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The up~ke of p -am~3H]~ppura~  by ~ e d  pedused rat ~dney was stu~ed to characte~ze the 
mechan~m w~ch was responsible for orga~c a~on ~anspo~ prcces~ A ra~d injection mdfi~e ~ d ~ ¢ r  
dilution teclm~ue and the ~s~ibuted two-compartment modal of Sawada et ~. (Compu~r M~hods 
Programs Biomed., 20 (1985) 51) were em~oye& Some charac~ f i~ s  of a ca~ ier -med~d ~anspo~ ~om 
the ant i lum~ space to the ~ a c d l u l a r  space for p-am~o~ppur~e ~ the b a s ~ e r ~  ~de were demow 
s ~ e d :  the uptake was sfimda~d by the coun~rtranspo~ effect and showed Na + dependency. These 
fin~ngs are con~stent with p-aminol3H]~ppurate's b~ng ~ken up ~to the ~ e d  rat basol~er~ 
membrane verde by Na~dependent caffier-mediated ~anspo~ (J. PharmacY. Ex~ The~ 227 (1983) 12~. 
h is sugge~ed that the mdti~e ind~ator dilution ~chn~ue is a sen~tive new method to study the 
mechanisms of ren~ tubdar ~anspo~ ~ the I ~ g  ~dney as an organ. 

Secretion of an organic aniom p-aminohip- 
purat~ is a carfie~mediated, active ~anspon  pro- 
cess, localized in the p r o ~ m ~  tubule of the mam- 
m~ian  ~dney  [1]. p-Aminohippurate is con- 
centrated in~acellulafly ~a  an a~ive ~anspon 
stop across the basola~r~ membrane [2] and sub- 
sequent~ passes into the urine by fadfi ta~d diffu- 
sion [3]. There are many repor~ dealing with 
tubular ~anspo~ of various substances based on 
in ~t ro  studies, ufing ~olated membrane vesicles 
[4,5], isolated ren~ tubules [6] and ren~ corfic~ 
sfices [7]. Kasher et ~. [5] examined the rdation- 
ship between the ~ansmembrane Na~gradient  
and p-aminohippurate ~anspo~ in isol~ed rat 
basolater~ membrane verities. The Na~gradient  
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(out ~ in) accdated the influx of p-amino[3H]hip - 
puram, whereas fimHar gradients of choline+, K + 
or Li ÷ did not. ShNkh and Moller [7] examined 
the transport of p-aminohippura~ by the use of a 
preparation of rabb~ kidney basola~rN mem- 
brane vesicles and in rat kidney cortex shces un- 
der anaerob~ conditions and obtNned dear  e¼- 
dence of Na~gradient  stimuhfion of p-aminohip- 
pura~  ~anspo~ with both preparations. DatNer 
and Bentley [6] ~u d ~d  effects of low Na ÷ con- 
centration on p-aminohippurate ~anspo~ by iso- 
lated perfused snake di~al-proximN renN tubules. 
Replacement of Na + in the bath by choline + led 
to ~gnificant depresfion of the net ~anspo~ of 
p-aminohippurate from the bath to the lumen. 
However, there ~ no report concerned with the 
effect of Na + on the p-aminohippura~ uptake 
using ~olated perfused whole kidney sy~em, which 
is akin to in ~vo  kidney. In order to estimate the 
intrinfic unid~ectionM ~anspo~ parameter of 
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substances from the antilumin~ (basolater~) fide 
to the inUacdlular fde  in holated perfused ~d- 
ney, it ~ necessary to devdop pharmacokin~  
and Uacer kinetic modds based on experiment~ 
findings on lhe microdrculation of postglomerular 
f t e  in the kidney. 

In this study, we have devdoped the mulfip~ 
indicator dilution ~chnique for the measurement 
of tubular secretory param~ers of p-aminohip- 
purate in the ~olated perfused rat kidney and 
determined the unidire~ion~ rate constant (from 
the basolater~ fde  to the in~acdlular f d ~ .  Fur- 
thermore, we ~udied the c o u n ~ a n s p o ~  ef~ct 
of ~he p-aminohippura~ uptake at the basolater~ 
membran~ and the effect of Na ÷ replacement on 
the p-aminohippura~ uptake ~om the antilumi- 
n~ fide to the in~acdlular fde. 

M ~ h ~ s  

Kidney ~o~on  and perfuswn 
M~e Wist~ ra~ wdghing 380-430 g were 

anesthetized wi~ &~hyl ~her, and the right Md- 
ney was o p ~ e d  accor~ng to the me~od d~ 
~ribed by Nishitsutsuj~Uwo et M. [8]. The a~ery, 
the ren~ von and the ureter were cann~a~d. An 
18-gauge nee~e connected to silicon tub~g ( ~  
n~ ~ a m ~  2 mm, ex~rn~ ~ a m ~  3 ram) for 
the venous c a n n ~  and PE 10 p o ~ h ~ e n e  tub- 
ing (~t~nM ~ a m ~  2 mm, and ex~rn~ ~ame- 
ter 3 mm) for ~e  venous cannd~ and PE 10 
p ~ y ~ h ~ e n e  tubing 0n~rn~  ~ a m ~  0.58 
mm, ex~rnN & a m ~  0.61 mm) ~r  the u r b a n  
cannMm I m m e ~ d y  afmr ~e  op~atio~ p ~ -  
fon  was started ufng a con~ant ~ f u f o n  pump 
(Mitsumi Soence Co. Ltd., Toky~ Japan), then 
the right ~dney was ~M~ed and connected to the 
p ~ f o n  apparatu~ The Edney was Naced on 
the app~am~ which was mNntNned at 37°C, 
and the p~fu fon  pressure was kept at 100 ± 10 
mmHg during the experimental period. K~b~  
HensdNt buffer (118 mM NaC1/~7 mM KC1/2.5 
mM CaCI~/1A9 mM KH2POa/1A9 mM MgSO 4 
• 7H20/25 mM NaHCO~) contNNng 6% bo~ne 
serum Nbumi~ 10 mM Nucos~ 0.02% ~e~iNne 
and 0.1% manNtM oxygena~d with 95% O~/5% 
CO 2 to pH 7.4 was used as the p ~ s m ~  

Rend function of isolated perf~ed kidney 
The urine was samNed from the ureter at 10 
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rain ~ r v M s  ~a  PE 10 pNy~h~ene tuNng. The 
~uco~ ~absorption ratio was measu~d accord- 
ing to the usuM m~ho& The the ~ucose ~absorp- 
fion ratio was measu~d according to the m~hod 
described by Whi~fde and Sflverman [~. 

Light m~roscopy of Mdney spedmens 
Afar  p~fu fon  experiment~ the ~dney was 

washed with &stil~d w ~ .  The tissue fragments 
were fixed in 4% n e u ~  buffered form~dehyde 
s~ution, and p ~ a ~ t  sections were ~ n e d  con- 
ventionally with h e m ~ o x ~  and eo~n. 

Multi& Indicator DiMtion Method 
The pulse-injection multiple indicator dilution 

~chnique devdoped by Goresky [1~ was used. 
The injection solution (0.2 ml) for the study of 
p-aminohippurate ~anspo~ conf~ed of T1824- 
~bded ~bumin (0.7 mg T1824 and 12 mg bo~ne 
serum ~bumin), 1.7 ~Ci of p-amino[3H]hippura~ 
and 0.17 #Ci of [laC]cre~inine (the ex~acdlular 
re~renc~. In order to carry out the counte~rans- 
port study, unlabelled p-aminohippura~ or tetra- 
ethylammonium bromide was added to the pe~ 
fusa~ (reservoir (R) in sy~em 1 of F~. 1). The 
fin~ p-aminohippurate or ~ a ~ h ~ a m m o n i u m  
bromide concentration in this perfusa~ was 1 
mM. After cannulafion procedure the right kidney 
was transferred into the perfusate cabinet. Perfu- 
fon  with dru~ffee buffer medium in the sys~m 2 
was initiated immediately by connecting the ren~ 
aneri~ cannuh to the outflow pan (No. 4, Scheme 
III in Fig. 1). After 10 min, the i~e~ion s~ution 
was admini~ered by a pulse-injection thrcugh the 
fificon tube cannula to the right ren~ a~er~ This 
is a control experiment for the coun~nranspo~ 
study. After 5 rnin perfufo~ the ren~ a~eri~ 
cannula was disconnec~d from the sys~m 2 and 
was quickly connected to the sys~m 1 cont~ning 
the reservoir (R) of p-aminohippurate or tetraeth- 
ylammonium bromide buffer (no. 2, Scheme II in 
F~. 1). After 10 min perfufon to obt~n the 
steady ~ate of p-aminohippuram levd, the renM 
aneriM cannuh was disconnected from the sys~m 
1 and was quickly connected to the sy~em 2 
contNning reservoir (R) of p-aminohippurate or 
m~aeth~ammonium bromide-~ee buffer (No. 
4, Schema III in Fig. 1). After 4 s, the injection 
solution was administered by a pulse-injection 
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through the filbone tube cannula to ~ e  right 
ren~ arter~ This is ~ e  p -amino~ppura~  or t~  
Gae th~ammo~um bromide p r d o a ~ n g  study for 
the c o u n ~ r a n s p o ~  s ~ d ~ .  

In order to examine the Na + dependency on 
p-aminG3H]~ppura~ uptake, the ~ g ~ a r  perfu- 
fion me&urn (Kreb~Hensd~t  buffeO containing 
NaC1 and NaHCO 3 in both the ~ s ~ v ~ B  (R) of 
sys~m 1 and sy~em 2, were ~placed by LiC1 and 
LizCO3, respecfivd~ The right ~dney  was trans- 
ferred in the perfufion caNn~  and ~ e  peffufion 
wi~  Li + c o n t ~ n g  buf~r  me~um in the sys~m 
2 was initia~d immediately by connecting the 
~ n ~  ar~r i~  cannda  ~ ~ e  outflow pa~ (No. 
4, Scheme III in Fig. 1). After 10 rain, the m ~ f i ~ e  
i n ~ c a ~ r  ~ f i o n  study (the fiBt fim~ was carried 
out in the same way as the c o u n ~ r a n s p o ~  study. 
A E ~  5 rain p~fufion,  the ~ n ~  a~er i~  cannula 
was &~ onne ~ e d  from the sys~m 2 and was 
q~cMy connec~d to the sy~em 1 cont~ning 
Na%buf f~  (No. 2, Scheme I1 in Fig. 1). AEer 10 
min perfus~n, the m~f ip~  ~ c ~ o r  d~ufion 
study ( ~ e  second fim~ was carried out. 

In ~1 the stud~ the usu~ collections confis~d 
of 20 p~fusa~  sampl~ cM~c~d at ~ e  ra~  of one 
sam~e per second. At the end of each experiment, 
the fight ~dney  was ex~sed, woghed and ex- 
amined for any gross abnormality. The mean tran- 
sit time for each m ~ e f i ~  w~s c ~ c d a ~ d  based on 
the outflow fraction over a period of 20 s by ufing 
the folBwing equation: 

20 20 
~= ~ c ( , ) ~  c(~) (~) 

t=0 t~0  

where t and C(t) are the time and the concentra- 
tion of the materi~ at time t, respectivd~ The 
mean ~anfit  time was corrected for the catheter 
dday  by sub,act ing the cathe~r mean transit 
time (0.82 s) c~culated from the ratio of the 
cathe~r volume to lhe perfufion ra~. The dday  
became a part of the hrge vessd ~anfit  time (to). 

Assay 
R a ~ c t i f i t i ~  of ~ a m i n ~ 3 H ] h i p p ~ a ~  and 

[ 1 4 H ] c r e a t i ~  ~ ~ e  ~ m N e  sMufion w~e  d~  
t e rmi~d  in a Tri-Carb fiq~d sonfiHation spec- 
u o m e ~ r  (modal 3255, Packard I n ~ m m e n u  
Co~. ,  Down~s Grov~ I ~ .  50 ~1 p ~ s a ~  sam- 

02/C02 02/C ~ 
System 2 

' 

2 

1 3. 1 3 

O -4" 
[] 

I II III 

~ 1. Schematic representation of ~ e  rat ~dney peffu~on 
~ s ~ m .  The ~nM a~efiM and cavM connections of ~ e  ~dney 
~ ~ e  i n ~ d u ~  p ~ o n  d ~  a~  ~ o w n  ~ r  ~ c h  p h ~ e  of 
~ e  ~ e f i m e m :  w ~ m ~ p  (I), p ~ s i o n  ~ r  ~ s ~ m  1 (II) and 
p ~ o n  ~ r  ~ e m  2 (IH~ Key: E pump; ~ fil~r; B, bub~e  
~ap; M, m a n o m ~ ;  and ~ ~ N ~  

pie was added to a sdntillafion f i ~  cont~ning 10 
ml of sdntil~fion cockt~l (0.1 g POPO, 4.0 g PPO 
and 500 ml Triton X-100/liter of toluene). An 
appropriate crossover correction was ~ven to sep- 
arate the two radioacti~fies of 3H and 14C. For 
T1824~abded Mbumi~ 50 #1 of perfusate was 
diluted with 3 ml of distil~d water and the con- 
centration of T1824 was immed~tely measured at 
610 nm in a doubl~wavdength doub t -beam spec- 
~ophotome~r  (Hitachi 557, Hitachi Co. Ltd., 
Toky~ Japan). The concen~afions of creafinine 

and ~ucose were determined u~ng commerd~  
ki~ (Creatinine-Te~ Wako and GlucosoB-Te~ 
Wako (Wako Pure Chemic~ Indu~rie~ Ltd., 
Osak~ Japan), respectivdy) at 505 nm for 
creatinine and 520 nm for ~ucose in a doub~- 
wavdeng th  double-beam s p e c ~ o p h o t o m e ~ r  
(Hitachi 557). 



MazDa& 
p-Amin~glycy~3H]~ppuric a~d (1.8 Ci /  

mmol) and [carbony#~C]~eatinine hydroc~o~de 
(80 ~ C i / m ~  were purchased from Am~sham, 
Inc. (Arlin~on H~ghts, IL). [G-3H]Inulin (217 
m C i / ~  was pumhased from New ~n~and Nude~  
Corporat~n ( B o s ~  MA). Bo~ne serum ~bumin 
(Fraction V) was purchased from ~gma Chemic~ 
Co. (St. Lo~s, MO). p-Aminohippuric a~d 
so~um s~t was purchased from Nakarai Chem- 
~ s  Ltd. (Kyo~, 3apan). All other chemicals 
were c o m m ~  produc~ and of an~y~c~ grade. 

A n a ~  
A n a ~  ~ m~ca~r ~ M n  cumes. Data were 

anMyzed accor~ng to the ~w-fimi~d ~ f ~ f o n  
modal of Goresky et M. [11-~ and Sawada et M. 
[15]. The concentration of p-aminohi~ura~ in 
the effluent at time t is expressed by 

Cp_~(t) = exp{(-  Kl't)'Ccre( t) +exp-(  K ~ + Ks).t  ) 

x fo%~P(-( ~ , -  K=- K~).~ ) x C.o(~) 

X~l/K~'f~ "~ X~ ' [2 "K ] 'K2" r ' ( t - f ) ]d~  (2) 

and 

K~ = k,O/(1 + ~) (3) 

where y ~ the ratio of the ex~acdl~ar space to 
the ~asma spac~ 0 is the ratio of ~e  c ~ a r  
space to the ~asma spac~ • is the capillary 
trans~ time ~ummy varia~O, ~ ( t )  is the con- 
centration of creafin~e as the e x ~ a c ~ d ~  refe~ 
ence appearing at the outflow, ~_~(t)  is the 
concentration of ~ a ~ n o h i ~ u r a ~  appearing at 
• e omflo~ K~ is the ~flux rate constant from 
the extracellular space to the c d ~ a r  space, ~ is 
the efflux rate constant from the c ~ a r  space to 
~e  ex~acdluhr space and ~ is the seques~afion 
rate constant ~om the c ~ d a r  space to the ~mi- 
nM fide. 

E x p ~ m e n ~  data were fitted to Eqn. 2 to 
obtain the v~ues of K~, ~ and ~ by a n o a h -  
ear ~as~squares m~hod ufng ~ t ~  compu~r as 
described pre~ous~ [15,16]. The coeffi~ent of 
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variation of ~e  fit was quanfit~ed as 

~,~0 og ~xp, -~og ca~c,))(~ -3) 

C.V. = (1/n)  L ~g ex~ (4) 

i=1 

where n is the tot~ number of data p~nt~ exp~ is 
the expef iment~  observed v~ue at p~nt i, and 
c~c~ is the c o ~ p o n ~ n g  c ~ c ~ e d  v~ue. At the 
early phase after the b~us injection, Eqn. 2 may 
be ~ans~rmed ~to  

Ce_ah(t ) = exp(-- K~.t)C~(t)  (~) 

so that 

In[ C.o( , )/G_o,( O ] = ~ , . ,  (6) 

A semilogarithmic plot of the ratio of ]14C]- 
creatinine to p-amino[3H]hippurate versus time 
generated a ~raight fine with pofifive ~ope over 
the initi~ second following the bolus injection 
(Fi~ 2). As defined by Goresky et ~. [12,17], the 
magnitude of this Hope is equiv~ent to K~(= 
k~O/(1 + ~ (see Eqn. 3). In this pape~ the rda- 
tionship between the ln(C~/Ce.,h ) and time (t) is 
shown in Fig. 2. The apparent initi~ ~ope of a 
plot of the natur~ logarithm of the ratio of the 
q~C]creatinine) to p-amino[3H]hippurate out- 
flow fraction) was used as the initi~ estimate of 
K~ for determining the rate constants using a 
nonfinear ~as~squares program [15,16~ 

The di~fibufion volumes of ~bumin and 
creatinine were c~culated by means of the follow- 
ing equations: 

~ b  = ~(~b- -  ~) (7) 

Vdere= F'( i~e- io) (8) 

where F, ~b' icre and to are the total flow through 
the sy~em, the mean ~anf t  time of albumin, the 
mean tran~t time of creatinine and the large ves- 
sel tranft  time, respectively. 

Sta~s~eal Analysis. AH means are presented 
with their standard errors (the mean ± S.E.). Stat- 
istical significance was analyzed according to Stu- 
denCs ~tesL u~ng two tails. 
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R e s ~  

Renal function of ~e iso&t~d kidney 
All experiments were performed within 40 min 

a~er initiation of perfufion. During perfufiom 
isolated ~dneys m~nt~ned a norm~ uniform 
color without motflin& Perfufion rates were 6-10 
ml/min per g ~dney with a perfufion pressure of 
100 ± 10 mmHg. Urine flow was approx. 60-100 
~1- min-~. During all experimen~ (40 min), GFR 
and the reabsorpfion rmio of ~ucose were 180-200 
~1. min ~ and 90-99%, respectivel~ Replacement 
of Na + in the perfus~e by Li + did not change the 
funcfion~ p a r a m e ~  except for the reabsorption 
ratio of ~ucos~ which ~gnificanfly (p < 0.01) 
decreased to 85-90%. As shown in Tab~ I, the 
plasma v~ume and the extraceHular volume were 
unchanged among various experiment. 

Light microscopy of Mdn~ ~e~mens 
Swdfing of the m b ~  calls was not observed 

befo~ and a ~  perfufion. 

Coun~ranspo~ effe~ on p-amino[~H]hippura~ 
uptake at ~e baso~ral  ~de 

Fig. 2 shows ~e  r e l ~ n s ~ p  b~ween ~ 
([~4C]c~atimne/p-amin~3H]~ppurate) and time 
(t) (t~s is called the ratio p~O. The ratio plots 
genera~d ~r~ght fines wi~ po~five s~p~  over 
the initi~ 5 s fol~wing the bolus i~ecfio~ w~ch 
co~espond to the initi~ ~ t i m ~  of ~e  ~flux 
rate constant (K~). The prdoading ef~ct of un- 
labeled p-aminoh~pura~ (1 mM) on p- 

amin~3H]~ppura~ uptake is shown in Fig. 2a. 
The apparent influx rate constant increased in the 
presence of ~ a c e l l d a r  p-amino~ppurate. On the 
other hand, p - a m ~ 3 H ] ~ p p u r a ~  up~ke showed 
no ~teration, when unlabded ~tra~h~am- 
mo~um bromide (1 mM) was u~d ~s~ad of 
u~abded p-amino~ppura~ (1 mM) (~e F~. 2b). 
The influx rate constant (K~ = k~O/(1 + ~)) was 
c ~ c ~ e d  more predsely by ~e mdt i~e  ~ c ~ o r  
• ~fion-SALS me~od [15], w~ch is an i~r~Ne 
nonqinear ~as~squar~ m~hod for an~y~ng the 
m~tip~ ~ c ~ o r  ~ht ion  data to obt~n ~e 
kinetic p a r a m e ~ .  The K~ values for p- 
a m i n ~ 3 H ~ p u r a ~  in the p ~ c e  (preloa~ng) 
and absence of ~ a c d l d a r  p-amino~ppur~e 
were 0.386±0.042 s +~ and 0.322±0~47 s -~ 
(mean ± S.E. of three experiments), ~spectivd~ 
and the ~f~rence was statistically fig~ficant (p 
< 0.01). Howeve~ no fignificant difference in the 
K~ v~ues for p-amin~3H]~ppura~ was observed 
between ~e  c o n ~  (0.341 ±0.033 s -~) and the 
~ a e ~ a m m o ~ u m  bromide prdoad~g studies 
(0.280 ± 0.057 s-~). Fu~h~mor~ n~ther K2 nor 
K 3 v~ues obt~ned f imd~neou~y wi~ K~ v~ue 
showed fig~ficant ~ r a f i o n  in the p-amino~p- 
purate- or ~ a e t h ~ a m m o ~ u m  b r o m ~ p ~ -  
~aded ~dney. 

Effea ~ ~ u m  replacem~t ~ p-amino[~H]hip- 
p u ~  ~ k e  at ~e b ~ o ~ l  ~ 

F~. 2c shows the effect of Na ÷ ~ a c e m e n t  by 
~+  on the ratio plot ~ 4 C ] ~ t i ~ n e  outflow frac- 
t i o ~ a m i n ~ 3 H ] h i p p u ~  outflow f f~ f io~  

TABLE 1 

EFFECT OF ~AMINOHIPPURATE, TETRAETHYLAMMONIUM BROMIDE AND Li ÷ ON THE DISTRIBUTION VOLUME 
OF [ T I ~ A L B U M I N  AND ~ C R E A T I N I N E  

See An~yMs ~ r  d~ails. Da~  represent ~e  mean ± S.E. of ~ree ~ p e f i m e n ~  

~1  ~ n  ( ~ )  [ 14 Q ~ e ~ n i n e  (ml) 

~ A m i n o ~ p p ~ a ~  ~ d ~  
c o n ~  ~53 ± 0~7 ~83 ~ 0~8 
+ ~ a m i n o ~ p p ~ e  ~ 0 7  ~91 ~ 

T O ~ e ~ a m m o ~ u m  b ~ m ~ e  w d o a ~ n g  
c o n ~  ~52 ± 0~1 ~77 ± ~02 
+ ~ a m m o m u m  ~ o m i ~  0A5 ± ~05 ~ ~ ~ 

Na + ~ e m e n t  
comr~ 0.73 ± ~18 ~83 ± ~06 
+ ~ +  ~58 ±0~9 0 ~ 0 ~ 0 ~ 9  
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Fig. 2. Representative natur~ logarithm curves of the ratio ~reatinine outflow fraction per milfiliter/p-aminohippura~ outflow 
fraction per milfiliter) vs. time. Lines were c ~ c ~ a ~ d  by the multiple indic tor  dilution-SALS m~hod [15,16] ufing a dis tal  
compute~ (a) Effect of unlabded p-aminohippura~ (1 raM) preloading on p-amin~3H]hippurate uptake. Key: (~) c o n ~  and (©) 
unlabded p-amino~ppura~ (1 mM) prdoaded. (b) Effect of unlabeled ~ a ~ h ~ a m m o n i u m  bromide (1 raM) prdoading on 
p-amin~3H]hippur~e uptak~ Key: (~) con~ol and (©) un~bded ~ a e t h ~ a m m o n i u m  bromide prdoaded (1 mM). (~  Ef~ct of 
Na + replacement on p-amin~3H]hippur~e uptake. Key: (~) Li + buffer perfufion and (O) Na + buffer perfufion. 

versus time). The apparent influx rate constant 
decreased in the Li + buffer peffused kidne~ As 
the influx rate constant (K~ = k~O/(1 + ~) c~cu- 
lated by multiple indicator dilution-SALS method 
also fignificantly (p  < 0.01) decreased from 0.435 
On the Na+-buffer peffused kidney) to 0.308 ± 
0.022 s -~ On the Li+-buffer perfused kidney; n = 
3). Howeve~ n~ther  K 2 nor K 3 v~ues obt~ned 
fimultaneou~y with K~ v~ue showed a fignifi- 
cant ~teration in the Li+-buffer perfused kidney. 

In order to show that the effect of Na + replace- 
ment by Li + was reverfib~, we changed the order 
of the use of Li + or Na + contorting buffe~ In one 
experiment, we perfused the kidney at first with 
Na + cont~ning buffeL performed the multiple 
indicator dilution expefimen~ for p-aminohip- 
purate (K 1 = 0.438 s-~, average of two flow~, and 
after a 5 min ~abili~ng period, the perfusate was 
replaced by Li + cont~ning buffe~ and ag~n pe~ 
formed the multip~ indicator dilution experi- 
ments (K 1 = 0.307 s -~, average of two flow~. In 
the other expefimenL we at first performed the 
multiple indicator dilution experimen~ in the 
Li+-containing buffer (Ka = 0.309 s - t ,  average of 
two flows) followed by that in the Na+-containing 
buffer (K~ =0.397 s -~, average of two flowO. 
These data indica~d that the decrease in K~ for 
p-aminohippura~ induced by Na ÷ replacement by 

Li + co~d be recovered by the ad~t ion of Na ÷, 
suggest~g that the effect of Li ÷ on p-aminohip- 
pura~  uptake was not due to the irreversible 
t o ~ d ~ .  

Discussion 

Multi& ~dicawr dilu.on audy 
To define the rate-limiting process for secreted 

substances at the ren~ tubul~ it is impo~ant to 
determine the rates of influx (from the ex~acellu- 
lar to the in~acdlular space), efflux (~om the 
in~acellular to the ex~acdlular space) and seques- 
tration (~om the cell to the lumen). The multiple 
indicator dilution technique is useful for estimat- 
ing separately these three parameters. This tech- 
nique was o f i~n~ly  appfied to determine the 
vascular and extravascular volumes of the dog 
kidney in ~vo  by Chinard et ~. [18-21]. Further- 
mor~ Sflverman et ~. [22,23] investigated the 
chemic~ and s~fic requiremen~ for monosac- 
chafide interactions with the lumin~ and anti- 
lumin~ surfaces of proxim~ tubule cells by the 
p u t . i n j e c t i o n  multiple ind~ator dilution tech- 
nique. A recent study by Silverman et ~. [2~ 
attempted to examine the lumin~ and antilumin~ 
uptake of ~utamine in the norm~ and acutely or 
chronic~ly a~dotic dog by combining the pulse- 
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inje~ion m~tiple indicator d ic t ion  ~chnique with 
convention~ a~eriovenous difference measure- 
menB. Howeve~ in the organ such as the ~ d n e ~  
which has a he~rogen~ty of the capillary ~ng t~  
the pharmacokinefic an~ysis based on the di~rib- 
u~d  two-compa~ment modal is necessary to 
estima~ the tubular ~anspo~ param~ers ~om 
the m d t i p ~  indicator dilution curves. Goresky et 
~. [25,26] have devdoped a pulse-injection multi- 
ple indicator dilution technique which made it 
possible to an~yze the uptake process of materi~s 
by the live~ based on the d i~f ibu~d modal. More 
recenfl~ ~Nerman et ~. [27,28] and Itoh et ~. 
[29] investiga~d the permselecti¼ty of the post- 
~omerular capilhry wM1 by utififing the multiple 
indicator dilution ~chnique in the dog kidney in 
~vo  [27,28] and the isolated perfused rat kidney 
[29], ufing f imdtaneous injection of T1824-hbded 
~bumin (the vascular referenc~ creatinine (the 
extracdl~ar  re~renc~ and one or two radioa~ 
tivdy h b d e d  ind~ato~.  Fu~hermore, we devd- 
oped a new m~hod  based on the multiple indica- 
tor d~ution ~chnique to study the kinetic rda-  
fionships between the ren~ tubular call uptake 
process and the secretory process of dmetidine 
[301. 

In tNs stud~ we applied this m~hod  to the 
renal tubMar transport study of p-aminohippurate 
and determined the influx ra~  constants (K~ = 
k~O/(1 +~) )  ~om the antiluminM ~de to in- 
~acel ldar  space. The coeffiNenU of variation (see 
AnMysi~ as lhe cri~tion for the goodness-ogfit 
were ranged ~om 0.00453 to 0.0210. Itoh et M. 
[30] carried out the multiple indicator dilution 
gudies on Nbded  Nmetidine up~ke  u~ng the 
i s l a n d  perfused rat kidney and repor~d the C.V. 
vNues (0.007-~0100) which were comparable to 
those of the present study. Ba~c functions of the 
rat kidney used in this study was comparable with 
those of pre¼ous repor~ (see ResultS. No change 
was observed in the di~fibufion vNumes of the 
reference substances in the presence of 1 mM 
p-aminohippurate, 1 mM ~ a m h ~ a m m o n i u m  
bromide or 143 mequi~ Li + as compared to the 
conuM (TaMe I). This means that the kidney 
~ability was kept normM during the course of 
study in MI experiment .  

Coun~nransport of pmmino[~H[hippurate at baso- 
&~ral side 

One of the common phenomena ~ s p h y e d  by a 
membrane cartier Uanspon sys~m is the counte~ 
~anspo~ of h b d e d  s u b s ~ e  [31]. We ~ e f o ~  
defigned an in situ expe~ment to search for ~is  
phenomen~ As shown in Fig. 2~ the ~f lux ra~  
constant of tracer p - a m ~ 3 H ] ~ p p u r a ~  in- 
creased in the presence of in~acd l~a r  u n h b d ed  
p-amino~ppur~e.  T~s  Uan~tim~at ion effe~ was 
not ob~rved in ~ e  presence of ~ a c d l ~ a r  un- 
h b d e d  ~ U a ~ h ~ a m m o ~ u m  bromide (Fig. 2b). 
These fin~ngs suggest ~a t  the transport of p- 
amino~ppur~e  at ~ e  b a s ~ e r ~  side of the rat 
k~ney  tubule is due to the c a r r i e ~ m e ~ e d  trans- 
port process, w~ch is different from the cation 
transport sy~em and shows ~ e  uan~ t im~a t ion  
~ .  Kinsella [3], Ross [5] and Hofi [~ reported 
• e same ~an~t imuhf ion  effect as that shown in 
• is study, ufing ~ m e d  rat or dog b a s ~ a ~ r ~  
membrane vef id~ .  

Na + dependency of pmm~ohippurate uptake 
E~dence c o , d a t i n g  p-amino~ppura~  ~ans- 

port wi~  ( N a + +  K + ~ A T P ~ e  act i¼~ has been 
prodded ~dependenfly by sever~ groups [32-37]. 
In these s t u ~ ,  ouab~n or vanadate, w~ch are 
known as i n ~ t o ~  of t~e (N a++  K +k A TP a~ ,  
produced a concen~ation-dependent decrease in 
the enzyme actMty (as reflected by changes in ~ e  
in~acelluhr Na + and K + concentrations) and a 
c o ~ p o n ~ n g  decrease of p -amino~ppura~  up- 
take into ren~ slices. Recenfl~ Kash~  et ~. [5] 
examined ~ e  rdaf ions~p b~ween the gansmem- 
brahe Na%gra~ent  and p-amino~ppura~  tran~ 
port ufing ~ e d  rat b a s ~  membrane 
verities. 100 mM Na + grad~nt (outride ~ infide) 
accdera~d the influx of p-amin~3H]~ppura t~  
whereas a fimilar gra~ent  of choline +, K + or Li + 
did not. Sh~kh et ~. [7] ~ u ~ e d  p-amino~p-  
pura~  ~anspon ufing rab~ t  ~dney  bas~a~ral  
membrane verities and rat ~dney  cortex ~ e s .  
They obtained a clear e~dence of Na%gra~ent  
stim~afion of p -amino~ppura~  ~anspo~ with 
both preparations. Dantzl~ et ~. [6] s ~ e d  the 
ef~ct  of the low Na + concentration on p-amino- 
~ p p u r a ~  transport by isSUed p ~ f u ~ d  snake 
~ - p r o ~ m ~  ~ n ~  t u b ~ .  Re~acement  by 
Na + ~ the bath with chohne + produced a fig~fi- 



cant  depres~on of the net p -aminoh ippura te  

~ a n s p o ~  from the bath  to the lumen, 
As shown in Fig. 2~  when the kidney was 

peffused wilh Li%buffeL p - a m i n o h i p p u r a ~  up- 
take was depressed on the average by 30%. Thus, 

it is un l i kdy  that the decrease of p -aminohip-  
purate  uptake found in the absence of Na  ÷ r e s ~  

from the toxic d a m a g e  by Li ÷, ~nce  essenfi~ 

p a r a m ~ e r s  such as G F R ,  blood flow, urine flow 

and  the d i~ f ibuf ion  volume of reference sub- 

stances were ~ r tua l ly  unchanged.  F rom our pre- 

sent data, it is imposs ib~  to an~yze  the i n f r a c -  
t ion of Na  + with the p - a m i n o h i p p u r a ~  ~ a n s p o ~  
s y s ~ m  which Kasher et ~ .  [5] s to~hiomet f icM~ 

showed uf ing isolated baso la te r~  membrane  
verities. To our knowledge, howeve~ this study is 
the f i r~ investigation in which ~ola ted perfused 
rat kidney has been used to d e ~ r m i n e  the effect of 

N a  + on p -aminoh ippura te  up~ak~ 

In  c o n d u f i o ~  we estimated the influx r a ~  con- 
s tant  of p -aminoh ippura te  from the an t i luminal  

space to the i n U a c d l u ~ r  space at the baso la te r~  
fide and  found out the ~ a n ~ t i m u l a f i o n  effect and 

N a ~ g r a d i e n t  ~ imula f ion  effect on p-aminohip-  
purate  transport  u t f l i~ng a multiple indicator  di- 

lu t ion ~chn ique  in the ~olated peffused rat kid- 
ney. 
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