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Modulation of hepatic chelate transport by transmembrane pH-gradients and during interferences with the
homeostatic regulation of intraceliular pH and K+ was studied in the isolated perfused rat liver. Within the
concentration range studied uptake into the liver was saturable and appeared to be associated wiihs cloase of OH ™
and uptake of K*. Ferfusate acidification ineffectually stimulated vptake. Application of NH ,Cl caused intra-
cellular alkalini. tion, release of K™ and stimulaton of cholate uptake, withdrawal of NH,Cl resulted in
intracellular aciditication, regain of K* and inhibition of cholate uptake. Inhibition of Na*/H *-exchange with
amiloride reduced basal release of ucid equivalents into the perfusate, initiated K *-release, and inhibited both,
control cholate uptake and its recovery following intcacellular acidification. K *-free perfusion caused K *-release
and inhibited cholste uptake. K *-readmission resulted in brisk K “-uptake and recovery of cholate transpert, Both
effects were inhibited by amiloride. Interference with chciate transport through modulation of pH homeestasis hy
diisothiocyanostilhenedisuifonate (DIDS) could not be demonstrated Lecause IS atfected biie acid transport
directly. Biliary bile acid secretion was stimulated by intracellular alkalinization and by activation of K *-traasport.
Uncoupling of the mutual interference between pH-dependent cholate uptake and K *-transport by amileride
indicates tertiary active transport of cholate. In this, Na*/K *-ATPase provides the transmembrane Na*-gradient
to sustain Na*/H *.exchange which maintains the transmembrane pH-gradient and thus supports cholaste uptake.
Effects of canalicular bile acid secretion are consistent with a saturable, electrogenic transport.

Introduction ated transport component have been identified [3-11).

Both transport systems are shared by other bile acids

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
wM in rat portal venous blood [1]) and is avidly ex-
creted by the organ after its intracellular conjugation
2t

The mechanism of hepatic uptake has been studied
in the isolated perfused rat liver, in isolated hepato-
cyies 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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and other substrates [12). Furthermore, a non-satura-
ble diffusional component has been identified in iso-
lated cells and ceil membrane vesicles [8,13,14]. A
more recert 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 mechanism.
Similar observations were made by Hugcntobler 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 fiver. Using the isolated perfused rat
liver, we studied the saturability of upiake, the effects
of variations of intracellular and extracellular pH, and
the effects of maneuvers that interfere with intra-
cellular pH-regulation. These latter experimeats in-
cluded inhibition of Na*/H*-cxchange by amiloride,
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effects of diisothiocyanostilbenedisulfonate (DIDS), an
inhibitor of anion transpoit systems, and disturbances
of the transmembrane Na*-concentration gradient by
removal of external K* and inhibition of Na*/K*-
ATPase.

The data show that a fraction of cholate uptake is
dependent cn 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
activiiy 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,) and transmembrane K*-concentra-
tion gradient) led to changes in bile acid secretion, an
observation consistent with the notion that canalicular
secretion of bile acids is accompiisied by an eieciro-
genic transport system.

Materials and Methods

Male Louvain rats (Versuchstierzucht und -haltung
der Universitdt Wien, Himberg, Austria), fed ad libi-
tum 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 nerfused at
37°C in a non-recirculating system with contrel Krebs-
Henseleit buffer containing 120 mM NaCi, 4,75 mM
KCl, 257mM CaCl,, 1.1 mM KH,PO,, 1.18 mM
MgS0,, and 25 mM NaHCO,, gassed with 95% O, /5%
CC,. For HCO; -free perfusion NaHCO, was replaced
by 10 mM Hepes/NaOH and solutions were gassed
with 100% O, For K*-free perfusion K*-salts weie
replaced by the corresponding Na *-salts and, in experi-
ments performed i test for the hypothesis that SO;~
may inhibit cholate transport, 120 mM NaCl was sub-
stituted by 60 mM Na,SO, and 60 mM manaitol. A
perfusate with low buffer capacity (25 mM NaHCO,
replaced by 3 mM NaH,PO,/Nis,HPO,, 142 mM
NaCl, 1.5 mM CaCl,) was used to ieasure H* or
OH™ uptaké by the organ. Perfusate flow-rate was
censtant in individual experiments and ranged betweent
3 10 3.5 mi/g liver per min. A peristaltic pump {modci
PA-SF, IKA-Labortechnik, 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 the frequency 2nd weight (8 to 9 mg) of
bhilc drops. Radiolabeled ['*lcholic acid (Fluka AG,
Buchs, Switzerland / Amershum Intl., Amersham, UK)
was added to the inflowing perfusate at’concentrations

ranging from 10 to 150 M and uptake was measured
by the porto-caval concentration difference. Effluent
perfusate samples were collected in 10 to 60 s intervals
and radioactivity was determined in a liquid scintilla-
tion counter (modet LS 230, Beckman 1nstr., Palo Alto,
CA, USA). Quenching was corrected by internal and
external standardization and correction was of pariicu-
lar significance in experiments employing DIDS.

Perfusate pH was varied between 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 NaCl was replaced by 20 mM NH Cl for a 10 min
period, resulting in intracctlular alkalinization upon
adudition of NH,Cl and in acidification upon its with-
drawal,

Potassium was measured in a Nova 6 analyzer (Nova
Biomedical, Newton, MA, USA) and the pH of th:
effluent perfusate was continuously monitored with a
pH-¢lectrode (Radiometer, Copenhagen, Denmark).

Biliary excretion of radioactive bile acid was deter-
mincd by multiplying bile flow with biliary hile acid
concentration. Due to the dead space of the biliary
trce and the bile duct cannula, radicactivity in bile
appeared with a time delay afier onset of the stimula-
tion of bile flow by application of cholic acid. Canalicu-
lar bile acid excretion was therefore calculated 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 sumples were collected.

Amiloride was obtained from Merck, Sharp and
Dome (West Point, PA, USA), Hepes 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). C,,
was calculated by

Coo =(Ciq = Cou)/M(C / Cy)

according to Vilstrup et al. [21). By plotting - C,, on
the x- and ¥ on the y-axis, respectively, each experi-
ment was presented by a single connecting line. Inter-
cepts of thase lines give K, and V., respectively
{Cornish-Bowden plots). This method revealed signifi-
cantly different values for affinity and maximal uptake
rate at low (10-50 wM) and high (50-150 xM) concen-
iration ranges. Kinetic paramcters were therefore for-
mally described by two saturable transport mechanisms

V= Vmul 'Cuv /(Kml"'cuv)"' Vm;n!'caw/(l(m! +Cnv)

using the Enzfitter-program (Elsevier-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
changes of uptake rates. The time dependence of up-
take was therefore first established by depleting the
organ for 30 min of endogenous bile acids and then
shifting the singie 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 M this value re-
mained constant for at least 20 min indicating that
extraction of cholic acid stabitized 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 1 shows
uptake rates for concentrations between 10 ard 100
4% measured 1 min and 5 min after perfusion had
been 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 analyzed the kinetics of uptake 60 s after bile
acid admission. Uptake exhibited complex saturation
kinetics: Determination of K., at low (10-26 M) and
high concentration (50-150 xM) ranges using
Cornish-Bowden plots suggested the existence of ot
least two different transport systems, one with nigh
affinity (X,,=30+10 uM) uand a second with low
affinity (K, = 72 + 7 wM). 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 ki-
netic parameters from low concentrations (10-20 M)

TABLE 1
Time- and dose-dependence of cholic avid uptake

Uptake rates (nmol/g liver per min) for concentrations of cholic acid
between 10 and 100 oM measured 1 and 5 min after shifting from
control buffer to bile zcid containing medium, The last column is the
ratio of values obtained ut 5 min and 1 min, respectively. Mean
values +S.D, n=3.

Cholic acid Cholic acid uptake rate Ratio
conen. T "
(uM) 1 min 5 min
10 309433 308433 0.99%
20 528144 522+44 0988
50 1220492 1164490 0954
100 2633154 223,030 0.847
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Fig. 1. Dependence of cholic acid uptake on average sinusoidal
concentration. Livers were perfused with contre) mediom and 2 min
pulses of cholic acid at ¢ i ging 10 and 150
1M were applied. Uptake was determined from the portal to hepatic
venous concentration difference 1 min after applicauun of the bile
acid. Kinetic data and the theoretical concentration /uptake-relation
shown were obtained by a least-square fit as described in Methods.
Estimazes for Y, and K are given in the text.

and high concentrations (50-150 u M) revealed K, 16
pM, Vi = 108 nmoi /g fiver per min and K, = 140
uM. V. =736 nmol/g liver per qmin, respectively. A
morc detailed analysis of the low-affinity transport
system appcared unfeasible because at higher bile acid
concentrations we could not observe a stzady-state bile
acid upteke and, furthermore, bileflow decreased, The
data do nut fully exclude that uptake at high bile acid
concentrations is not saturable.

Perfusion with HCO; -frec madia revealed slightly
lower values of K and ¥, for the ‘low-affinity’
transport <ystem (compare Fig. 1 and Table 11). In
preliminary experiments we did not observe differences
of intraceilular pH with HCO; -containing and
HCO; -free, Hepes-buffered perfusion (compare Ref.
22), The observed reduction of uptake may therefore
be attributed to the lack of HCO; but othér interfer-
ences of Hepes, e.g. reduced bile flow, cannot be
excluded.

TABLE il
Influence of external pH on cholic acid uptake

Effect of varying perfusate-pH (pH_) on uptake of cholic acid
(nmol/g liver per min). Livers were perfused with concentrations of
cholic acid of 20, 2C and 100 uM at a pH, of 7.0, 7.4, and 7.8. Values
given were determined | min after perfusion had been shifted from
control buffer to bile acid containing medium. Mean values+S.D.,
n = 3. Significance was tested with Student’s r-test,

Cholic acid Cholic acid umal;e_rale

oncn. (kM) SHTTG pH.=74  pH, =178
m 90227 88226  SB6:2R
50 1377:58 1367469 13294
100 277485% 2400452  287453%

* Significantly different from <ach other P < (.1,
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{B) Effects of iransmembrane pH-gradients on transport
of cholic acid

Reduction of extracellular pH (pH,) increased up-
take of cholic 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 acidiftcation may indicare that
tine undissociated bile acid is preferentially accepted by
the transport sysiem or may be suhbject to non-ionic
diffusion, we calculated the relative proportions of
undissociated acid/total concentration for pK values
reported for free solution and in the presence of phos-
photipids [23], respectively. As expected, the relative
concentration of undissociated acid varies within a
wide range between pH 7.0 and 7.8, but this variation
does not correlate with the relatively smalt dependence
of uptake on extraceliular pH. Furthermore, a change
of extraceltatar pH by (.4 units would aiter the trans-
membrane E*- or OH -concentration gradient by a
factor of 2.5 which may indicate that the dependence
of cholic acid uptake on extraceilular pH is not a
simple function of the wransmembrane pH gradient.

Intracellular pH (pH;) was varied by using the
NH,CI pulse technique. As previously shown in iso-
lzted hepaivcyies by mcasurements with ien scieciive
clectrodes 119§ or with the fluorescent intracellular
pH-indicater  2°,7"-biscarboxyeihyl-5(6)-carbosyfluo-
rescein (BCECF) [20] application of NH ,Cl results in
transient increasc of pH; by 0.5 units whercas with-
drawal of NH,CI decreases pH; by 0.5 units below
contrel. pH; then recovers to controi values mainly
through stimulation of Na*/H*-exchange. In the per-
fused liver, the same mancuver resulted in alkaliniza-
tion and acidification of 0.2 and 0.2 pH-units. respee-
tively [24). In order to study the cffecis of pH; on
uptake of cholic acid, livers were continuously perfused
with a bile acid containing medium and aterations of
bile acid uptake and cxcretion were analyzed during
and after a 10 min pulse of 20 mM NH Cl. As shown
in Fig. 2a, intraccllular alkalinization 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 aikalinization
(Figs. 2b and 3) but remained nearly unaffected by
acidification (Fig. 2b). As seen for the variation of
extracellular pH. modification of bile acid transport by
variation of pH; 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 amounts of bile acid had accumulated in
the organ (Fig. 2¢). Inhibition of sinusoidal net uptake
by intraceliuiar acidification could thus result from
stimulation of unidirectional efflux rather than inhibi-
tion of uridirecticnal influx. Furthermore, canalicular
efflux is stimulated during intracellular alkalinization
(Figs. 2b and 3) prubably due to cell membrane hyper-
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Fig. 2. Effects of chunges of intracellular pH on transport of cholic
acid. Transport was measured dur'ng continuous portal supply of
cholic acid at concentrations of 10 (), 20 (o), 30 (x) and 100 (W)
M lower to upper line), pH; was madified by addition of NH Cl to
the perfusate for a 10 min period. Apglication of NH Cl resulted in
intrecellular atkalinization and its witharawal in acidification, Mean
vilues + S0, two or three experiments at each corcentration. (a}
Uptake of violic acid; {b) biliary bile acid secretion; (¢) hepatic bile
wcid content determined by continuous summation of uptake and

seeretion,

polarization caused by an increase of K*-conductance
{sce Fig. 4 and Discussion) [23-27]. Aithough this
could indicate that uptake depends on the rate of
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Fig. 3. Dependence of canalicular bile acid excretion on hepatic bile
acid content, Data are from Figs. 2b and ¢, showing diliary bite acid
secretion as o function of hepatic bile acid content determined 2 min
before (closed circles) and 2 min after intracellular alkalinization
ubtained by application of NH (Cl {open circles). Kinetic parameters
obtained by curve fitting were: K, '(control} 1016 nmol/g liver,
Vinlcontrol) 262 nmol/g liver per min: *K(alkal.) 1625 nmol /g
liver Vi, (alkal.} 501 nmol /g liver per min.
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Fig. 4. Effect of changes of inuaecellular pti on transmembrane
K*-flux. Experimental protocol as wn Fig. 2. Data show that intra-
cellular alkalinization obtained by application of NH,Cl is associated
with a pronounced ceflular release of K* into the perfusate whereas
intraceHular acidification by b uf NH,CI results in protracted
regain of K'. These pattern of changes of K *-flux is comparable to
variations of pH; seen under comparable conditions (compare Ref.
25). Mean values +S.D., n =13,

canalicular extrusion we found no correlation of up-
take rate to total hepatic bile acid content at perfusate
concentrations below 50 pM.

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 amiloride, substances known to
inhibit NaHCGO, symport and Na*/H*-exchange, re-
spectively.

Addition of } mM DIDS during continuous admir-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 uM
cholic acid application of 1 mM DIDS reduced uptake
from 57 to 12 nmoi /g liver per min (single experiment).
Additionally, during continuous application of 100 uM
cholic acid appiication of DIDS actually induced net
bile acid release into the effluent perfusate (Fig. 5a),
an observation suggesting that DIDS cou!d be trans-
poried by the bile acid carrier and that s»take of
DIDS may cause bile acid efflux through transstimula-
tion. In order to test this hypothesis we perfused the
liver for 30 min with 100 uM cholic acid and measured
venous efftux of bile acid during subsequent perfusion
with cholic acid-free medium. After 5 min these bile
acid loaded livers released 31.8 + 1.6 nmol/g liver per
min and subsequent application of 1 mM DIDS stimu-
lated release to 91.7 + 4.2 nmol /g liver per min 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 min),
reduced biliary bile acid concentration (from 39.2 to
347 mM), but augmented bile acid excretion ({from
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108.9 to 204.8 nmol /g liver per min). Thus, application
of DIDS could not be used to further resolve the
mechanism of pH-dependent cholate tran:port but the
observations support the notion that cholate uptake,
also at high concentrations, is carricr-mediated.
Application of 1 mt amiloride caused a gradual
and reversible reductios: of cholic acid uptake (Table
I11). Amiloride also intcnsified the inhibiting effect on
cholic acid uptake produced by intracellular acidifica-
tion through removal of NH ,CL. 2 min after removal of
N°1,CtE at an inflow coreentration of cholic acid of 20
M. the inkibition was 5.5 + 2.1% and 8.5 + 4.8% in
the presence and abserce of amiloride. respectively.
These observations suggest that modification of intra-
cellular pH through inhibition of Na*/H *-exchange
affect cholic acid transpori. At steady-state bile acid
excretion, application of 1 mM amiloride reduced se-
cretion from 53.7 £ 1.9 to 47.1 + 1.4 and from 124.5 +
9.5 to 103.7 1 12.0) nmol /g liver per min at 20 uM and

200

100

Chalic Acid Flux
{nmotes/g liver.min)

Releane

Bile Acid Release
(omoles/g liver.mia)

° 5 10 18

Time (min)
Fig. 5. Effect of DIDS on bile acid transport. (2) Effect of DIDS on
uptake of cliolic acid. Beginning with time zcro livers were continu-
ausly perfused with 100 uM cholic acid and uptake was measured.,
Addition of DIDS (1 mM} jo the perfusate resulted in insiantcreous

" inhibition of uptake and in bile acid release. Uptake recovered upon

removal of DIDS. Mean values £S.D.. n = 2. (b) Effect of D'DS on
sinusoidal bile acid release. Livers were bile acid loaded by perfusion
with 100 1M cholic acid for 30 min. Subsequently (time zero} hepatic
bile acid release into the venous perfusate was measured during bile
acid free perfusion. 5 min after shifting to cholic acid-free perfusion
DIDS (! mM) was added 1o the perfusion medium resulting in
stimulation of bile acid release into the perfusate. Mean values +
SD.n=2
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TABLE It]

Effect of the Na* /H *-exchinge inhibitor amiloride (1 mM) on
steady-state uptake (nmol / g liver per inin) of chelic acid

Value; were determined 2 min after shifting to the amiloride-con-

taining medium. Mean values +5.D., » = 3. Significance was tested
with paired Student’s r-test.

Cholir acid Cholie acid uptake raic

concr. (M) control +1 mM amiloride
20 581439 56.6+44°

50 1232453 Hi4400"

* Jignificantly different from control (P < 0.05).

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

(C) Correlation of cholic acid transpasi with pH regula-
tion and Na* /K *-pumping

Ir previous experiments {30j amiioride had been
shown to cause release of liver cell K*, probably by
inhibiting Na*-influx through Na*/H™-¢xchange and
subsequent reduction of the supply of Na* for the
Na*/K*-pump. Because of this functional correlation
between Na*t/H*-exchaiige and Na* /K *-puriping we
hypothesized that cholic acid nptake may result in
cellular 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 intraceflular
Na*-conccntration, reduce the activity of Na*/H*-ex-
change and thus resuli in intraceliviar acidification and
in inhibition of uptake of cholic acid. To study this
concept, experiments were carricd out to answer the
following questions:

(1) Is the uptake of cholic acid accompamed by
cellular release of OH™?

(2} Has the uptake of cholic acid any effect on
cellular K*-balance and is this effect modified by
amiloride?

(3) Docs 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*-
readmiszicn influence the transport of cholic acid and
is this effect modified by amiloride?

Hepatic release of acid or base equivalents (see
Table 1V) was measured by the porto-caval pH differ-
cnice at low perfusate buffer capacity (3 mM phosphate
buffer). In agreement with previous observations [31),
30 min after the beginning of the perfusion experiment
the liver released 1067 + 169 nmol /g liver per min acid
cquivalents at a stable rate, This raie was changed by
the application of cholic acid: addition at high concen-
trations (100 M) resulted in a transient alkalinization
of the effluent perfusate. After 5 min continuous appli-
cation of cholic acid, base release ceased and subse-

TABLE 1V
Rapid changes of H * /OH ~ -fluxes in isolated perfused rat liver

The pH of the effluent perfusate was continuously monitored using a
pH-scnsitive elecirode. Values (nmol/g liver per min) are calculated
from the buffer capacity and the flow rate of the perfusate and are
given as maximal changes obtained during & 53 min nulee with 100
M cholic acid and upon its removal in the ahsence (n=4) and
presence (n = 3) of 1 mM amiloride, respectively. Mear. values +S.D,
Significance was tested with Student’s 1-test,

H*/OH™ flux
control + 1 riM amiloride
Addition of
cholicacid  78.7+19.0 1228+20.7* H *-uptake
Rzmoval of
cholic acid  117.2+210  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.

t mM amiloride reduced basal acid release by 174.3
+ 42.2 nmol /g liver per min within 2 min. On top of
this changed base-line value, maximal base release
induced by 100 M cholic acid was augmented and no
perfusate acidification was seen after removal of cholic
acid. Thesc observations indicate that cholate 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. Amiloride (1 mM) given alone induced
K*.release (compare Ref. 30) and simultaneous appli-
cation of 50 M cholic acid and 1 mM amiloride
resulted in K*-release at a rate similar to the effect on
of amiloride alone (see Table V).

K*-free perfusion of the liver decreascd vntake of
cholic acid, As shown in Fig. 0, inlubiiion of uptake
became pronounced after the liver had been depleted
by approx. 10 umcl 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

Effect of 50 pM cholic acid and amiloride {1 mM) on transmembrane
K *-flux (nmol / g liver per min)

Values were determined 90 s after perfusion had been shifted from
contral buffer to a medium containing amiloride, the bile acid or
both. Mean values + 8.D., # = 5. Values for | mM amiloride without
bile acid are taken from Ref. 30.

K*-flux
1 mM amiloride - 18618 K *-release
50 M cholic acid +2131+90 K*-uptake
50 £M cholic acid +
+1 mM amiloride -200190 K*-release




control values. In the presence of 50 uM cholic acid

*.depletion for 15 min reduced bile flow (from 2.43
+0.07 to 1.93 + 0.16 mg/ liver per min) and bile acid
secretion (Fig. 6d). K*-readmission resulted in an in-
stantaneous transient stimutation 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 uM 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*-reudmission transiently stimulated bile acid
sceretion, but the recovery of uptake and reactivation
of Na*/K*-ATPase, seen in the absence of amiloride,
was blunted (Figs. 6a—d). 1t should be pointed out that
in ihe intact organ amiloride at a concentration of 1
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 requirement of HCO; and Nz* in cholic

acid transport and for possible iuhibitorv cifect of
sulfate.
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Fig. 6. Effect of K *-depletion and K *-readmission on transmembrane K *-flux (a). K *-content of the liver (b), cholic acid uptake (c) and biliary
bile acid secretion (d) in the ab {open circles) and p {closed circles) of 1 mM amiloride. (a and b) Superimpose.i on a smalf release of
K*, generally encountered in perfusion experiments, application of 50 uM cholic acid (time zer) v¢ lied in a transient gain of K* in the
absence but not in the presence of amiloride. Removal of K* from the perfusase led to a refexs - Wi n* at a rate decreasing with time and
resulted in gradual depletion of intracellular K* (b). Readmission of K* caused instantanec s uptake of K* probably due to both, the
avaitability of external K* for K*-pumping and the rise of intracellular Na*-concentration th:  expected 1o occur during K *-depletion {39],
Note that regain of K* is blunted if amiloride is present. This effect nsay be attributed 1. 4 reduced gain ~f Na* during the phase of
K*-depletion. (¢) After addition of cholic acid, uptake reached a maximum (Ist min) and slowly decreased therewier {cvmpare Table 1).
Simultaneous application of cholic acid and amiloride had no instantancous effect but the decreased uptake rate was acc. ‘erated. K*-free
perfusion resulted in a further decrease of uptake, this inhibition became particularly pronousiced when cell K* was reduced by more than 10
umol/g liver (compare (b)). Readimision of X* led to recovery of uptake, this effect bemg blunted if amnlonde was present. (d) Blhuy bile acid
excretion rises after administration of cholic acid reaching a maximum after 10 min. ion is reduced in the p of babl

due to the d of uptake (c)). Similarly, decreasing rates of sceretic. during K*-depletion in both, romml experiments and during
the presence of amiloride, appear lo result from reduced uptake rates. K*-readmission instantancously increases bile acid secretion. This is
followed hy a second phase of recovery which is not scen in the presence of amiloride. The instantancous increase of excretion is likely duc to
resull from membrane hyperpolarization caused by activation of electrogenic Na* /K *-pumping (compare (a)), whereas the second phase of
recovery appears to result from the gradual increase of uptake. The pattern of changes of hile acid secretion were accompanicd by similar
changes of bile flow rate. Bile flow (mg/g liver per min), measured 2 min before application of cholic acid, 10 min after application, 15 min after
K*-depletion and during maximal stimulation after K *-readmission was 1.09.+0.13, 240+ 0.10, 1.93+0.17, 243+ 0.32 and .93+ 0.21, 1.85+£0.21,

1.17:£0.08, 1.61 £0.03 in the absence and presen-e of amiloride, 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 NH,Cl-
pulse, but recovery of uptake after acidification was
protracted. Effects of K*-removal and K*-readmission
on cholic acid transport were alsu comparable to exper-
iments performed in bicarbonate-containing media,
both in the presence and absence of amiloride (single
experiment each, data not shown). Complete replace-
ment of perfusate Na* by Li* reduced cholic acid
uptake. At 20 uM inflow concentration of cholic acid,
shifting to Na*-free medium resulted in a reduction of
uptake from 55 + 4 to 46.0 + 1.7 nmol /g liver per min.
Earlier observations showed that replacement of Na*
by choline did inhibit uptake [5] whereas replacement
by Li* had only a minor effcct (this study and Ref. 12).
In view of the inhibitory effect of amiloride on cholate
transport, the discrepancy may »e explained by the fact
that replacement of Na* by choline inhibits Na*/H*-
exchange, whereas this transport is insernsitive to rc-
. In this case, apparcnt Na*-de-
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
Cl~ by SO}~ (60 mM) had no significant inhibitory
effect on uptake of cholic acid (20 and 50 uM) and
variations of uptake by the NH_Ci-pulse remained
unaffected. It appears thus unlikely that OH™ /SO~ -
exchange mediates cholate uptake in the intact liver
(compare Ref. 16).

i+
plecement by Li* [32]

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 studies in isolated liver cells or cell membrane
vesicles. These characteristics are set into relation to
fiver cell pH-regulation and K *-homeostasis. Results
include the following: (i) transport kinetics suggest the
existence of more than one transport system, one of
which with high afinity and low capacity that appears
Na*-dependent, the other comporcnt has low affinity
and high capacity and may include a diffusional conl-
ponent; (ii) both, extracellular acidification and intra-
cellelar alkalinization, stimulate cholic acid uptake in
the high concentration range; (iii) interference with
regulatory mechanisms of cell pH affect cholic 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; (v) un-
take of cholic acid is asscciated with celiular release of
OH™ (or uptake of H*). Taken together, these data

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. Support of this hypothesis is ob-
tained through the observations that (vi) application of
amiloride prcvents K*-uptake; (vii) inhibition of
Na*/K*-ATPase reduces upiake of cholic acid and
(vidi} activation of Na*/K*-ATPase stimulates uptake
of cholic acid, an effect that is blunted by amiloride.
Combining thesc 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 diffusion or through cholate ~/OH ~-exchange.
Subscgquently, intracellular acidification would stimu-
late Na*/H*-exchange resulting 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
risc of intracellular Na*-concentration that leads to
reduced activity of Na*/H*-exchangc, intracellular
acidification and inhibition of untake 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.

(1) pH-dependence of cholic acid uptake
pH-dependcnce 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 data suggested that cholate could be a substrate
of the SOj~ /OH -exchanger [16), and, since cholic
acid transport is pH-dependent in lipid membranes,
noii-ionic diffusion could be responsible for pH-depen-
dent transport in liver cell membranes [17]. Our data
confirm the dependencz of cholite uptake on the
transmembrane pH gradient in the intact organ. We
observe transport kinetics that are consistent with two
transport systems operating in paralle]l, whereof the
low affinity, high capacity componen: is pH sensitive.
Uptake at these high concentrations could includc &
diffusional component. In the absence of HCO;, we
obtained lower values for uptake of cholic acid, jer-
haps indicating that HCO; is a component of the
transport system. Uptake of cholic acid at low concen-
tration:; could proceed in part through the Na*-depen-
dent bile acid carrier, presumably identical with a 48
kDa membrane protein recently identiSad [34), This
suggestion is supporte¢ 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. Thase cbservations
make it appear unlikely that uptake of cholate pro-
ceeds through the SOZ~ /OH ~-exchanger in the intact
organ. Although we observe saturability of uptake in
the higher concentration range we cannot exclude
non-ionic diffusion on basis of this obiervation because
apparent saturation could resuit from rapid intra-
cellular accumulation of the bile acid in our system. In
contrast, complete iniibition of uptake by DIDS and
transstimulation of sinusoidal bile acid efflux strongly
arguc against diffusion being a major conponent of
transport but suggest a carrier mediated transport sys-
tem (compare Ref. 17). This notion is supported by ihe
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 cholate up-
take cannot discriminate between these aiternatives,
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.min OH "-release vs. 263.5 + 5.5 nmol /g liver per
min 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-
servations 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*(HCO7),-symport [35,36], arc absent.

Calculated for an intracellular buffering capacity of
34 mM/pH unit [19] and assuming a stoichiometry of
1:1, cholate uptake at a rate of 260 nmol/g liver per
min would result in initial acidification of the bulk
cytosol at a rate of less than 0.02 pH units /min (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 pH{;, amiloride-sensitive K*-uptake
was readily induced. Both these observations suggest
that Na*/H*-exchange is stimulated without substan-
tial changes of bulk pH;. In addition, cholate uptake is
readily inhibited by amiloride before substantial
changes of cytosolic pH are expzcted to occur [20).
This discrepancy between pH-sensitive transport rates
and small changes of bulk cytosolic 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, alteriuiively, sur-
face pH rather than bulk pH 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. Following this line of
arguing, acid extrusion by Na* /H *-¢xchange and sub-
sequent local internal alkalinization and external acid-
ification may also explain the cobs:rvation that the
trans-membrane pH zradient functions as a driving
force for cholate uptake although bulk cytosolic pH is
equal or more acid than perfusate pH (compare Ref.
40). Although these hypotheses may appear attractive,
our data cannot exclude that a more alkaline internal
pH facilitates cholate transport through allosteric ef-
fects rather than being the only direct driving force of
Na*-dependent cholate uptace.

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

As discussed above, cholate uptake appears to result
in stimulatior of Na*/H*-exchange. Na*-influx
through this transaort system or through a parallel
Na*(HCG;), symport [35,36] would result in a rise of
intracellular Na* conceatration (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 resuits in uptake
of K* and cholate ™. 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 extracellular

*-.concentration (compare Refs. 41 and 42). Inhibi-
tion of the pump by K*-depletion resultcd in inhibition
of uptake of cirolate whereas 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 Of! ~- (or H* -transport and driven by the trans-
inembrane pH gradient. The pH gradient is established
by Na*/H *-cxchange which, in turn, derives its energy
from the transmembrane 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 and 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 interesting
correlation is observed between bile acid transport and
intracellular K*-concentration, the causc of which
needs to be elucidated. It is conceivable, however, that
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K* is required at onc ore more individual transport
steps that may include segregation of the bile acid into
pericanalicular transporting vesicles [43].

(3) Caralicular secretion of bile acid during variations of
intracellular pH and of activity of Na* /K *-ATPase

Cholic acid taken up by rat liver cells is mostly
secreted into bile in form of its taurine conjugate. By
thin-layer chromatography we found approx. 9% as
taurochofate (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 cxhibited saturation kinctics 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 {comparc Fig. 2c and Fig,
3.

K*-depletion resulted in inhibition of bile acid se-
cretion despite rising intracellular concentration. Con-
versely, activation of Na*/K*-ATPase by K *-readmis-
sion stimulated bile acid secretion. Furthermore, inira-
cellular alkalinization by the NHj -pulse resulted in
stimulation of bilc acid secrction and application of
amiloride was inhititory. These observations may be
inferpreted in vicw of the fact that the canalicular
membrane potential is x driving force for taurocholate
secretion [45,46). Inhibition of Na*/K*-pump results
in gradual cell depolarization, whcreas activation of the
electrogenic pump causes transicnt membrane hyper-
polarization [42.47]. Furthermore, intracellular atkalin-
ization leads to a rise in membrane K*-conductance
(Ref. 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 coulc be af-
fected that include segregation of bile acids inwo cyto-
plasmatic vesicles and their cxocytosis [43,48].

Application of DIDS led to a substantial increase of
bile flow (compare Rzf, 49). Simultaneous stimulation
of bile acid secretion in these experiments may there-
fore resuit from dilution of the luminal bile acid con-
centration and facilitation of transport due to a de-
creased transm-mbranc 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.

En conclusion, the data indicate that cholate uptake
by rat liver is regulated by the sinusoidal transmem-
brane pH-gradient which is intimately linked to
Na*/H*-exchange and Na*/K*-ATPase activity. The
data support the noticn that canalicular bile acid sccre-
tion is driven by the iniracellular negative electric

potential. Transcellular bile acid transport is thus inte-
grated in the regulation of intracellular pH, of K*-
homeostasis and of the membranc 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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