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Summary 

Active accumulation of p-aminohippurate by cortex slices of rabbit kidney 
in vitro requires 2.5--3 h at 25°C to attain a steady-state value. The uptake pro- 
cess can be divided into a rapid and a slow component .  The slow component  
makes the largest contribution to the final accumulation of p-aminohippurate. 
Rapid uptake is dependent on oxidative metabolism, but is not  affected by Na ÷ 
or ouabain. By way of  contrast, Na ÷ is required for the slow uptake process to 
occur. Efflux of p-aminohippurate accumulated in the presence of Na ÷ is 
stimulated by transfer to media with a low concentration of Na ÷. On the other 
hand, there is only evidence of  a stimulatory effect of  Na ÷ on p-aminohippurate 
influx at medium concentrations above 30 mM. The results indicate the 
existence of both Na÷-dependent and Na÷-independent p-aminohippurate trans- 
port, respectively. 

Introduct ion 

Accumulation of p-aminohippurate by kidney slices is widely used as a mea- 
sure of tubular transport of p-aminohippurate in vitro. Kinetic studies of p- 
aminohippurate uptake by renal cortical slices have shown that transport 
occurs rapidly during the first minutes [ 1--3 ] and is followed by a slow phase, 
which takes more than 1 h to go to completion [4--5]. The slow equilibration 
of  p-aminohippurate in kidney slices contrasts with the ready transtubular 
transport of the compound in vivo [6--7]. Various factors such as predominant  
uptake of  p-aminohippurate by tubules in the exterior part of the slices during 
the initial period, and intracellular events [1], such as slow diffusion across 
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internal membranes [8], have been proposed to account for the slow cellular 
uptake. In agreement with the latter view a rapid and a slow phase have been 
demonstrated in separated tubules from rabbit kidney [8], where medium p- 
aminohippurate is in direct contact  with the transporting membranes. The 
biphasic nature of p-aminohippurate uptake has assumed renewed importance 
in connection with the studies on the Na*-dependency of the p-aminohippurate 
uptake. Many studies have shown that  Na* is required for accumulation of p- 
aminohippurate by the rabbit kidney in vitro [9--12], but in a recent investiga- 
tion we found that, in the absence of Na ÷ in the medium, uptake of p-amino- 
hippurate proceeded quickly during the initial phase in Na*-depleted slices 
[13]. Results obtained with metabolic inhibitors also indicated the probable 
existence of a Na÷-independent component  in the uptake process [13]. We wish 
here to report experiments which throw further light on the effect of Na ÷ on 
the kinetics of active transport of p-aminohippurate in vitro. Rabbit-kidney 
slices were used for these experiments rather than separated tubules [14], since 
the integrity of the latter preparation could not  be maintained at low Na ÷ con- 
centrations, in agreement with observations by Podevin et al. [12]. 

Methods 

The general experimental procedures were essentially the same as those 
recently described by us [13]. Kidneys were excised from anesthetized and 
exsanguinated rabbits and cortical slices were prepared with a razor blade. The 
uptake of p-aminohippurate was studied both in freshly prepared and Na ÷- 
depleted renal cortical slices under aerobic and anaerobic conditions. 

Na*-depletion. Kidney slices were depleted of Na ÷ by preincubation in 100% 
N2 at 0°C for i h, in a medium containing 145 mM choline chloride/5 mM po- 
tassium acetate/0.5 mM CaC12/0.7 mM MGSO4/15 mM Tris buffer (pH 7.4). The 
Na ÷ and ATP concentrations of the slices were lowered to 10 and 0.2 mmol/kg 
tissue, respectively, under these conditions. In order to restore the ATP concen- 
trat ion to the normal level (approx. 2 mmol/kg tissue) the slices were transferred 
to an oxygenated medium of the same composition, where they were stored for 
1 h at 25°C before measurement of p-aminohippurate uptake. 

Uptake experiments. Slices were evenly distributed among 12 Warburg ves- 
sels, containing 3 ml of the electrolyte medium with the following composi- 
tion: 0--145 mM NaC1, 145--0 mM choline chloride (to make the sum of Na ÷ 
and choline, 145 mM), 5 mM potassium acetate, 0.5 mM CaC12, 0.7 mM MgSO4, 
15 mM Tris buffer (pH 7.4), p-amino[3H]hippurate (Radiochemical Centre, 
Amersham) and unlabelled p-aminohippurate (0.075 mM). In a few experi- 
ments the effect of CN- (10 mM) or F- (10 mM) on the aerobic uptake of 
p-aminohippurate in Na*-depleted slices was also studied (Fig. 1). 

The uptake of p-aminohippurate was measured in a Warburg respirometer 
under the following conditions: Shaker speed 100 cycles/min, gas phase 100% 
02 or 100% N2, temperature 25°C, incubation period 1--60 min. The centre 
well contained KOH for CO2 absorption. After incubation, the slices were 
blotted on a piece of filter paper and quickly transferred to conical flasks con- 
taining 2.5 ml 5% trichloroacetic acid. The tissue samples were grounded with a 
spatula and extracted for 30 min with continuous shaking. The extracts were 
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then centrifuged for 10 min at 2000 rev./min. A sample of medium (1 ml) was 
deproteinized by adding 6 ml of 5% trichloroacetic acid. Supernatants obtained 
by centrifugation of the extracted tissue and media samples were used for sub- 
sequent analysis. 

Efflux experiments. In a series of experiments the release of p-amino[3H] - 
hippurate already accumulated by kidney slices was examined after transfer 
into electrolyte media containing only unlabelled p-aminohippurate. The slices 
were preincubated for 2 h at 25°C in an oxygenated electrolyte medium with 
the following composition: 145 mM NaC1/5 mM potassium acetate/0.5 mM 
CaC12/0.7 mM MgSO4/15 mM Tris buffer (pH 7.4)/0.075 mM p-amino[3H] - 
hippurate. After the incubation the slices were washed twice in 10 ml ice-cold 
electrolyte solution, in order to remove labelled p-aminohippurate adhering to 
the renal tissue. They were then transferred to other Warburg vessels containing 
3 ml electrolyte medium, having various concentrations of Na ÷ (0--145 mM) 
and unlabelled p-aminohippurate (0.075 mM). The release of labelled p-amino- 
hippurate was stopped after various time intervals by separating medium from 
slices. 

Analytical methods. The trichloroacetic acid supernatants were analyzed for 
p-aminohippurate by a diazotation procedure of Smith et al. [15]. p-Amino- 
[3H]hippurate was measured by addition of 0.2 ml supernatant to 10 ml of the 
scintillation fluid described by Bray [16] and radioactivity was measured in a 
Tri-carb Scintillation counter (Packard). The cpm were converted to dpm by the 
addition of [3H]toluene to the solutions. The concentration of ATP in the tub- 
ular cells was determined by enzymatic spectrophotometry as described else- 
where [17]. Na ÷ and K ÷ concentrations of renal tissue and media were esti- 
mated by atomic absorption spectrometry. 

Estimation of extracellular space and dry weight of kidney slices. The inulin 
space of the kidney slices was determined by the addition of [carboxy-14C]inulin 
(Radiochemical Centre, Amersham) to the medium in a separate series of 
experiments and was found to be 26.9 -+ 1.8 and 16.1 -+ 0.8% under aerobic and 
anaerobic conditions, respectively. The decrease of the extracellular space un- 
der anaerobic conditions is presumably brought about by distension of renal 
cells as a consequence of imbibition of water under these conditions. The dry 
weight of the slices (20.2 -+ 1.6%) was also determined in control experiments 
after drying the renal tissue in an oven at 105°C overnight. 

Calculation of p-aminohippurate accumulation. The amount  of p-aminohip- 
purate in the intracellular part of slices was calculated as the difference 
between the p-aminohippurate content  of renal tissue and that of the inulin 
space. This figure was then divided by the tubular water content  (wet weight of 
tissue minus inulin space minus dry weight) in order to obtain the tubular con- 
centration of p-aminohippurate (TpAH) from which the accumulation of p- 
aminohippurate (T/MpAH) was calculated. 

Results 

Fig. 1 shows uptake of p -aminohippura te 'by  Na÷-depleted slices in the 
absence of Na ÷ in the incubation medium. It is seen that  in an oxygen atmos- 
phere uptake occurs rapidly, leading to a final value of T/MpA H of approx. 1.5 
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Fig. 1. U p t a k e  of  p - a m i n o h i p p u r a t e  in N a t d e p l e t e d  slices u n d e r  aerobic  an d  anae rob ic  condi t ions .  Na + 
c o n c e n t r a t i o n  of  slices was r e d u c e d  to approx .  10 mM by the dep le t ion  p r o c e d u r e  descr ibed  in the  Meth- 
ods sect ion.  T he  u p t a k e  of  p - a m i n o h i p p u r a t e  was m e a s u r e d  a t  a m e d i u m  c o n c e n t r a t i o n  of  0 .075  m M  p- 
a m i n o [ 3 H ] h i p p u r a t e  in a Na +f r e e  m e d i u m .  A 100% 0 2 ;  A 100% N 2 a t m o s p h e r e ;  ©, 10 m M  CN-;  v ,  10 
m M  F- ;  • add i t ion  of  2 m M  oua ba in  to the  N a + d e p l e t i o n  and  p -a rn inoh ippu ra t e  u p t a k e  m e d i u m .  Ordi- 
na te :  T / M p A  H, ra t io  b e t w e e n  the c o n c e n t r a t i o n  of  p - a m i n o h i p p u r a t e  in the tubu le  w a t e r  and  m e d i u m .  
Abscissa: t ime  of i ncuba t ion .  
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Fig. 2. U p t a k e  of  p - a m i n o h i p p u r a t e  by  freshly p r e p a r e d  k idney  slices as a f u n c t i o n  of  t ime .  U p t a k e  was 
m e a s u r e d  in a m e d i u m  con ta in ing  145 m M  NaC1/5 m M  p o t a s s i u m  a c e t a t e / 0 . 5  m M  CAC12]0.7 m M  MgSO4/  
15  m M  Tris b u f f e r / 0 . 0 7 5  m M  p - a m i n o [ 3 H ] h i p p u r a t e .  The  inset  shows  an  ex p o n en t i a l  analysis of  p-  
a rn inoh ippura t e  a c c u m u l a t i o n  vs. t ime,  indica t ing  biphasic up t ak e .  The  b r o k e n  line shows  u p t a k e  corre-  
s p o n d i n g  to the  s low c o m p o n e n t  in the  inset  T / M p A  H = 3.15 + 12.7 (1 - -  e--O-O157t).  



494 

after 60 min. The uptake is much slower under anaerobic conditions or in the 
presence of CN- and F- to inhibit cellular metabolism. The difference between 
the two curves emphasizes that  the quick uptake, although not resulting in an 
appreciable accumulation of p-aminohippurate, is energized by cellular metabo- 
lism. The low degree of accumulation observed under aerobic conditions may 
either be attributed to residual Na ÷ remaining in the slices (about 10 mM Na÷), 
or it could represent active transport of p-aminohippurate by a Na÷-indepen - 
dent mechanism. Evidence in favor of  the latter view is provided by the finding 
that  pre-incubation with ouabain for 1 h at a medium concentration of 2 mM 
does not  result in any changes of the uptake rate under aerobic conditions. It 
has previously been demonstrated that  ouabain has a profoundly inhibitory 
effect on Na+-dependent p-aminohippurate accumulation [ 11]. 

Fig. 2 shows uptake ofp-aminohippurate  by kidney slices under aerobic con- 
ditions in the presence of 145 mM Na ÷ in the medium. Uptake occurs rapidly in 
the initial period, resulting in a T/M value around 3.5 after 10 min. Thereafter, 
p-aminohippurate uptake gradually levels off, reaching a steady-state value of 
around 13 after 2.5--3 h. As shown by the broken line the latter part of the up- 
take curve (after 20--30 min) can be approximated by an exponential uptake 
curve, which accounts for about 70% of the total uptake. We shall refer to this 
part as the slow component  of uptake, while the extra uptake of p-aminohip- 
purate after smaller time periods is referred to as the rapid component  of up- 
take. It should be noted that  the words 'slow' and 'rapid' in this context  refer 
solely to the relative magnitude of efflux rate constants of the slow and rapid 
component ,  and not  to the rates of concentrative uptake by the slices. * 

Fig. 3 compares the properties of slices, depleted of Na ÷ and K ÷ by preincu- 
bation in media free of alkali cations, with those of slices used immediately 
after preparation. It is seen that  the depleted slices rapidly gain Na ÷ and K ÷ so 
that  the level is the same as in the untreated slices after a 10 min incubation 
period. There is no difference in the uptake ofp-aminohippurate,  ATP concen- 
tration and Qo2 in the two sets of experiments. Fig. 3 thus demonstrates that  
there is no deleterious effect of removal of Na ÷ on tubule function with respect 
to p-aminohippurate and various metabolic parameters. 

Fig. 4 shows p-aminohippurate uptake in Na÷-depleted slices in the presence 
of various medium concentrations of Na ÷ (0--145 mM). It is seen that  over this 
range of Na ÷ concentrations in the medium there is no difference in the trans- 
port rate of  p-aminohippurate in the initial time period. Hence, the rapid com- 
ponent  of p-aminohippurate transport is apparently not affected by Na ÷. How- 
ever, uptake of p-aminohippurate after the initial incubation period is strongly 
influenced by Na ÷. Over a 60 min incubation period appreciable accumulation 
is obtained at 30 and 145 mM Na ÷. It should be noted that at lower Na ÷ con- 
centrations p-aminohippurate uptake approaches steady state after 1 h, i.e., the 
feature of a slow component  in the uptake curve is gradually lost. This suggests 
an enhanced efflux of  Na*-dependent p-aminohippurate transport, which could 

* U p t a k e  o f  a c o m p o u n d  f r o m  a m e d i u m  . w i t h  a c o n s t a n t  c o n c e n t r a t i o n  i n t o  a c e l l u l a r  c o m p a r t m e n t ,  
g o v e r n e d  b y  i n f l u x  a n d  e f f l u x  ra te  c o n s t a n t s  o f  k 1 a n d  k _ l ,  r e s p e c t i v e l y ,  is g i v e n  b y :  

T]M = k l / k _ l  ( 1 - - e - - k - I t )  

w h e r e  t is t i m e  a f t e r  t h e  s t a r t  o f  t h e  u p t a k e  e x p e r i m e n t .  
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Fig. 3. Comparison of p-aminohippurate uptake by Na+-depleted and freshly prepared slices. Closed and 
open symbols indicate results obtained on Na+depleted and freshly prepared slices, respectively. The up- 
take medium contained 145 mM NaCl/5 rnM potassium acetate/0.5 mM CAC12/0.7 mM MGSO4/15 mM 
Tris buffer/0.075 mM p-amino[3H]hippurate. 
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Fig. 4. U p t a k e  of  p - a m i n o h i p p u r a t e  by  N a + d e p l e t e d  slices as a f u n c t i o n  of var ious  m e d i u m  c o n c e n t r a t i o n s  
of  Na +. The  b r o k e n  line is t a k e n  f r o m  the  da t a  of  ae robic  u p t a k e  of  p - a rn in o h ip p u ra t e  in Fig. 1. 
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Fig. 5. E f fec t  of  var ious  m e d i u m  Na - concen t r a t ions  on release of  p - a z n i n o [ 3 H ] h i p p u r a t e  f r o m  p re loaded  
k idney  slices. The  k idney  slices were  i n c u b a t e d  for  2 h at  25°C in an o x y g e n a t e d  e l ec t ro ly te  m e d i u m  with 
the  fo l lowing compos i t i on :  145 m M  NaC1/5 mM po ta s s ium a c e t a t e / 0 . 5  m M  CAC12/0.7 mM MgSO4/15  

m M  Tris b u f f e r / 0 . 0 7 5  m M  p - a m i n o [ 3 H ] h i p p u r a t e .  Release of  rad ioac t iv i ty  was m e a s u r e d  a f t e r  t ransfer-  
r ing slices to  m e d i a  con ta in ing  d i f f e r en t  c o n c e n t r a t i o n s  of Na + as ind ica ted  in the  figure. (Fo r  details see 
Methods . )  

be an important  factor in curtailing accumulation of p-aminohippurate under 
these conditions. On the other hand, it has been concluded from autoradio- 
graphic experiments, that the long equilibration period required in experiments 
with high accumulation ratios may accrue from delayed access of p-aminohip- 
purate to the inner part of the slices, because of extensive removal of p-amino- 
hippurate from the extratubular space by accumulating tubules in the outer- 
most portion of the slices in the initial incubation period [4]. In order to dis- 
tinguish between these possibilities we have directly examined the effect of the 
medium concentration of  Na ÷ on efflux of p-aminohippurate (Fig. 5). In these 
experiments the slices were allowed to accumulate p-amino[3H]hippurate for a 
period of 120 min, before transfer to media containing various concentrations 
of  Na ÷ and without  labelled p-aminohippurate. In some experiments F- was 
added as a metabolic inhibitor, but this did not affect efflux of p-aminohip- 
purate. It is seen from the figure that  release of p-amino[3H]hippurate at 30 
and 145 mM Na ÷ in the medium is much smaller than at 0 and 10 mM Na ÷. 
Over a 10 min period approx. 70% p-amino[3H]hippurate is released from slices 
in the medium not  containing Na ÷. There is no difference between p-amino- 
[3H]hippurate release at 30 and 145 mM Na ÷, only 28% of accumulated p- 
aminohippurate being released over a period of 10 min under these conditions. 
Accordingly, the enhanced uptake of p-aminohippurate when the Na ÷ concen- 
trat ion in the medium is raised from 30 to 145 mM Na ÷ (Fig. 4) can be 
accounted for entirely by a stimulation of p-aminohippurate influx. On the 
other hand, an enhanced efflux at low medium concentrations of p-aminohip- 
purate is an important  factor, contributing to the lack of  appreciable p-amino- 
hippurate accumulation under these conditions. 
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Discussion 

The present study confirms the existence of a rapid and a slow component 
of p-aminohippurate uptake by rabbit-kidney slices. Incubation with p-amino- 
hippurate-containing media for about 2.5--3 h were required to approach 
steady-state accumulation ratios. Presumably the presence of a tissue barrier 
into the inner part of the slices [4] only partially accounts for the slow uptake, 
since the slow uptake differs from the rapid uptake process in being sensitive to 
Na ÷. In agreement with the existence of two different modes of p-aminohip- 
purate uptake there also exists a rapid and a slow phase of p-aminohippurate 
uptake in separated renal tubules of rabbit kidney [8]. We have previously sug- 
gested that the slow phase might represent intracellular compartmentation, i.e. 
diffusion of p-aminohippurate from cytoplasm into intracellular organelles by 
slow diffusion, following rapid equilibration at the peritubular membrane 
[ 8] *. Intracellular compartmentation suggests that perturbations of active p- 
aminohippurate transport should give rise to similar changes in the apparent 
rate constants of both the rapid and slow phase. This was previously found to 
be the case after inhibition of p-aminohippurate transport with probenecid and 
2,4-dinitrophenol [8]. However, the present study shows a clear-cut dissocia- 
tion between the Na ÷ dependency of the rapid and slow component. Further- 
more, the stimulatory effect of Na ÷ strongly suggests an active nature of the 
slow uptake. We should, therefore, consider the alternative possibility, viz., that 
the slow component represents active transport of p-aminohippurate by renal 
cells with different efflux characteristics than those which are responsible for 
the rapid uptake of p-aminohippurate. It has been shown that the pars recta of 
the proximal tubules of rabbit kidney accumulates p-aminohippurate more 
intensively than the pars convoluta [19,20]. According to the study of Wood- 
hall et al. [21] the $2 cell type secretes p-aminohippurate more intensively than 
the $1 and $3 cell types. However, in all segments of the proximal tubule p- 
aminohippurate is predominantly mediated by an ouabain-sensitive process. It 
is, therefore, not possible to relate the existence of Na*-independent proximal 
cells, suggested by the present study to any particular Segment in the rabbit 
nephron. However, it is of interest to note that there may be species differences 
as to the extent to which Na ÷ governs renal secretion of p-aminohippurate, 
since Ullrich et al. [22] were unable to demonstrate a reduction of p-aminohip- 
purate secretion in vivo after blockade of Na*-transport with ouabain in micro- 
perfusion experiments on the convoluted proximal tubules of the hamster kid- 
ney. It seems preferable to defer further discussion on the tubular localization 
of Na÷-dependent and Na÷-independent transport of p-aminohippurate until 
more detailed studies on the kinetics of the tubular transport of p-aminohip- 
purate have been provided. 

Concerning the effect of Na ÷, Podevin et al. [12] reported transient accumu- 
lation of p-aminohippurate under anaerobic conditions in the presence of an 
extracellular to intracellular Na ÷ gradient, established by transferring Na ÷- 

* T h e  poss ib i l i ty  t h a t  the  s l o w  phase  represent s  t ranspor t  f r o m  tubu le  cells to t ubu le  l u m e n  appears  to  be  
r e m o t e  [ 8 ] ,  s ince  the  t ubu le  l u m e n  of in vitro prepara t i ons  is small ,  re la~ve  to  that  o f  t ubu le  cells [18 ]  
and  b e c a u s e  there  is p r o b a b l y  n o  a c c u m u l a t i o n  o f  p - a m i n o h i p p u r a t e  in the  tubu le  fluid, relat ive  to  t h a t  
o f  t h e  t ranspor t ing  cells [ 1 9 ] .  
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depleted slices to a medium containing 145 mM Na *. p-Aminohippurate accu- 
mulation under aerobic conditions is inhibited by ouabain [ 11 ], pointing to the 
role of  (Na÷+ K÷)-ATPase in providing energy for active transport of  p-amino- 
hippurate. In electrophysiological studies Kikuta et al. [23] under a variety of 
conditions obtained evidence for an inverse correlation between the uptake of  
p-aminohippurate and the electrochemical Na÷-gradient across the peritubular 
membrane of  the proximal tubules of  the newt kidney. These findings are in 
agreement with the view that the Na÷-sensitive transport  of p-aminohippurate is 
driven by the electrochemical Na÷-gradient across the peritubular membrane. 
According to the present results, the effect of  Na ÷ on p-aminohippurate trans- 
port  is complex. There is only clear evidence for a stimulation of p-aminohip- 
purate uptake at medium concentrations of Na ÷ above 30 mM, while efflux of  
accumulated p-aminohippurate is markedly enhanced at lower concentrations 
of  Na ÷ in the medium. In this connection it should be noted,  that a low medi- 
um concentrat ion of  Na ÷ decreases the magnitude of  the electrochemical Na ÷- 
gradient which may limit Na ÷ stimulated influx of  p-aminohippurate.  However, 
the enhanced efflux of p-aminohippurate in the absence of medium Na ÷ sug- 
gests that Na ÷ plays  an additional and as yet  unidentified role for the transport 
process by inhibiting efflux of  p-aminohippurate at normal tissue levels of  Na ÷. 
It is apparent that  inhibition of efflux will lead to an enhanced p-aminohippu- 
rate accumulation having the characteristics of  a slow equilibration process. In 
contrast the Na÷-independent component ,  which makes a large contr ibution to 
the initial rate of p-aminohippurate uptake, is characterized by a high-efflux 
rate constant,  resulting in a low steady-state accumulation of  p-aminohippu- 
rate. 
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