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Modulation of hepatic cholate transport by transmembrane pH-Ilradients and durinlg interferences wltb the 
homcostat|c .%~'u!at!on of intra_.~.ellular pH and K ÷ was studied in the isolated peffused rat liver. Within the 
concentration range studied uptake into the liver was ~tanlble and appeared to be associated wRh ~L"--,-,-,-,-,-,-,-,-~¢ of. _fql - 
and uptake of K +. Perfusate acidiflea*.ion ineffectually stimulated uptake. Appligmlion of NH4CI caused inlra- 
cellular alkalini, *ion, release of K" and stimula0.~ .,~ eholate uptake, withdrawal of N[]4CI resnlled im 
intracelluiar acklh'ication, regain of K + and inhibition of cholate uptake, inhibition of Na +/[] +.exclmlge 
amiloride reduced basal release of acid equivalents into the perfusate, initiated g %release, and inhiMkd 
control choiate uptake and its recovery followinB intracelluiar acidification. K +-free peffusion cam~,d K +¢deme 
and inhibited cholpte uptake. K +-readmi~ion resulted Jn brisk K +-uptake and recovery og cholate tgNqmt'L I h ~  
effects were inhibited by amiioride. Interference with chelate transport through modulation of pH ~ 
diisothioeyanostilbenedlmifonate (DIDS) could not be demonstrated because b i b s  alk'ctcd bale acid transpect 
directly. BiJJary bJ]e acid secretion wgs stimulated by intracelluiar alludinization and by activation of K ÷-trampm¢ 
Uncoupling of the mutual interference between pH-dependent ¢bolate uptake and K +transport by amiledde 
indicates teFtillry active transport of cholate. In this, Na +/K +-ATPase provides the trmtsmembrane Na %lp'adie~ 
to sustain Na+/H +..exchange which maintains the trausmembrane p[]-grad|ent and tbu,,~ supports choline upqahe. 
Effects of canalicular bile acid secretion are consistent with a saturable, ekctrogenic transport. 

Introduction 

Uptake of bile acids across the sinusoidal liver cell 
membrane from portal venous blood provides for their 
continuous supply for bile canalicular secretion, Cholic 
acid represents a major fraction of bile acids returning 
to ',he liver by enterohepatic circulation (approx. 50 
~1~ in rat portal venous blood [1]) and is avidly ex- 
creted by the organ after its intrac¢llular conjugation 
[2~. 

The mechanism of hepatic uptake has been studied 
in the isolated perfuscd rat liver, in isolated hepato- 
¢ytes and in isolated plasma membrane vesicles, From 
these kinetic studies a Na%dependent and a Na+-inde - 
pendent saturable and energy dependent, carrier medi- 
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ated transport component have been identified [3-11]. 
Both transport systems are shared by other bile acids 
and other substrates [12]. Furthermore, a non-satura- 
ble diffusional component has been i'Jentit'~d in iso- 
lated cells anti ceil membrane vesicles [8,13,14]. A 
more recent study by Blitzer et al. [15] showed that 
cholate uptake in isolated membrane vesicles depends 
on the transmembrane pH-gradient suggestive of a 
carrier mediated cholate/ OH --exchange mcchanbm. 
Similar observations were made by Hug:ntobter and 
Meier [16] but appeared to be entirely explained by 
non-ionic diffusion of the bile acid [17]. 

The aim of this study was to investigate whether 
cholate uptake is mediated by pH-gradient dependent 
transport in intact liver. Using the isolated pcrfuscd rat 
liver, we studied the satt:rabili~ of uptake, the effects 
of variations of intracellular and extracellular pH, and 
the effects of maneuvers that interfere with intra- 
cellular pH-regulation. These latter experiments in- 
cluded inhibition of Na*/H+-exchange by amilorid¢, 
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effects of diisothiocyanostilbenedisulfonate (DIDS), an 
inhibitor of anion transport systems, and disturbances 
of the transmembrane Na+-concentration gradient by 
removal of external K ÷ and i,hib:.tion of Na+/K +- 
ATPase. 

The data show that a fraction of cholate uptake is 
dependent ¢n the transmembrane pH-gradient and 
that interferences with pH-regulation that increase or 
decrease intracellular pH activate or inhibit cholate 
uptake, respectively. Association of pH-dependent 
cholate uptake with changes of K+-transport indicate 
that Na +/H +-exchange is linked to Na+/K+-ATPase 
activity and provides for intracellular alkalinization that 
supports cholate uptake. This pH-dependent transpor~ 
may coexist with Na*-driven uptake operating at low 
bile acid concentrations with low transport capacity. 

Furthermore, we noticed that maneuvers known te 
affect the transmembrane electric potential (intra- 
cellular pH (pH i) and transmembrane K*-concentra- 
tion gradient) led to changes in bile acid secretion, an 
observation consistent w~,th the notion that canalicular 
secretio~ of bile acids is a~compiished by an electro- 
genie transport system. 

Materials and Methods 

MaIe Louvain rats (Versuchstierzucht und -haltung 
der Universit~it Wien, Himberg, Austria), fed ad [ibi- 
tam and weighing between 200 and 250 g, were used as 
liver donors. Surgical isolation of the liver was done as 
previously described [18] and livers were perfused at 
37°C in a non-recirculating system with control Ka'ebs- 
Henseleit buffer containing 120 mM NaCi, 4,1:) mM 
KCI, 2.57mM CaCI 2, !.19 mM KHzPO 4, 1.18 mM 
MgSO 4, and 25 mM NaHCO 3, gassed with 95% Oz/5% 
C~? z. For HCO~-free perfusion NaHCO.~ was replaced 

10 mM Hepes/NaOH and solutions were gassed 
with !C,0% 0~ For K*-f..'ee perfu~ion K+-salts were 
replaced by the corresponding Na *-salts and, in experi- 
ments performed to test for the hypothesis that SO~- 
may inhibit cholate transport, 120 mM NaCl was sub- 
stituted by 60 mM NazSO 4 and 60 mM mannitol. A 
perfusate with low buffer capacity (25 mM NaHCO~ 
replaced by 3 mM NaH,POdNa2HPO 4, 142 mM 
NaCI, !.5 mM CaC! z) was used to ~neasure H + or 
OH- uptake by the organ. Perfusate flow-rate was 
ccnstant in indiwdual experiments and ranged betwee, 
3 to 3~5 ml/g liver per rain. A peristaltic pump (model 
PA-SF, IKA-Labo,¢chuik, Straufen i. Br., Germany) 
was used. 

The bile duct was cannulated with PE 10 tubing, 
bile was collected drop by drop and bile flow was 
measured by 'he frequency and weight (8 to 9 rag) of 
bile drops. Radiolabeled [14C]cholic acid (Fluka AG, 
Buehs, Switzerland/Amersham intl., Amersham, UK) 
was added to the inflowing perfusate at'concentrations 

ranging from 10 to 150 p.M and uptake was measured 
by the porto-carol concentration difference, Effluent 
perfusate samples were collected in 10 to 60 s intervals 
and radioactivIty was determined in a liquid scintilla- 
tion counter (model LS 230, Beckman Instr., Polo Alto, 
CA, USA). Quenching was corrected by internal and 
external standardization and correction was of particu- 
lar significance in experiments employing DIDS. 

Perfusate pH was varied beween 7.0 and 7.8 using 
Hepes-buffered perfusate medium. Intracellular alka- 
linizations and acidifications were achieved using the 
NH~'-pulse technique [19,20]: In these experiments 20 
mM NaCI was replaced by 20 mM NH4CI for a 10 rain 
period, resulting in iatracellular alkalinization upon 
addition of NH4C! and in acidification upon its with. 
drt..wal. 

Potassium was measured in a Nova 6 analyzer (Noea 
Biomedical, Newto,, MA, USA) and the pH of th~ 
effluent perfusate was continuously monitored with a 
pH-electrode (Radiometer, Copenhagen, Denmark). 

Biliary excretion of radioactive bile acid was deter- 
mined by multiplying !~i!e flow with biliary bile acid 
concentration. Due to the dead space of the biliar:., 
tree and the bile duct cannula, radioactivity in bile 
appeared with a time delay after onset o[ the stimula- 
tion of bile flow by application of cholic acid. Canalicu- 
iar bile acid excretion was therefore catcalated by 
correcting for a dead space of 20 to 30 mg of bile. 
Estimates for the excretion rate at given time points 
were obtained by linear interpolation between time 
points where samples were collected. 

Amiloride was obtained from Merck, Sharp and 
Dome (West Point, PA, USA), I-~el~es and DIDS from 
Sigma Chemicals (St. Louis, MG, USA) and all other 
chemicals were of analytical grade (Austro-Merck, 
Vienna, Austria). 

Saturation kinetics were calculated from average 
sinusoidal concentration (C,~)versus uptake (V). Ca~ 
was calculated by 

C., = (Ci, , - C,~,)/ln(C,n / C,~, ) 

according to Vilstrup et al. [21]. By plotting -Car on 
the x- and Y on the y-axis, respectively, each experi- 
ment was presented by a single connecting line. Inter- 
cepts of tllesc lines give Km and Vm~x, respectively 
(Cornish-Bowden plots). This method revealed signifi- 
cantly different values for affinity and maximal uptake 
rate at low (10-50/zM) and high (50-150 ~M)concen- 
tration ranges. Kinetic parameters were therefore for- 
mally described by two saturable transport mechanisms 

V = V...,. C.. ~(KIn,. C..) + V=..~ • C../(K=: + C..) 

using the Enzfitter-program (Elscvier-Biosoft, Cam- 
bridge, UK). 



Results 

(A) Kinetics of cholic acid uptake 

Isolated livers were perfused in a single pass perfu- 
sion system alternatively fed from different reservoirs. 
In the experiments described below, bile acid uptake 
was measured continuously in order to detect small 
eha=~,es of uptake rates. 'The time dependence of up- 
take was therefore first established by depleting the 
organ for 30 rain of endogettous bile acids and then 
shifting the single pass perfusion to a medium contain- 
ing radioactive cholic acid. Radioactivity appeared in 
the venous effluent after a delay of 20 to 30 s. Then, 
venous radioactivity reached a plateau value after 50 s. 
At an inflow concentration of I0 /xM this value re- 
mained constant for ~t least 20 mia indicating that 
extraction of cholic acid stabilized at approx. 95%. At 
higher concentrations in the inflowing perfusate, ve- 
nous concentration slowly increased after 60 s indicat- 
ing that the rate of extraction decreased. Table I shows 
uptake rates for concentrations between 10 and 100 
~tM measured 1 min and 5 min after perfusion had 
t, cen shifted to the bile acid containing medium. Be- 
cause of the protracted equilibration of the system and 
the observed decrease of uptake at higher concentra- 
tions we anagTzed the kinetics of upta.~e 60 s after bile 
acid admission. Uptake exhibited complex saturation 
kinetics: Determination of K m at low (10-20 ~.M) and 
high concentration (50-150 ~.M) ranges using 
Cornish-Bowden plots suggested the existence of t,t 
least two different transp~3rt systems, one with high 
affinity (Km = 30 :L 10 /~M) and a second with low 
affinity (K~ = 72 :l: 7 ~tM). Uptake kinetics were there- 
fore formally described by two saturable transport sys- 
tems operating in parallel. Fig. 1 shows rates of uptake 
as well as the theoretical concentration/uptake rela- 
tionship obtained by curve fitting. Calculation of k~- 
netic parameters from low concentratiow, (10-20/~M) 

53 

4O6 

2OO ~ 

100 '  

0 2 0  40  11,0 

A v t C q e  $ 1 a m C M t l  Q ta t . tm tn t t l e g  I p M l  

Fig. I. Dependence of cholic acid uptake on average sinu.~dal 
concentration. Livers were pcrfu~d with conlrc! medium and 2 rain 
pulses of cholic acid at concentrations ranging L~ctween 10 and 150 
/~M were applied. Uptake was detcrminnd from *,he portal to hepatic 
venous concentration difference I rain alter applicaz~n of t l~ 
acid. Kinetic data and the theoretical concentr~tion/uplahe.pelation 
shown were obtained by a least-square fit as described in Methods. 

Estima:cs for Vma~ and Km are given in the text. 

and high concentrations (50-I50 lzM) revealed Kmt 16 
~m,"" I%..n' = ,tin'"" m n o l / g  l iver pcr rain and K ~  = 140 
~[~4. v.,,,~ : 736 nmol/g  liver per mi.n., respectively. A 
more detai led analysis of  the low-aff in i ty t ransport  
system appeared unfeasible because at h igher bi le acid 
concentrat ions we could not observe a ste, ady-state bi le 
acid uptvke and, fur thermore,  b i lef low decreased. The, 
data do n~t fu l ly  :xc ]ude that uptake at h igh bi le acid 
concentrat ions is not saturable. 

Peffusion w i th  HCO~- f rec  ~'~dia revealed sl ight ly 
lower values of  K m and Vm~ , for  the " low-af f in iw'  
t ransport  ~ystem (compare Fig. 1 and Table !1). In  
pre l iminary  exper iments we d id  not observe differences 
o f  in t race i lu la r  p H  wi th  H C O ~ - c o n t a i n i n g  and 
HCO;-free,  Hepes-buffered perfusion (compare Ref. 
22). The observed reduction of uptake may therefore 
be attributed to the lack of HCO 3 but other interfer- 
ences of Hepes, e.g. reduced bile flow, cannot be 
excluded. 

TABLE i 

Time. and dose.dependmce of cholic acid upt~kr 

Uptake rates (nmol/g liver pet rain) for concentrations of cholic acid 
between 10 and I~  ~tM measured 1 and 5 rain after shifting from 
control buffer to bile ~cid containing medium. The ]~t column i~ ~he 
ratio of value~ obtained at 5 rain and I rain, respectively. Mean 
values+ S.D., n = 3. 

Cholic acid Cholic acid uptake rate Ratio 
conch. 1 rain 5 rain 
(~M) 

10 ~.9±3.3 ~.8±3.3 0.996 
52,8±4.4 52.2±4.4 0.988 

50 122.0±~2 116,4±9.0 0.44 
I~  2~.3±5.4 2~.0±3.0 ~ 7  

TABLE tl 

Influence of external pH on chotic acid upfake 

Effect of varying pcrfusale-pH (pile) on uptake of chotic acid 
(nmol/g livcr per min). ].iver~ were perfused with concentrations of 
cholic acid of 20, .~O and 100/~M at a pH c of 7.0, 7.4, and 7.8. Vahtes 
given were determined I rain after perfusion had been shifted from 
control buffer to bile acid containing medium. Mean valocs:l:S.D., 
n = 3. Significance was tested with Student's t-test. 

Cholic acid Cholic acid uptake rate 
concn. (pM) pile - 7.0 pH~ =. 7.4 ptl~ - 7.8 

20 5q.0± 2.7 58 .8±2 .6  58.62:2.8 
50 137.7±5.8 136.7±6.g 132.9=1:4.1 

Ifl0 247.7± &5 a 240.0-'c 5.2 228.7±5.3" 

' Significantly different from ~'ach other P < 0.1. 
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(B) Effects of transmembrane pH.gradients on transport 
of cholic acid 

Reduction of extraeellular pH (pHi) increased up- 
take of eholic acid whereas extracellular alkalinization 
resulted in a decrease of uptake. As shown in Table I1, 
this effect appears at higher concentrations only. Since 
increase of uptake by acidification may ir,~dicate that 
the undissociated bile acid is preferentially accepted by 
the transport system or may be subject to non-ionic 
diffusion, we calculated the relative proportions of 
undissoeiated acid/total concentration for pK values 
reported for free .solution and in the presence of phos- 
pholipids [23], respectively. As expected, the relative 
concentratiui~ of undissociated acid varies within a 
wide range between pH 7.0 and 7.8, but this variation 
does not correlate with the relatively small dependence 
of uptake or, extraeellular pH. Furthermore, a change 
of extraceliu~ar pH by 0.4 units would alter the trans- 
membrane F~ +- or OH~-concentration gradient by a 
factor of 2.5 which may indicate that the dependence 
o f  cholic acid upl:~k,: o!*. ,:xtr~ce!!u!::r pH is not a 
simple function of the zran:~membrane pH gradient. 

lntracellular pH (pHi) was varied by using ,'.he 
NH~CI pulse technique. As previously shown in iso- 
Izted hepaitu.-~'tcs by" n~,casurcmcnts with io,~ selective 
electrodes [19] or with the fluorescent intracellular 
pH-indicator 2',7'-biscarboxyethyl-5(6)-carboxyfluo- 
re~,cein (BCECF) [20] application of NH ~CI results in 
transient increase of pH i by 0.5 units whereas with- 
drawal of NH4Ci decreases pH i by 0.5 units below 
control, pH i then recovers to control values mainly 
through stimulation of Na +/H *-exchange. In the per- 
fused liver, the same maneuver resulted in alkaliniza- 
lion and acidification of 0.2 and 0.2 pH-units, respec- 
tively [24]~ In order to study the effects of PHi on 
uptake of cholic acid, livers were continuously pcrfused 
with a bile acid c~ntaining medium and a!~er~fio~s cf 
bile acid uptake and excretion were analyzed during 
and after a 10 rain pulse of 20 mM NH.,CI. As shown 
in Fig. 2a, intracellular alkalinizatio, caused a small 
transient increase of bile acid uptake and acidification 
resulted in a pronounced decrease. Biliary excretion of 
bile acid was markedly stimulated by alkalinization 
(Figs. 2b and 3) but remained nearly unaffected by 
acidification (Fig. 2b). As seen for the variation of 
extracellular pH, modification oi bile acid transport by 
variation of pH i was more pronounced in the higher 
concentration range. It may be noted that Fig. 2a 
represents net uptake rates at points of time where 
considerable zmounts of bile acid had accumulated in 
the organ (Fig. 2c). Inhibition of sinusoidal net uptake 
by intraeellular acidification could thus result from 
stimulation of unidirectional efflux rather than inhibi- 
tion of unidirectional influx. Furthermore, canalicular 
efflux is stimulated during intracellular alkalinization 
(Figs. 2b and 3) probably due to cell membrane hyper- 
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Fig. 2. Effects of changes of intratellular pll on transl.~)rl of cho[ic 
acid, Translx~rt was measured dur'nl~ continuous portal supply of 
cholic acid at concentratkms of !0 (,t). 21) (o1, 5it (×) and IIX) ( • )  
pM (lower to upper line), ptt~ was m(~ified b~, addition of NH4CI to 
the pcrfusate for a 10 rain period. Apl, lication of NH4CI resulted in 
inm, cdlul;, alkalinization and its withorawal in acidification. Mean 
values-L-_S.D,, two or three experiments at each cot eentrntion. (a) 
Uptake of t:holic acid; (b) biliary bile acid secretion;/c) hepatic bile 
~,:[d content de;ermined by continuous summation of uptake and 

secretiop. 

poiari;,ation caused by an increase of K+-conductance 
(~ee Fig. 4 and Discussion) [25-27]. Ai,'hough this 
could indicate that uptake depends on the rate of 
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Fig. 3. Dependence of canalicul.ar bile acid excretion on hepatic bi]c 
acid content, Data arc from Figs. 2b and c, .,ihowing biSary bile acid 
secretion ~.~ ,, function of hepatic bile acid content determined 2 rain 
before (closed circles) and 2 mm alter inlraceilular alkaliniz~lion 
obtalm:d by application of NF]4CI {open circles). Kinetic parameters 
oblained by curve ti l t ing were: 'Km'(Contro)) 1016 nrno]/g tiver, 
Pm,,,(control) 262 nrnol/g liver per rain; 'Kn,'(alk~L) 162.5 nmol /8  

liver Vm~(alkal,) 501 nmt~l/g liver per rain. 
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Fig. 4. Effect of changes of iilodCClluiar p | i  oll Iransmcmbranc 
K+-flux. Experimental protocol as m Fig. 2. Data show thai intra- 
cellular alkalinization ohlained by application of NH4CI is a,~sociated 
with a pronounced cellular release of K + into the perfusate whereas 
intracellular acidification by removal of NH4CI results in protracted 
regain of K ~. These pattern of changes of K ~-flux is olmparable to 
variations of pl-I~ seen under comparable conditions tcomparc Rcf. 

25). Mean values ± S.D., n = 3. 

canalicular extrusion we found no correlation of up- 
take rate to total hepatic bile acid content at perfusate 
concentrations below 5(} p.M. 

In order to study whether cholic acid transport is 
affected by interference with mechanisms that physio- 
logically regulate intracellular pH, we analyzed the 
effects of DIDS and amiioride, substances known to 
inhibit NaHCO.~ symport and Na+/H+-exchange, re- 
spectively. 

Addition of I mM DIDS during continuous admii-is- 
tration of cholic acid instantaneously and drastically 
reduced uptake at low and high concentrations. Nei- 
ther the speed of onset nor the magnitude of inhibition 
of uptake by DIDS are consistent with its minimal 
effect in reducing pH~ as observed in isolated liver 
cells [22,28]. At an inflowing concentration of 20 p.M 
cholic acid application of 1 mM DIDS reduced uptake 
from 57 to 12 nmoi/g liver per rain (single experiment). 
Additionally, during continuous application of 100 p.M 
choli¢ acid application of DIDS actually induced net 
bile acid release into the effluent perfusate (Fig. 5a), 
an observation suggesting that D!DS ccul~ ~c tran~- 
pov:ed by the bile acid carrier and that ,,ptake of 
DIDS may cause bile acid efflux throu3h transstimula- 
tion. In order to test this hypothesis we perfuscd the 
liver for 30 rain with 100 p.M cholic acid and measured 
venous efflux of bile acid during subsequent perfusicn 
with cholic acid-free medium. After 5 mia these bile 
acid loaded livers released 31.8 -t- l.o nmol/g liver per 
rain and subsequent application of 1 mM DIDS stimu- 
lated release to 91.7 + 4.2 nmol/g liver per rain within 
3 mi:; (Fig. 5b). Application of DIDS resulted in stimu- 
lation of bile flow (from 2.8 to 5.9 mg/g liver per rain), 
reduced biliary bile acid concentration (from 39.2 to 
34.7 raM), but augmented bile acid excretion (from 
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108.9 to 204.8 nmoJ/g li~,er per min). Thu ~', application 
of DIDS could not be used to further resolve the 
mechanism of pH-dependent cholatc tran<port but the 
observations support the notion that cholate uptake, 
also at high concentrati,~ns, is carricr-mcdiatcd. 

Application of I mE4 amdoride caused a gradual 
and reversible reductior of cholic acid uotakc (Table 
Ill). Amiloridc also intensified the inhibiting effect on 
cholic acid uptake produced by intraccllular acidifica- 
tion through removal of NH4CI. 2 min after removal of 
N'I~CI at an inflow cor~ccntration of cholic acid of 20 
p.M, the inhibition was :5.5 + 2.1% and 8.5 + 4.8% in 
the presence and absetce of amiloridc, r~spectively. 
These observations suggest that modification of intra- 
cellular pH through inhibition of Na~'/H÷-exchangc 
affect cholic acid transport. At steady-state bile acid 
excretion, aoplication of 1 mM amiloridc reduced se- 
cretion from 53.7 + 1.9 to 47.1 +_ 1.4 and from 124.5 ± 
9.5 to 103.7 +_ 12.0 nmol/g liver per rain at 20/tM and 
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Fig. 5. Effect of DIDS on bile acid transport. (a) Effect of DIDS on 
uptake of cholic acid. Beginning with time z,:ro livers were continu- 
ously pcrlused with I00 .aM cholic acid and uptake was measu~d. 
Addition of DIDS ( I raM) [o the pclfusa|e resulted in inslantr.neous 

• inhibitkm of uptake and in bile acid release. Uptake recovered upon 
removal of DIDS. Mean values :t: S.D.. n = 2. (b) Effect of D!DS on 
sinusoidal bile acid release. Livers #ere bile acid loaded by perfusion 
with ItX) .aM chotic acid for 3() rain. Subsequentb (time zero) hepatic 
bile acid release into the venous perfusate was measured during bile 
acid [r¢¢ pcrfusion. 5 rain after shifting to cholie acid-free l~tfusion 
b IDS  ( '  mM) was added to the I~fusioa medium resulting in 
stimulation of bile acid relea~ into the pcrhLsate. Mean values + 

S.D., n =  2. 
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TABLE I11 

Effect of the Na ~ / H  +-~changc inhibitor amiloride (1 raM) on 
steady.stow uptake (nmot / g lirer per rain) of cholic ac;.d 

Value;; were determ;ned 2 rain after shifting to the amiloride-con. 
taining medium. Mean valucs±S.D., n -  3. Significance was tesled 
with paired Student's t-tesl 

Cboli,: acid Cbolic acid uptake rate 

conch (gM) control + i mM amilofide 

20 58.1 ±3.9 56.6±4.4 a 
50 IZ~;.2 ± 5.3 ! I 1.4 ± 0.0 a 

" 3ig.ificantly different from control I P < 0.05). 

50 pM inflow concentration of cholic acid, respectively 
(compare Ref. 29). 

(C) Correlation of cholic acid transper; with pH regula- 
tion and Na +/K +-pumping 

In previous experiments [30] amiiorid¢ had been 
shown to cause release of liver cell K +, probably by 
inhibiting Na +-influx through Na +/H +-exchange and 
subsequent reduction of the supply of Na ÷ for the 
Na+/K*-pump. Beea,~e of tilts functional correlation 
between Na+/H +-excha,g¢ and Na+/K+-pumpi~t8 we 
h.~-pothc~[z,:.,] that cholic acid .ptake may result in 
ceI!ular OH--release and in intracellular acidification 
which, in turn, would sequentially stimulate Na+/H +- 
exchange and Na+/K+-pumping. Conversely, inhibi- 
tion of Na+/K+-ATPase would increase intraceHular 
Na +-concentration, reduce the activity of Na +/H +-ex- 
change and thu~ result in intraceliular acidification and 
in inhibition of uptake of cholic acid. To study this 
concept, experiments were carried out to answer the 
following questions: 

(i) Is the uptake of cholic acid accompantcd by 
cellular release of OH-? 

(2) Has the uptake of cholic acid any effect on 
cellular K+-balance and is this effect modified by 
amtloride~ 

(3) Do,~s the inhibition of Na+/K+-ATPase by K +- 
removal influence the transport of cholic acid? 

(4) Does the activation of Na+/K+-ATPase by K +- 
readmis~ion influence the transport of cholic acid and 
is this effect modified by amiloride? 

Hepatic release of acid or base equivalents (see 
Table IV) was measured by the porto-naval pH differ- 
ence at low peffusate buffer capacity (3 mM phosphate 
buffer). In agreement with previous observations [31], 

min after the beginning of the perfusion experiment 
the liver released 1067 ± 169 nmol/g liver per rain acid 
equivalents at a stable rate. This ra;e was changed by 
the application of choEc acid: addition at high concert. 
trations (100 ~M) resulted in a transient alkalinization 
of the effluent peffusate. After 5 rain continuous appli- 
cation of cholic acid, base release ceased and subse- 

TABLE IV 

Rapid changes of H * /OH -.fluxes in isolated perfiaed rat liter 

The pH of the effluent ~ffusale was continuously monitored using a 
pH-scnsitive elec;rode. Values (nmol/g liver per rain) are calculated 
from the buffer capacity and the flow rate of the perfusate and are 
given as maximal changes obtained durin~ a 5 rain p . l ~  with 100 
. . u  ch.lie acid and upon its remwal in the absence (n =4) and 
presence (n = 3)of I mM amiloride, respectively. Mean values + S.D, 
Significance was tested with Studezlt's I-te~t, 

H * / O H  ~ flux 

control + I riM amiloride 

Addition of 
eholic acid 78.7+ 19.0 122.8+ 2i1.7 a H *-uptake 

R~moval of 
cholic acid I 17.2 + 21.0 not detectable ~ H +-release 

Significantly different from control (P  < 0.05). 

quent removal of cholic acid resulted in an abrupt and 
transient acidification of the effluent perfusate. 

i mM amiloride reduced basal acid release by 174.3 
± 42.2 nmol/g liver per rain within 2 rain. On top of 
this changed base-line value, maximal base release 
induced by 1~ / tM cholic acid was augmented and no 
perfusate acidification was seen after removal of cholic 
acid. These observations indicate that chelate uptake is 
associated with cellular release of OH- (or uptake of 
H +), followed by stimulation of Na +/H +-exchange. 

Cholic acid uptake resulted in a cellular gain of K +. 
After application of cholic acid K+-uptake reached a 

maximum after 90 sec and returned to baseline balance 
within 5 min. ?mliloride (l mM) given alone induced 
K+-release (compare Ref. 30) and simultaneous appli- 
cation of 50 p M cholic acid and I mM amiloride 
resulted in K+-release at a rate similar to the effect on 
of amiloride alone (see Table V). 

K+-free perfusi,m of the hver decreascd t, ptake of 
cholic acid. As sh~','n in Fig. 6¢, inhibition el" uptake 
became pronounced after the liver had been depleted 
by approx. 10 pmol K+/g tissue (Fig. 6b). Readmission 
of K + to the inflowing perfusate caused reuptake of 
K + (Fig. 6a) and uptake of cholic acid recovered to 

TABLE V 

E ffecl of 50 p M cholic acid and antiloride (i raM) on transmembrane 
K +.flux (nmol/l¢ iirer per rain) 

Values were determined 90 s after perfusion had been shifted from 
control buffer to a medium containing amiloride, the bile acid or 
both. Mean values :1: S.D., n - 5. Values for I raM amilorlde without 
bile acid are taken from RuE 30. 

K+-flux 

I mM amiloride - 186+ 18 K'.release 
50 pM cholic acid +213±90 K*-uptake 
50/ tM cholic acid+ 

+ 1 mM amilorid¢ - 200 + 90 K +-release 



control values. In the presence of 50 p.M cholic acid 
K+-depletion for 15 rain reduced bile flow (from 2.43 
+ 0.07 to 1.93 + 0.16 mg/~ liver per rain) and bile acid 
~cretion (Fig. ~ 6d). K+.readmission resulted in an in* 
stantaneous transient stimulation of both, bile flow and 
bile acid secretion (Fig. 6d), followed by their gradual 
return to control values, In a second set of experiments 
effects of K+-depletion and K+-readmission were stud- 
ied during the continuous presence of 50 p M cholic 
acid and 1 mM amiloride. Simultaneous administration 
of the bile acid and amiloride resulted in gradual 
reduction of both, uptake and secretion. Subsequent 
removal of K + further dec;eased cholic acid transport 
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and K+-readmission transiently stimulated bile acid 
secretion, but the recovery of uptake and rcaclivation 
of Na+/K÷-ATPase, seen in the absence of amiloridc, 
was blunted (Fi~. 6a-d). It should be pointed out that 
in the intact organ amiloride at a concentration of I 
mM as used in this study does not affect the Na+/K +- 
ATPase [33]. 

(D) Supplementary experiments 
Several additional experiments were carried out to 

test for the requiren-~ent of HCO; and Ne, + in cholic 
acid transport and for possible inhibitory effect of 
sulfate. 
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Fig. 6. Effect of K+-depletion and K+-readmission on transmembrane K+-fiox (a). K÷-contenl of lhe liver (b). cholic acid uptake (c) and biliary 
bile acid secretion (d) in the absence (open circles) and presence (closed circles) of I mM umiloride, (a and b) Superimpose~| on a small z~lease of 
K +, generally encountered in perfusion experiments, application of SO/~M cholic acid (lime zero) re 'lted in a transient gain of K + in the 
absence but not in the presence of amiioride. Removal of K ÷ from the perfu~te led to a rele2~ - ,,f r, ÷ at a rate decreasing with time and 
resulted in gradual depletion of intrac~llular K + (b). Readmission of K* caused instantane: ~ uptake of K + probably duc to bolh, the 
availability of external K ÷ for K +-pumping and Ihe rise of intraccllular Na ÷-coucentrafion tbz expected to occur during K +-deletion [39], 
Note that regain of K + is blunted if amiioride is present, This effect may be attributed ~, a reduced gain "~f Ha ÷ during the phase of 
K+-depletion. (c) After addition of eholie acid, uptake reached a maximum (Ist rain) and sk~wly decreased thercai|er (ccmpal= Table I). 
Simultancou~ application of choi:c acid and amiloride had no instantaneous effect but the decreased uptake rate was acc,.'eratcd. K+-frce 
perfusion resulted in a further decrease of upr, ke, this inhibition became particularly pronouuced when cell K + was reduced by more than IO 
pmol/g liver (compare (b)), Readmision of K ÷ led to recovery of uptake, this effect being blunted i f  amiloridc was present. (d) Biliary bile acid 
excretion rises after administration of cholic acid reaching a maximum after 10 rain. Secretion is reduced in the presence of amiloride prob i ty  
due to the decrease of uptake (compare (c)). Similarly. decreasing rates of ~cc~tk,.', during K+-~ep[etion in I~h,  control ¢xperimenLs and durinl 
the presence of amilotide, appear to result from reduced uptake rates, K+-readmission instantaneously increas~ bile acid secretion. This is 
followed by a second phase of recovery which is not seen in the presence of amiioridc. The instantan,,-'ous increase of excretion is likely duc to 
result from membrane hyl.~erpolarization caused by activation of electrosenic Na+/K~'-pumping (compare (a)), whereas the second phase of 
recovery appears to result ,¢rom the gradual increase of uptake, ~ pattern of ~.hanges of hi l t  acid secretion were accompanied by similar 
changes of bile flow rate. Bile flow (mg/g liver par rain), measured 2 min before application of cholic acid. IO rain aher application, I$ rain after 
K÷.depletion and during maximal stimulation after K*.readmission was !.09:1:0.13, 2.40:1:0.I0.1.93:t:0.17, 2.43+0.32 and 0.93 :E 0.21. t.85:t:0.21. 

I.I?.E0.08, 1.61 +0.03 in the absence and presew'e of amik,ride, respectively. 
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HCO~-free perfusion had no effect on the variation 
of cholic acid uptake induced by intracellular alkalin- 
ization and acidification during and after the NH4CI- 
pulse, but recovery of uptake after acidification was 
protracted. Effects of K*-removal and K+-readmission 
on cholic acid transport were also comparable to exper- 
iments performed in bicarbonate-containing media, 
both in the presence and absence of amUoride (single 
experiment each, data not shown). Complete replace- 
ment of perfusate Na + by Li ÷ reduced cholic acid 
uptake. At 20 #M inflow concentration of eholic acid, 
shifting to Na*-free medium resulted in a reduction of 
uptake from 55 + 4 to 46.0 + 1.7 nmol/g liver per rain. 
Earlier observations showed that replacement of Na + 
by choline did inhibit uptake [5] whereas replacement 
by Li + had only a minor effect (this study and Ref. 12). 
In view of the inhibitory effect of amiloride on cholate 
transport, the di~repancy may .'~e explained by the fact 
that replacement of Na ~ by choline inhibits Na+/H +- 
exchange, whereas this transport is insensitive to re- 
placement o~ • ~ ;+ f~.~l ,.. ,.; . . . . .  • -., t.,-J .......... ,.,,+,+, apparent Na+-dc- 
pendence of cholate transport [5,12] could have re- 
sulted from affecting the driving force of Na+/H÷-ex - 
change, whereas Na +/cholzte cotransport represents a 
small fraction of uptake only. Partial replacement of 
CI- by SO~- (60 raM) had no significant inhibitory 
effect on uptake of cholie acid (20 and 50 p.M) and 
variations of uptake by the NH4C!-pulse remained 
unaffected, it appears thus unlikely that OH-/SO~--  
exchange mediates cholatc uptake in the intact liver 
(compare Ref. 16). 

indicate that uptake of cholic acid depends on the 
transmembrane pH gradient and that it is associated 
with cotransport of H + or countertransport of OH- 
ions; (v) uptake of cholic acid is accompanied by cellu- 
lar uptake of K + which suggests that cholic acid uptake 
leads to intracellular acidification that results in subse- 
quent stimulation of Na+/H+-exchange and activation 
of Na+/K+-ATPase. Sul~l~rt of this hypothesis is ob- 
tained through the observations that (vi) application of 
~miloride prevents K+-uptake; (vii) inhibition of 
Na+/K+-ATPase reduces uptake of cholic acid and 
(viii) activation of Na+/K+-ATPase stimulates uptake 
of cholic acid, an effect that is blunted by amiloride. 
Combining these observations, we tentatively inter- 
prete these results by the coupling of transport mecha- 
nisms as follows. 

Cholic acid uptake is associated with intracellular 
acidification either through uptake of the bile acid in 
form of the undissociated acid that may include non- 
ionic diffnsion or through cholate-/OH--exchange. 
e..t. . . . . . . . .  i . . . . .  c~,lula, acidification would stimu- ~uuzC~.luc,,tly. ' . . . . .  ~ . . . .  
late Na+/H+-exchange resultil, g in a rise of intra- 
cellular Na+-concentration which, in turn, stimulates 
Na+/K+-ATPase and thus results in uptake of K +. 
Conversely, inhibition of Na+/K+-ATPase results in a 
rise of intracellular Na+-concentration that leads to 
reduced activity of Na+/H+-exchangc, intracellular 
acidification and inhibition of uptake of cholic acid. 

The pH-dependence of cholic acid uptake and its 
relation to Na+/H+.exchange and Na+/K+-ATPase 
activity deserve specific comments. 

Discussion 

This study was designed to evaluate the mechanisms 
responsible for the transport of cholic acid in intact rat 
liver. Several characteristics of transport were observed 
that partially support previous conclusions from trans- 
port stud!es in isolated liver cells or cell membrane 
vesicles. These chacacteristics are set into relation to 
liver cell pH-regulation and K*.homeostasis. Results 
include the following: (i) transport kinetics suggest the 
existence of more than one tral:sport system, one of 
which with high affinity and low capacity that appears 
Na+-dependent, the other component has low affinity 
and high cal..acity and may incl,:de a difft',.sional ,:~,t- 
ponent; (ii) both, extracellular acidification and intra- 
cellt:lar alkalinization, stimulate cholic acid uptake in 
the high concentration range; (iii) interference with 
regulatori mechanisms of cell pH affect eholic acid 
uptake: inhibition of uptake by amiloride appears to 
result from intracellular acidification through inhibi- 
tion of Na +/H +-exchange, whereas inhibition by DIDS 
appears to result from competitive inhibition; (iv) up- 
take of eholic acid is asseciated with cellular release of 
OH- (or uptake of H+). Taken together, these data 

(1) pH-dependence of cholic acid uptake 
pH-dependcnc¢ of cholic acid uptake had been ob- 

served in plasma membrane vesicles and isolated hepa- 
tocytes. Interpretations of these observations included 
the presence of a cholate-/OH-.exchange system [15], 
some dat~ suggested that cholate could be a ~ubstrate 
of the SO4-/OH--exchanger [16], and, since cholie 
acid transport is pH-dependent in lipid membranes, 
non-ionic diffusion could be responsible for pH-depen- 
dent transport in liver cell membranes [17]. Our data 
confirm the dependence of cho~ate uptake on the 
transmembrane pH gradient in the intact organ. We 
observe transport kinetics that are consistent with two 
transport systems operating in parallel, whereof the 
low affinity, high capacity componc~: is pH sensitive. 
Uptake at these high concentrations could include a 
diffusional component. In the absence of HCO.~', we 
obtained lower values for uptake of choli¢ acid, i~,er- 
haps indicating that HCO~ is a component of the 
transpor'~ system. Uptake of cholic acid at low con~:en- 
tration~: could proceed in part through the Na +-depen- 
dent bile acid carrier, presumably identical with a 48 
kDa membrane protein recently identiSed [34]. This 
suggestion is supported by the observation that re- 



placement of Na + by Li + inhibits a small fraction of 
cholic acid uptake [8,12]. Uptake at high concentra. 
tions was not inhibited by SO~- and the pH-depen- 
dence of uptake was unaltered. These observations 
make it appear unlikely that uptake of cholate pro- 
ceeds through the SO~-/OH--exchanger in the intact 
organ. Although we observe saturabiEty of uptake in 
the higher concentration r;mgc we cannot exclude 
non-ionic diffusion on basis of this o[;~ervation because 
apparent saturation could rcsui~ from rapid intra- 
cellular accumulation of the bile acid in our system. In 
contrast, complete inhibition of uptake by DIDS and 
transstimulation of sinusoidal bile acid efflux strongly 
argue against diffusion being a major component of 
transport but suggest a carrier mediated transport sys. 
tern (compare Ref. 17). This notion is supported by the 
observation that both, cholate and DIDS, are sub- 
strates for the multispecific liver anion transport sys- 
tem [12]. Our data suggest that the carrier could either 
transport the undissociated acid or exchange cholate 
for OH-. Perfusate alkalinization during cho!ate up- 
take cannot di~riminate between these alternatives, 
but occurred in the nominal absence of HCO~. 

Quantitatively, transient perfusate alkalinization 
corresponds to a cellular release of OH- at a rate 
somewhat less than cholate uptake (78.7 + 19 nmoles/g 
liver.rain OH--release vs. 263.5 + 5.5 nmol/g liver per 
rain cholate uptake) and higher values of OH--release 
were obtained in the presence of amiloride where 
cholate uptake proceeds at a reduced rate. These ob- 
servation~ suggest that cholate uptake and OH--re- 
lease (or H +-uptake) could be coupled at  a stoichiom- 
etry of near 1 : 1, this being only apparent if any pH 
regulatory mechanisms, including electrogenic 
Na +(HCO~),,-symport [35,36], are absent. 

Calculated for an intracellular buffering capacity of 
34 mM/pH unit [19] and assuming a stoichiometry of 
I : 1, cholate uptake at a rate of 260 nmol/g liver per 
rain would result in initial acidification of the bulk 
cytosol at a rate of less than 0.02 pH units/rain (assum- 
ing approx. 50% cell water of intact tissue weight [37]). 
Furthermore, this cholate uptake-stimulated OH--re- 
lease was only transient and, despite this estimated 
small alteration of pI-l~, amiloride-sensitive K+.uptake 
was readily induced. Both these observations suggest 
that Na +/H +-exchange is stimulated without substan- 
tial changes of bulk pHi. In addition, cholate uptake is 
readily inhibited by amiloride before substantial 
changes of cytosolic pH are expected to occur [20]. 
This discrepancy between pH-s~nsitive transport rates 
and small changes of bulk cyt~olic pH may be ex- 
plained in analogy to studies of muscle transmembrane 
pH gradients [38,39] where membrane transport of acid 
equivalents appears to change pH mostly in the inti- 
mate vicinity of the membrane and, altcrli,~iv¢:y, sur- 
face pH rather than bulk pFi affects membrane acid 
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transport. Mutual interference of cholate uptake and 
Na÷/H+-exchange may thus occur through local 
changes of pH and/or association of these membrane 
transporters in close vicinity. Foll(~wing this line of 
arguing, acid extrusion by Na +/H +-exchange and sub- 
sequent local internal alkalinization and external acid- 
ification may also explain the obs,~.rvation that the 
trans-membrane pH gradient functions as a driving 
force for cholatc uptake although bulk cTtosolic pH is 
equal or more acid than perfusate pH (compare Ref. 
40)..~.lthough these hypotheses may appear attractive, 
our data cannot exclude teat a more alkaline internal 
pH facilitates cholate transport through allo~teric ef- 
fects rather than being the only direct driving force of 
Na+-dependent cholatc uptake. 

(2) Correlation of cholic acid uptake to pH-regulation 
and liver cell K +.balance 

As discussed above, cholate uptake appears to result 
in stimulatiol o1' Na+/H+-exchange. Na+-~nflux 
~hrough '.his trans;.-,ort system or through a parallel 
Na+(HCO~'), symport [35,36] would result in a rise of 
intracellular Na + concentration (at least locally) and 
stimulate Na+/K+-ATPase, thus leading to K+-uptake. 
As shown in Table V and Figs. 6a-d, this sequential 
coupling of transport systems finally results in uptake 
of K + and cholat¢-. Support of this view is obtained 
through the observation that amiloride inhibits 
cholate-induced K+-uptake. Functional linkage be- 
tween these three transport systems is also suggested 
by those experiments where activity of Na+/K +- 
ATPase was altered through changes of extrao.qlular 
K+-concentration (compare Refs. 41 and 42). Inhibi- 
tion of the pump by K+-depletion resul0~:d in inhibition 
of uptake of cholate v, hereas activation by K*-readmis- 
sion stimulated uptake. This latter stimulation was also 
blunted by inhibition of Na+/H+-exchange with 
amiloride. We therefore conclude that cholate uptake 
at high concentrations is associated with transmem- 
brane Oi-!-- (er H + ~-transport and driven by the trans- 
membrane pH gradient. The pH gradient is established 
by Na+/H+-exchange which, in turn, derives its energy 
from the tra'~smembrane Na+-concentration gradient 
established by Na+/K+-ATPase. Thus, cholate uptake 
operates as a tertiary active transport system, it may be 
of interest to note that a similar relation between 
pH-regulation and Na "/K+-ATPase activity has been 
proposed for regulatory liver cell volume increase fol- 
lowing a relative hypertonic stress. There, Na+/H+.ex- 
change is activated through cell shrinkage ann the 
ensuing increase in Na+/K+-ATPase activity leads to a 
cellular gain of K + leading to cell volume recovery [30]. 

As shown in Figs. 6b, 6c and 6d, an in'.eresting 
correlation is obsereed between bile acid transport and 
intracellula.r K+-concentration, the cause of which 
needs to be elucidated. It is conceivable, however, that 
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K ÷ is required at one ore more individual transport 
steps that may include segregation of the bile acid into 
perica~alieular transporting vesicles [43]. 

(3) Car, alicular secretion of bile acid du,ing eanations o[ 
intracelhdar pH and of acticity of Na +/K +*ATPase 

Cholic acid taken up by rat liver cells is mostly 
secreted into bile in form of its taurine conjug,,.te. By 
thin-layer chromatography we found approx. 90% as 
taurocholate (not determined throughout all experi- 
ments), consistent with published observations (see, for 
example, Ref. 44). As shown in Fig. 3, canalicular 
secretion of bile acid exhibited saturation kinetics with 
respect to intracellular bile acid content. The apparent 
maximal secretory rate was less than maximal uptake 
rate. Consequently, intracellular accumulation was ob- 
served at high uptake rates (compare Fig. 2c and Fig. 
3). 

K+-depletion resulted in inhibition of bile ac;d se- 
cretion despite rising intracellular concentration. Con- 
verscly, activation of Na +/K+-ATPase by K+-readmis- 
sion stimulated bile acid secretion. Furthermore, intra- 
cellular alkalinizati-n by the ,NH]-pulse  resulted in 
stimulation of bile acid secretion and application of 
amiloride was inhil~itoq,. These observations may be 
interpreted ii'i view of the fact that the canalicular 
membrane potential is ~ driving force for taurocholate 
secretion |45,46]. Inhibition of Na+/K+-pump results 
in gradual cell depolarizatior, wl~,:,'eas activation of the 
electrogenic pump causes transient membrane hyper- 
polarization [42,47]. Furthermore, intracellular alkalin- 
ization leads to a rise in membrane K+-conductance 
(ReL 25, compare also K~-release in Fig. 4) and mem- 
brane hyperpolarization. Stimulation of bile acid secre- 
tion and bileflow was thus consistently associated with 
cell hyperpolarization. It is possible though that, be- 
sides electrogenic bile acid secretion across the canalic- 
ular membrane, other transport systems could be af- 
fected that include segregation of bile acids inT.u ~::to- 
plasma',ic vesicles and ~.hcir cxocytosis [43,48]. 

Application of DIDS led to a substantial increase of 
bile flow (compare R~f. 49). Simultaneous stimulation 
of bile acid secretion in these experiments may there- 
fore result from dilution of the luminal bile acid con- 
centration and facilitation of transport due to a de- 
creased transmcmbrane bile acid concentration gradi- 
ent. Alternatively, DIDS may displace the bile acid 
from intracellular binding sites and increase the free 
concentration available for canalicular membrane 
transport. 

in conclusion, the data indicate that cholate uptake 
by rat liver is regulated by the sinusoidal tran:;mem- 
brane pH-gradient which is intimately linked to 
Na +/H +-exchange and Na ' /K+-ATPase  activity. The 
data support the notion that canalicular bile acid ~ere-  
tion is driven by *.he intracellular negative electric 

potential, Transcellular bile acid transport is thus inte- 
grated in the regulation of intracellular pH, of K +- 
homeostasis and of the membrane potential. These 
mechanisms mutually depend on each other and are 
components of many other functions of liver cells which 
may thus affect bile acid transport or may be affected 
through bile acid transport. 
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