so lu t e  u p t a k e  by  t h e  l o w - a f f i n i t y  s y s t e m  

TABLE lit 

Fluorescence anisotropies f~.r DPH Ir~) and 12-AS (r), of renal brush- 
border membranes incubowd in phosphate.buffered saline IPBS) alone 
(Control) and in PBS containing either SA (4 raM) or mateie acid ¢6 
raM) 

Results expressed as mean+S.E, ftorn at least five membrane pre- 
parations. 

Temp. Control Malelc acid SA 
( ° C )  

D P H  (r=) 
15 0.218+0.011 0.200+0.012 0.1,59+0.015 * "  
25 0.179+0.011 0.163+0.010 0.136+0.010 ** 
37 0.136+0.006 0.128+0.006 0.108+0.012 * 

I2-AS (r0 
]5 0.145 + 0.002 0.146 + 0.00l 0.136 + 0.001 * 
25 0.126+0.002 0.124+0.001 0.114+0.001 * 
37 0.102 + 0.002 0.099+0.001 0.087+0.001 * 

• p < 0.05, compared wi th  Cont ro l  and Maleic acid. 
* *  p < 0.02. compared wl th  Cont ro l  and Maleic acid. 
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(Fig. 6). Apparent transport parameters for each sub- 
strate were calculated and are shown in Table I1. 

Fluorescence polarization studies 
Table Ill lists values for both the DPH determined 

static (r~) and 12-AS dynamic ( r )  components of fluo- 
rescence anisotropy at 15, 25 and 37°C. Incubation of 
brush-border membranes with 4 mM SA resulted in a 
significantly increased membrane relative fluidity (i.e., 
decreased anisotropy) over all temperatures studied. 
when compared with membranes preincubated in either 
6 mM maleic acid or buffer alone. Arrhenius plots of 
fluorescence polarization data, shown in Fig. 7, demon- 
strate the expected downward shift of the membrane 
lipid thermotropic transition temperature (21.4 4- 0.4 vs. 
18.6 _+ 0.5°C, control vs. SA; p <0.05, n = 5) conse- 
quent to SA-indueed membrane fluidization. 

Discussion 

Several earlier studies from our laboratory have 
documented developmental patterns of rat renal tubular 
uptake of methyl a-D-glucoside [9], glycine [2], a-  
aminoisobutyric acid [10] and proline [19,24]. These 
studies demonstrate: (1) separate age-related differenti- 
ation of transport systems for sugars and amino acids 
occurring at independent rates; (2) multiple uptake 
systems for both sugars and amino acids which are 
present in the newborn and change with age; and, (3) a 
marked difference in response of these systems in new- 
born and adult tubules to a wide variety of transport 
inhibitors. As a logical outgrowth of our recent interest 
in the actions of the inhibitor SA on adult rat renal 
tubular transport [11,13,14], we have now examined the 
developmental effects of this metabolite. 

The significant impairment by SA of both MAG and 
AIB uptake in newborn renal tubules is somewhat 
unique, in view of the relative resistance of the newborn 
renal tubule to perturbations such as 02 depriva6on 
and maleic acid inhibition of membrane transport, com- 
pared to the adult [10]. These observations suggest that 
maleate and SA inhibit renal tubular transport through 
different mechanisms. 

The present data describing glucose and glycine up- 
take by brush-border membrane vesicles prepared from 
7-day-old animals correlate well with earlier observa- 
tions in isolated tubules [2,9,10], as ghicoze uptake in 
these vesicles was found to be closer to the mature state 
than was glycine uptake. The uptake of each substrate 
was at least partially sodium gradient-dependent. The 
finding that SA dramatically depressed the rate of sub- 
strate-related Na ÷ entry into these vesicles could ex- 
plain in part the inhibitory effects of SA on both 
substrate transport systems: both substrate and sodium 
uptake could have been altered by SA-related mem- 
brane eonformational changes at a site(s) other than the 

carriers, or SA may exert a direct effect on the mem- 
brane transport protein itself. Resolution of this ques- 
tion awaits studies of the effect of SA on N a + - H  + 
exchange and alternate sodium entry pathways. In either 
case, our present demonstration of substrate transport 
inhibition by SA in both newborn renal tubules and 
7-day blush-border membrane vesicles stands in stark 
contrast to previous experience with maleic acid [10,26]. 

Multiple uptake systems exist for MAG and glyeine 
in the newborn renal tubule [2,9]. Immature tubules 
evidence a low-affinity MAG uptake system, also ex- 
hibited by the adult, which results in increasing solute 
transport with age. The newborn tubule also has a 
unique high-affinity system which disappears as the 
nephron matures. Furthermore, the responses of the two 
newborn MAG uptake systems to metabolic inhibitor~ 
were different under identical experimental conditions, 
one exhibiting a change in Kin, the other in Vm~ x. Thus, 
our observation that SA inhibited uptake only on the 
high-affinity system is consistent with our earlier find- 
ings in adult tubules [2,8,9], While SA did not signifi- 
cantly impair MAG uptake on the shared, low-affinity 
system, the data suggest a non-competitive inhibitory 
effect as reported earlier in adult renal tubules [11] and 
brush-border membrane vesicles [14]. Similar results 
were obtained for the effects of SA on the two separate 
glycine uptake systems in the newborn. Competitive 
inhibition of glycine uptake was observed on the high- 
affinity system, while discernible but insignificant in- 
hibition occurred on the low-affinity system, as seen for 
AIB in adult tubules [13] and for glycine in the adult 
brnsh-border membrane vesicle [14]. 

To determine whether the functional transport alter- 
ations induced by SA were related to biophysical 
changes of the renal brush-border membrane, fluores- 
cence polarization studies were performed. Incubation 
of membranes with SA resulted in significantly en- 
hanced relative fluidity, indicated by reductions of both  
r(12-AS) and r~ (DPH). Conversely, while SA exerted a 
marked fluidizing effect on brush-border membranes, 
maleic acid, another known renal transport inhibitor, 
did not modulate either anisotropy parameter. These 
results are particularly intriguing in view of recent stud- 
ies which suggest direct interrelationships between 
membrane fluidity and the function of lipid-associated, 
intrinsic membrane proteins. For example, SA-mediated 
fluidization of renal proximal tubule brush-border 
membranes from adult rats was coincident with inhibi- 
tion of both sugar and amino acid transport [14]. In 
another animal model, reduction of rabbit ileal baso- 
lateral membrane fluidity induced by estrogen was re- 
lated to inhibition of Na÷/K+-ATPase  specific activity 
[20]. Furthermore, enzyme activity was restored to con- 
trol levels following in vitro membrane fluidization. SA 
influences on rat renal cell membrane function, which 
include both competitive and non-competitive inhibi- 



tion of  solute t ranspor t  in the 7-day animal and compe-  
titive inhibition of  glycine and non-competi t ive inhibi- 
tion of  methyl a-D-ghicoside uptake in the adult [14], 
suggest direct interactions between SA and these mem- 
branes.  It  is possible that SA interacts with membrane  
t ranspor t  proteins to compete for association sites with 
solute (competitive inhibition), Alternatively, SA-media- 
ted fluidity changes may influence the availability of  
solute binding sites or  alter the mobility of  carrier-so- 
lute complex through the membrane  (non-competi t ive 
inhibit ion) [27,28]. 

The  lack of  effect of maleic acid on the fluidity of  
renal membranes  from 7-day rats is not  unexpected, as 
previous investigations have shown that this compound  
has no  effect on solute t ranspor t  by rat renal membrane  
vesicles [26]. Maleic acid inhibition of  solute uptake by 
isolated renal tubules must  be due to alteration of  
cellular metabol ism a n d / o r  an effect on  the t ransduc- 
t ion of  energy for t ranspor t  in this metabolically active 
sys tem [29]. While SA also alters renal proximal  tubule 
cell metabolism, these and previous studies [11,13,14] 
demonst ra te  a direct effect on  physical p~operties of  
isolated b rush-border  membranes  as well. Thus.  the 
differences which we have consistently observed in the 
t ransport-related actions of  SA and maleate on sub-  
strate uptake  in tubules and b rush-border  membrane  
vesicles appear  to be primarily related to the dual 
na ture  of  SA's  effects on  renal tubular  epithelium. 

There  is a direct, membrane-f luidizing effect of  SA 
on the adult m e m b r a n e  which coincides with di- 
minished bla + entry and substrate  uptake [14]. This 
c o m p o n e n t  necessarily contr ibutes  less to the overall 
picture in immature  tissue, where membrane  fluidity is 
known to be maximal  [171. On  the other  hand there is a 
metabolic action o f  SA resulting in reversible d iminu-  
t ion of  O 2 consumpt ion  by the adult  tubule [ l l ] .  In 
n e w b o r n  tubules, because of  the pre-existing membrane  
fluidity in such tissue, the metabolic action of  SA would 
be predictably greater  in relative p ropor t ion  to any 
membrane-f luidizing effect. This  hypothesis  is sup-  
por ted  by the greater degree of  SA-inhibit ion of  sub-  
strate uptake in the adult  tubule, where the membrane  
and  metabolic actions are additive, than in newborn  
tubule where the latter is predominant .  Studies of  the 
effect of  SA on O 2 consumpt ion  by newborn  tubules are 
current ly in progress.  

We have proposed  the use of  succinylacetone to 
produce  a physiologic animal  model for ~tudy of  the 
h u m a n  renal Fanconi  syndrome [14]. O u r  present  ob- 
servat ions s t rengthen the ease for such a proposal  for 
several reasons.  The  h u m a n  Fanconi  syndrome is a 
disorder  usually associated with infancy and early child- 
hood coinciding with development  of tubular  function 
[12]; an  ideal model  should logically provide the ability 
to per turb  systems under  s tudy dur ing their age-related 
transit ional stages, as has been demonst ra ted  here for 
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SA. Such a model should also utilize physiologic sub- 
stances a n d / o r  condit ions for its production;  our  exten- 
sive investigations here and elsewhere [11.13,14] sub- 
stantiate such a claim for SA, Data  gathered from such 
a model should be consistent with clinical observat ions 
of the human  disorder and help to directly explain the 
latter. Most especially, the inciting substance should 
affect both  experimental  model and human  similarly; 
initial observat ions indicate that SA inhibits amino  acid 
and sugar uptake by h u m a n  renal cortical slices (unpub-  
lished data). Thus.  our  present results help provide a 
basis for unders tanding the age-related increases in 
glucosuria, aminoaciduria  and natriuria seen in infants 
with the Fanconi syndrome.  
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