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Abstract

Although bile acid transport by bile duct epithelial cells, or
cholangiocytes, has been postulated, the details of this pro-
cess remain unclear. Thus, we performed transport studies
with [*H]taurocholate in confluent polarized monolayers of
normal rat cholangiocytes (NRC). We observed unidirec-
tional (i.e., apical to basolateral) Na*-dependent transcellu-
lar transport of [*H]taurocholate. Kinetic studies in purified
vesicles derived from the apical domain of NRC disclosed
saturable Na*-dependent uptake of [*H]taurocholate, with ap-
parent K, and V,,,, values of 20945 uM and 1.23+0.14
nmol/mg/10 s, respectively. Reverse transcriptase PCR (RT-
PCR) using degenerate primers for both the rat liver Na*-
dependent taurocholate-cotransporting polypeptide and rat
ileal apical Na*-dependent bile acid transporter, designated
Ntcp and ASBT, respectively, revealed a 206-bp product in
NRC whose sequence was identical to the ASBT. Northern
blot analysis demonstrated that the size of the ASBT tran-
script was identical in NRC, freshly isolated cholangiocytes,
and terminal ileum. In situ RT-PCR on normal rat liver
showed that the message for ASBT was present only in chol-
angiocytes. Immunoblots using a well-characterized anti-
body for the ASBT demonstrated a 48-kD protein present
only in apical membranes. Indirect immunohistochemistry
revealed apical localization of ASBT in cholangiocytes in nor-
mal rat liver. The data provide direct evidence that conju-
gated bile acids are taken up at the apical domain of cholan-
giocytes via the ASBT, and are consistent with the notion
that cholangiocyte physiology may be directly influenced by
bile acids. (J. Clin. Invest. 1997. 100:2714-2721.) Key words:
biliary epithelia « taurocholate « transport e liver « plasma
membrane vesicles

Introduction

The enterohepatic circulation (EHC)! of bile acids constitutes
an important physiologic component of the digestive system in
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all mammals (1). To achieve vectorial transport of bile acids
against concentration gradients (2), this pathway requires the
coordinated activities of epithelial cells in both the distal small
intestine and liver that express bile acid transporters on their
apical and basolateral membrane domains (2). Recently, an
apical Na*-dependent bile acid transporter, designated ASBT,
was cloned from hamster, human, and rat (3-5) and shown to
be located at the apical domain of epithelial cells lining the il-
eum. In addition, two bile acid transporters have been cloned
from liver (6). The first, the liver Na*-dependent taurocholate-
cotransporting polypeptide, designated Ntcp, is localized selec-
tively on the basolateral (sinusoidal) domain of hepatocytes (7,
8), and is the protein principally responsible for bile acid trans-
port from portal blood into the hepatocyte (6). The second,
the rat liver organic anion transporting polypeptide, is also lo-
cated at the basolateral plasma membrane of hepatocytes, but
is Na*-independent (9). Although biliary epithelia, or cholan-
giocytes, the cells that line the bile ducts inside the liver, are
anatomical components of the EHC, it is unclear to what ex-
tent they participate functionally in bile acid transport. Indeed,
no bile acid transporters have yet been identified definitively
on biliary epithelia.

The cholehepatic shunt hypothesis (10) provides a possible
scenario by which cholangiocytes may participate in the EHC
of bile acids. This pathway was proposed by Hofmann and col-
leagues to explain the hypercholeresis induced by selected un-
conjugated bile acids (10, 11). Based in part on the known
physicochemical properties of bile acids and on physiologic
observations of bile acid transport made in the intestine, the
hypothesis proposes that an unconjugated bile acid anion is
protonated in the canaliculus, absorbed passively into the chol-
angiocyte, and then secreted at the basolateral cholangiocyte
domain (10). From there, the bile acid molecule enters the
periductular capillary plexus and proceeds to the sinusoids to
be reabsorbed by the hepatocyte where it can be resecreted
into bile, promoting additional canalicular bile secretion (10).
While provocative, evidence for this pathway is indirect, and
the molecular mechanisms involved remain unknown. More-
over, since virtually all bile acids in mammalian bile are conju-
gated to taurine or glycine (1), the physiologic relevance of this
pathway in the absence of exogenously administrated bile ac-
ids that resist conjugation remains obscure. Thus, the aim of
the work described here was to begin to investigate directly the

1. Abbreviations used in this paper: ASBT, rat ileal apical Na*-depen-
dent bile acid transporter; BBMV, brush border membrane vesicles;
CK, cytokeratin; EHC, enterohepatic circulation; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; NRC, normal rat cholangio-
cytes; Ntcp, rat liver Na*-dependent taurocholate-cotransporting
polypeptide; RT-PCR, reverse transcriptase PCR; TEER, transepi-
thelial electrical resistance.



transport capacity of cholangiocytes for bile acids using novel
experimental models developed in our laboratory (12-14, and
see reference 17) as an initial effort in exploring a potential
role for bile acids in cholangiocyte physiology.

Methods

Animals. Male Fisher 344 rats (225-250 g) purchased from Harlan
Sprague Dawley Inc. (Indianapolis, IN) were maintained in a temper-
ature-controlled environment (22°C), had free access to water, and
were fed ad libitum.

Materials. [*H]Taurocholate (specific activity 3.47 Ci/mmol) of
> 95% purity by thin-layer chromatography was purchased from Du-
Pont-NEN (Boston, MA), and [a-?P]JUTP (specific activity 800 Ci/
mmol) of > 95% purity by thin-layer chromatography was obtained
from Amersham Corp. (Arlington Heights, IL). All other reagents
were purchased from Sigma Chemical Co. (St. Louis, MO) unless
otherwise indicated.

Transport studies in cultured rat cholangiocytes. Polarized nor-
mal rat cholangiocytes (NRC) in long-term culture (passages 50-61)
were used (14). For transport studies, NRC were grown on rat tail
collagen—coated 0.2-wum ANOPORE filters in tissue culture inserts
(Nunc, Inc., Roskilde, Denmark) containing serum-free cholangio-
cyte growth medium (14) and incubated at 37°C in the presence of
95% 0O, and 5% CO,. Under these conditions, monolayers became
confluent in 72 h, and transepithelial electrical resistance (TEER)
reached 1,000 Q-cm? after 7 d (14). In these experiments, we used the
following incubation buffers: (a) modified HBSS (15), pH 7.4, con-
taining (mM) 0.44 KH,PO,, 0.34 K,HPO,, 4.17 KHCO3;, 1.26 CaCl,,
0.49 MgCl,-6H,0, 0.41 MgSO,-7H,0, 136.9 NaCl, 5.55 glucose, and
10.0 Mops; (b) Na*-free modified HBSS containing the same re-
agents and concentrations as the modified HBSS buffer, with the ex-
ception that NaCl was replaced by tetra-methyl-ammonium chloride
[(CH),N*CI'].

Transport studies were done in triplicate on confluent polarized
NRC monolayers that retained TEER > 1,000 Q-cm? TEER was
monitored, and remained high before, during, and after the transport
studies. Cholangiocyte growth medium was removed from both the
apical and basolateral chambers, and the polarized NRC monolayers
were washed twice with incubation buffer. Subsequently, the culture
inserts were preincubated with incubation buffer for 30 min at 37°C in
the presence of 95% O, and 5% CO,. Then, a mixture of [*H]tauro-
cholate to unlabeled taurocholate (1:150) was added to the apical or
basolateral chambers of the culture inserts, exposing the apical or ba-
solateral domain of NRC, to a final concentration of 200 wM tauro-
cholate. Cultures were incubated at 37°C for 1 h; the apical and baso-
lateral media were then collected. Apical and basolateral media were
then mixed separately with Opti-Fluor cocktail (Packard, Meriden, CT),
and liquid-scintillation counting was performed. The nanomoles of
total taurocholate transported transcellularly in each direction were
calculated, and the results were expressed as nanomoles of taurocho-
late per square centimeter of filter per hour.

Transport studies in apical vesicles derived from NRC. Uptake ex-
periments were performed in triplicate using apical cholangiocyte
plasma membrane vesicles derived from NRC in culture (passages
50-61) and the rapid filtration technique (16). This vesicle prepara-
tion has been characterized extensively by us (17) and is well-suited for
transport studies, since the vesicles are predominately sealed (> 90%)
and right side out (75%) (17). Vesicles (40 pg of total protein per ex-
periment) were resuspended at a final concentration of 2 mg/ml in re-
suspension buffer containing (mM) 300 sucrose, 10 Hepes (pH 7.5),
10 MgSO,, and 0.2 CaCl,. Initially, uptake was measured for various
times of incubation (5 s—1 min) of vesicles with the substrate (i.e., tau-
rocholate). For kinetic analysis, 80 pl of incubation buffer containing
(mM) 125 NaCl or choline chloride, 50 sucrose, 10 Hepes (pH 7.5), 10
MgSO,, 0.2 CaCl,, and a mixture of [*H]taurocholate and increasing
amounts of unlabeled taurocholate to yield a range of final taurocho-

late concentrations (10-250 wM), was added to the vesicles. Uptake
was initiated by vortexing the mixture. After incubation for 10 s at
room temperature, taurocholate uptake was terminated by adding 3.5 ml
ice-cold stop solution containing (mM) 100 NaCl or choline chloride,
100 sucrose, 10 Hepes (pH 7.5), 10 MgSO,, and 0.2 CaCl,. The incu-
bation mixtures were then filtered immediately through a 0.45-pm
HAWEP filter (Millipore Corp., Bedford, MA) presoaked in stop solu-
tion and prefiltered with 1 mM taurocholate using a rapid-sampling
filtration system (Millipore Corp.). The filters were then washed two
times with 3.5 ml ice-cold stop solution, mixed, and dissolved in 10 ml
Ready Solv HP cocktail (Beckman Instruments Inc., Fullerton, CA),
and liquid-scintillation counting was performed. Nonspecific binding
of [*H]taurocholate to the filters was determined by adding the ice-
cold stop solution before the addition of incubation buffer, and the
counts were subtracted from each sample. The Na*-dependent up-
take was defined as uptake in the presence of Na* minus uptake in
the presence of choline. The taurocholate uptake was calculated and
expressed as picomoles of taurocholate per milligram of membrane
vesicle protein per 10 seconds. Using a kinetic program (Enzfitter,
version 1.05; Elsevier-Biosoft, Cambridge, UK), the apparent K, and
Vmax Values of this transport process were calculated.

Organs and freshly isolated/cultured cells. Organs (i.e., terminal
ileum, heart) were removed from normal rats, rinsed twice in ice-cold
buffer A (18), snap-frozen, and stored at —70°C until used for RNA
isolation. Freshly isolated, highly purified hepatocytes and cholangio-
cytes were prepared from normal rat liver as described (18). NRC
were separated from collagen using high-purity collagenase for 45
min at 37°C, washed with Hepes-buffered saline three times, and pel-
leted. The harvested cells were used for preparation of apical and ba-
solateral cholangiocyte plasma membrane vesicles and for RNA ex-
traction.

Reverse transcriptase PCR (RT-PCR). Total cellular RNA was
extracted from freshly isolated, highly purified hepatocytes and from
NRC by the single-step method of Chomezynsky and Sacchi (19). To-
tal cellular RNA was further purified with cesium chloride ultracen-
trifugation, and first-strand cDNA was synthesized using the Super-
Script preamplification system (GIBCO BRL, Gaithersburg, MD).
Degenerate oligonucleotide primers were synthesized based on
published sequences for the rat Ntcp (7) and rat ASBT (5), specifi-
cally, 5'-CAGTTTGG(C/A)ATCATGCC(C/T)CTC-3' (forward) and
5'-(A/G)AG(G/T)GGCATCAT(G/T)CC(A/C)A(A/G)GGC-3' (re-
verse). PCR was performed using the GeneAmp PCR reagent kit and
Amplitag DNA polymerase (Perkin-Elmer Corp., Norwalk, CT) ac-
cording to the vendor’s instructions. The PCR products from each
template (i.e., hepatocytes, NRC) were cloned in the pCR II vector
(Invitrogen Corp., San Diego, CA), designated pCR II-Ntcp and
pCR II-ASBT, respectively, and sequenced (Mayo Molecular Core
Facility, Rochester, MN). Each sequence was compared with those
published for the rat Ntcp (7) and ASBT (5).

Ribonuclease Protection Assays (RPAs). The assays were per-
formed using the RPA II kit (Ambion Inc., Austin, TX) and 10 pg of
total RNA extracted from different rat tissues and from freshly
isolated and cultured cells as described above. Briefly, an antisense
32P-labeled riboprobe was transcribed from the pCR II-ASBT and
pCR II-Ntcp, respectively, using [a-**P]JUTP and T, RNA poly-
merase. The primary RNA transcript from each clone was purified by
excision from a 5% acrylamide/8 M urea denaturing gel and subse-
quently eluted into a solution of 0.5 M ammonium acetate, 1 mM
EDTA, and 0.1% SDS at 37°C. Each antisense riboprobe was hybrid-
ized with total RNA from the different tissues or isolated cells at 45°C
for 12 h. Unhybridized RNA was digested by a mixture of RNase A/T)
(150-200 U/ml). The protected hybrid (206 bp) was resolved in a 5%
acrylamide/8 M urea gel and detected after exposure to x-ray film
(Eastman Kodak Co., Rochester, NY) for 4 h at —70°C. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Ambion Inc.) was
used as a housekeeping gene.

Northern blot analysis. Total cellular RNA was extracted from
terminal ileum, freshly purified cholangiocytes and hepatocytes (18),
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and NRC as described above. Poly(A)" RNA was isolated using an
oligo (dT) cellulose column (Stratagene Inc., La Jolla, CA). Poly(A)*
RNA samples (2 pg) were electrophoresed through a 6% formalde-
hyde/denaturing 1% agarose gel. The RNA was transferred to a
nylon membrane (Hybond; Amersham Corp.), bound to the filter by
ultraviolet cross-linkage, and hybridized at 70°C with the same
32p-labeled cRNA ASBT probe as in the RPA. After hybridiza-
tion, the filters were washed under high-stringency conditions using
2-0.1X SSC containing 0.1% SDS at 70°C, and exposed to x-ray film
(Eastman Kodak Co.) using intensifier screens at —70°C for 7 h.

In situ RT-PCR. Frozen serial sections (4 pm) from normal rat
liver were prepared and applied on silanized glass slides as described
(20, 21). Specific oligonucleotide primers for rat cytokeratin (CK) 19,
a protein expressed in liver only in cholangiocytes, 5'-GCACTGT-
GGCAGAGATAGAGG-3' (forward) and 5'-ACAAGTCAAGG-
GAAGGGCTGG-3' (reverse), and rat ASBT, 5'-ACAACTCTC-
CTTTAGCCC-3' (forward) and 5'-CTTTCTTCTTTTGCCTCC-3'
(reverse) were constructed based on the published sequences (5). In
situ RT-PCR was performed on the serial sections of normal rat liver
using the above primers for CK-19 and ASBT, and 2.5 uM digoxige-
nin-11-dUTP (Boehringer Mannheim Biochemicals, Indianapolis,
IN) as described previously (20).

Preparation of plasma membranes and immunoblotting. lleal brush
border membrane vesicles (BBMV) were prepared as described (22).
Crude, apical, and basolateral plasma membranes were prepared
from NRC as described (17). Hepatocyte crude plasma membranes
were isolated as described (16). Ileal brush border membranes, crude
hepatocyte plasma membranes, as well as crude, apical, and basolat-
eral plasma membranes from NRC were loaded and run on a 10%
polyacrylamide gel; subsequently, the proteins were transferred to ni-
trocellulose (23) (Micron Separations, Inc., Westboro, MA). Immuno-
blots were performed using a well-characterized specific polyclonal
rabbit anti-ASBT carboxy-terminal antipeptide antibody as de-
scribed (5). Immunodetection was carried out using a chemilumines-
cence detection system (ECL; Amersham Corp.). The specificity of the
anti-ASBT antibody was evaluated by stripping and reprobing the
Western blot after preabsorption (37°C for 1 h) of the antibody (3
mg/ml) with the 14—amino acid peptide (2 mg/ml) with which the anti-
ASBT was generated.

Immunohistochemistry. Immunohistochemical localization of the
ASBT gene product was performed as described (24). Briefly, frozen
sections (10 wm) of normal rat terminal ileum or liver were cut, fixed
with 100% acetone for 10 min, and air dried. The sections were
blocked with 5% goat serum and incubated with a 1:50 dilution of the
same primary antibody as in Western blot analysis. Immunodetection
was carried out using a goat anti-rabbit IgG biotinylated antibody
(1:200 dilution) and the Vectastain ABC Kit (Vector Laboratories,
Inc., Burlingame, CA) from the same vendor.

Densitometry. Densitometric analysis was performed using an
imaging densitometer (model SG-700; Bio-Rad Laboratories, Her-
cules, CA).

Statistics. All values were expressed as mean+SEM. Statistical
differences between means were calculated by the Student’s ¢ test,
and results were considered statistically different at P < 0.05.

Results

Transport studies. Initially, we studied the transcellular trans-
port of taurocholate in confluent polarized NRC monolayers.
Fig. 1 shows the transcellular transport of taurocholate when
the apical and basolateral domains of NRC were exposed to
200 wM of taurocholate in the presence or absence of Na* and
cells were harvested at 1 h. As can be seen, the transcellular
transport of taurocholate in NRC is Na* dependent at the api-
cal but not basolateral domain (Fig. 1). Specifically, the trans-
cellular transport of taurocholate (apical to basolateral) was
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Figure 1. Transcellular transport of taurocholate by NRC. The apical
and basolateral domains of NRC were exposed to 200 uM of tauro-
cholate (a mixture of [*H]taurocholate and unlabeled taurocholate)
in the presence and absence of Na* at 37°C. After 1 h, the apical and
basolateral media were collected, and [*H]taurocholate was mea-
sured to determine the total amount of taurocholate that was trans-
cellularly transported. Results are expressed as mean+SEM (n = 3).

decreased by ~ 70% in the absence of Na* (P < 0.01 com-
pared with transcellular transport in the presence of Na*). In
contrast, basolateral to apical transcellular taurocholate trans-
port was minimal and Na* independent (Fig. 1). The concen-
tration of 200 uM of taurocholate was chosen for these studies
since pilot experiments revealed that this concentration was
saturating for uptake by NRC monolayers (data not shown).
To confirm and extend this initial observation and to pro-
vide precise kinetic parameters, we studied taurocholate uptake
by cholangiocyte apical membrane vesicles derived from NRC.
First, we examined the uptake of taurocholate by cholangio-
cyte apical membrane vesicles over time. Fig. 2 A shows that
the Na*-dependent uptake of taurocholate by cholangiocyte
apical vesicles was linear for the first 15 s. To study the kinetic
parameters of this transport process, we performed uptake ex-
periments of taurocholate in cholangiocyte apical membrane
vesicles derived from NRC in the presence and absence of Na*
at initial rates (10 s). As can be seen (Fig. 2 B), in the presence
of Na*, the uptake process displays Michaelis-Menten kinetic
characteristics with saturation at ~ 200 wM. As in the studies
with NRC monolayers, taurocholate uptake was Na" depen-
dent (Fig. 2 B). The apparent K,, and V,,, for taurocholate up-
take by apical vesicles estimated from the transport studies
were 209+45 pM and 1.23+0.14 nmol/mg/10 s, respectively.
Molecular studies. RT-PCR was performed using degener-
ate primers for Ntcp and ASBT and RNA extracted from
highly purified rat hepatocytes and NRC. Single PCR products
of 206 bp were amplified from total RNA of each cell type
(Fig. 3 A). Subsequently, each PCR product was cloned and
sequenced. As expected, the product amplified from the RNA
of isolated hepatocytes was identical to the corresponding por-
tion of Ntcp (7). In contrast, the product amplified from the
RNA of NRC was identical to a putative transmembrane por-
tion of the rat ASBT (nucleotides 5’ 338 — 544 3’) (5). An
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Figure 2. (A) Taurocholate uptake by apical vesicles derived from
NRC over time. Cholangiocyte apical membrane vesicles from NRC
were incubated with incubation buffer containing 10 .M [*H]tauro-
cholate at room temperature in the presence and absence of Na*. The
incubations were terminated at various times (5 s—1 min). Results are
expressed as mean+SEM (n = 3). (B) Taurocholate uptake by apical
vesicles derived from NRC in the presence or absence of Na*. Chol-
angiocyte apical membrane vesicles from NRC were incubated with
incubation buffer containing the indicated concentration of [*H]tau-
rocholate (10-250 wM) at room temperature in the presence or ab-
sence of Na*. The incubation was terminated after 10 s, and the mix-
ture was filtered immediately using the rapid filtration technique.
[*H]Taurocholate was measured to determine the total amount of
taurocholate uptake. Results are expressed as mean*=SEM (n = 3).

overlapping but longer RT-PCR product of 576 bp amplified
from RNA of NRC (primers and data not shown) was also
100% homologous to ASBT (nucleotides 5’ 338 — 914 3") (5).

To verify and extend these observations, specific cRNA
probes were generated for both the ASBT and Ntcp, and
RPAs were performed using total RNA isolated from differ-
ent cells and tissues. As shown in Fig. 3 B, the message for
ASBT was present in ileum and freshly isolated cholangiocytes
but not in heart or freshly isolated hepatocytes. As expected,
the message for Ntcp was present in isolated hepatocytes but
absent in ileum, heart, and cholangiocytes (Fig. 3 B). The mes-

sage for GAPDH, a housekeeping gene, was expressed in all
samples (Fig. 3 B). Furthermore, Northern blot analysis was
performed to determine if the full-length transcript of ASBT
was present in cholangiocytes. Fig. 4 shows that an identical
size transcript (5.0 kb) was detected in terminal ileum (5) (pos-
itive control), NRC, and freshly isolated cholangiocytes. This
message was absent in hepatocytes (Fig. 4). Based on densito-
metric analysis from our Northern blot data, we concluded
that the message of ASBT in NRC was ~ 2.5-fold less com-
pared with freshly isolated cholangiocytes. This finding is not
uncommon in primary cell cultures (i.e., Ntcp in primary cul-
ture) (25).

To determine if cholangiocytes express the message for
ASBT in vivo, in situ RT-PCR was performed on normal rat
liver. Fig. 5 shows results of in situ RT-PCR carried out on se-
rial sections of normal rat liver using specific primers for CK-19,
a well-characterized marker of biliary epithelia, and for ASBT.
As can be seen, cholangiocytes are the only cells in the liver
that stain positively with each probe.

Biochemical studies. To generate additional evidence that
ASBT is expressed in cultured cholangiocytes and to deter-
mine its subcellular location, we performed immunoblots with
a specific antibody to ASBT using protein extracted from vesi-
cles derived from either the apical or basolateral domain of
NRC. Fig. 6 A demonstrates that a 48-kD protein correspond-
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Figure 3. (A) RT-PCR using degenerate primers for Ntcp and ASBT.
Agarose gel (2%) electrophoresis of RT-PCR products using degen-
erate primers for Ntcp and ASBT. Lane 7, molecular weight markers;
lane 2, negative control; lane 3, total RNA from isolated rat hepa-
tocytes; lane 4, total RNA from NRC. For each reaction, 1 pg of
total RNA was used as template. (B) RPAs for ASBT, Ntcp, and
GAPDH. Total RNA (10 ng) was used from each tissue or cell type.
GAPDH was used as a housekeeping gene.
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ing to the ASBT was present in brush border membranes de-
rived from rat ileum, and absent from crude hepatocyte
plasma membranes. A protein of identical molecular mass was
also seen in crude NRC plasma membranes. When NRC crude
plasma membranes were further fractionated into apical and
basolateral domains, the 48-kD protein was present in the api-
cal but not basolateral membranes. In addition, a band of 92 kD
was also present in ileum, crude, and apical cholangiocyte
plasma membrane but was absent in hepatocytes and basolat-
eral plasma membranes (Fig. 6 A). This 92-kD protein appears
to be a dimer of the ASBT, as it has been reported previously
in brush border membranes from ileum (5) and kidney (26).
The specificity of the anti-ASBT antibody is demonstrated in
Fig. 6 B. This illustration shows that both the 48- and 92-kD
bands of ASBT were blocked completely when the anti-ASBT
antibody was preabsorbed with the 14-amino acid peptide.
The nonspecific bands after preabsorption with the peptide
are noted in Fig. 6 B (arrowheads). Densitometric analysis of
the ASBT protein (both 48- and 92-kD) from the immunoblot
revealed that the ileal brush border membranes contained ap-
proximately sevenfold the amount of ASBT protein compared
with apical cholangiocyte plasma membrane derived from
NRC. To verify the localization of the ASBT gene product in
normal rat liver, indirect immunohistochemistry was per-
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Figure 6. Expression of ASBT protein in plasma membranes ob-
tained from NRC. Ileal brush border membranes (5 wg), hepatocyte
crude plasma membranes (70 pg), cholangiocyte crude (70 pg), apical
(70 wg) and basolateral (70 pg) plasma membranes derived from
NRC (CCPM, ACPM, and BCPM, respectively) were subjected to
SDS-PAGE on a 10% polyacrylamide gel. Immunoblotting was per-
formed as described in Methods. (A) The 48- and 92-kD bands that
represent the monomer and homodimer of the ASBT protein, respec-
tively, were present in ileum, cholangiocyte crude, and apical plasma
membranes, but absent from hepatocyte and basolateral plasma
membranes. (B) Preabsorption of the anti-ASBT antibody with the
14—amino acid peptide prevented the expression of both the 48- and
92-kD bands of ASBT protein. Arrowheads, Nonspecific bands.

formed using the same specific antibody as in Western blot.
Fig. 7 shows that the apical domain of cholangiocytes is deco-
rated with the antibody (Fig. 7 D), whereas no staining was ob-
served in the negative control (Fig. 7 C). The apical localization
of the ASBT protein in normal rat bile ducts in liver concurs
with its apical localization in rat terminal ileum (Fig. 7 B).

Discussion

The work described here tests directly the hypothesis that bil-
iary epithelia can transport conjugated bile acids. Our data
demonstrate that (@) transcellular transport of taurocholate in
cultured cholangiocytes is Na* dependent and unidirectional
(i.e., apical to basolateral but not basolateral to apical); (b)

ASBT

Figure 5. Insitu RT-PCR on normal rat liver
using primers for CK-19 and ASBT. Serial
sections of normal rat liver amplified with
specific primers for CK-19, a specific marker
of biliary epithelia, and ASBT (original mag-
nification X400).
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Figure 7. Indirect immunohistochemistry of ASBT in normal rat ter-
minal ileum and liver. (A) Ileum negative control (no primary anti-
body was used, and no staining is observed) (original magnification
X400). (B) Ileum incubated with the primary anti-ASBT peptide an-
tibody. The apical domain of enterocytes is decorated (original mag-
nification X400). (C) Bile duct negative control (no primary antibody
was used, and no staining is demonstrated) (original magnification
X400). (D) Bile duct incubated with the primary anti-ASBT peptide
antibody. The apical domain of cholangiocytes is labeled (original
magnification X400).

taurocholate uptake in apical cholangiocyte vesicles follows
Michaelis-Menten kinetics, is saturable, and is Na* dependent;
(c) message for ASBT is present in cultured and freshly iso-
lated rat cholangiocytes and is expressed in cholangiocytes in
vivo; and (d) ASBT protein is localized in cholangiocytes at
their apical plasma membrane domain. These data are consis-
tent with the notion that cholangiocytes are involved function-
ally in the EHC of bile acids.

The EHC of bile acids involves the coordinated participa-
tion of both enterocytes and hepatocytes (2). The active ab-
sorption of bile acids by the distal ileum was described more
than 30 years ago using everted rat intestinal sacs (27). Subse-
quently, using membrane vesicles derived from rat ileum, it
was shown that bile acid transport involved an Na*-dependent
process located selectively at the apical enterocyte domain (28,
29). Recently, the enterocyte protein responsible for ileal bile
acid transport in the hamster was identified using COS cells in
an expression cloning system (3). In that study, the authors
cloned a molecule whose Na*™ dependence, saturability, sub-
strate specificity (i.e., taurocholate), and tissue distribution (i.e.,
ileum) strongly suggested that it represented the presumed il-
eal Na*-dependent bile acid-transporting protein. Since then,

the human and rat ASBT have also been cloned (4, 5). Inter-
estingly, ASBT is also expressed in the apical domain of the re-
nal tubules of the kidney (26). After ileal absorption of luminal
bile acids via ASBT, bile acids enter the portal blood and are
transported to the liver sinusoids, where hepatocytes effi-
ciently extract them across their basolateral domain. This ac-
tive uptake of bile acids by hepatocytes involves an Ntcp lo-
cated on the sinusoidal (basolateral) hepatocyte membrane
and accounts for the uptake of > 90% of conjugated cholates,
and 75-80% of conjugated chenodeoxy-, deoxy-, and ursode-
oxycholates by hepatocytes (6). In rat, Ntcp and ASBT share
37% amino acid identity (5).

Biliary epithelia (i.e., cholangiocytes) line the intrahepatic
bile ducts and, as such, constitute an anatomical component of
the EHC. Several recent observations are consistent with the
possibility that cholangiocytes also participate functionally in
the EHC of bile acids. First, cholangiocytes possess enzymes
capable of conjugating and metabolizing bile acids (30). Second,
recent experiments in rats have shown that bile acids stimulate
the proliferative and secretory activities of cholangiocytes
(31). Third, other investigators have described Na*-indepen-
dent transport of conjugated fluorescent bile acids at the baso-
lateral domain of cholangiocytes, using polarized intrahepatic
bile duct units isolated from rat liver (32). Thus, while no
transporters have been demonstrated directly on biliary epi-
thelia, several lines of recent evidence, coupled with their ana-
tomical location, are suggestive of the functional involvement
of cholangiocytes in the EHC. This background, as well as the
recent development of novel experimental models to study
cholangiocyte biology, prompted us to address directly the in-
teraction of bile acids with cholangiocytes.

Initially, we performed transport studies on confluent po-
larized monolayers of NRC, a model we had used previously
to study the kinetics of glucose transport (21). These studies
revealed Na*-dependent transcellular transport of taurocho-
late by NRC in a polar fashion (i.e., apical to basolateral but
not basolateral to apical) (Fig. 1). This observation, coupled
with evidence for Na*-independent transport of conjugated
bile acids across the basolateral membrane of intrahepatic bile
duct units (32), suggested the following tentative scenario: (a)
cholangiocytes possess a functional Na*-dependent bile acid
transporter at their apical domain that, given a favorable Na*
gradient, transports bile acids from the ductal lumen into the
cholangiocyte; and (b) the release of bile acids at the basolat-
eral domain of NRC, as we observed here, may be accom-
plished by a basolateral Na*-independent transporter (32), as-
suming it is bidirectional. This scenario is consistent with our
observation that Na*-dependent taurocholate transport in the
apical to basolateral direction is fivefold greater than Na*-
independent taurocholate transport in the basolateral to apical
direction (Fig. 1), at least in noncholestatic conditions.

We used well-characterized vesicles derived from the api-
cal domain of NRC (17) to extend our initial observations and
to examine further the kinetic parameters of this Na*-depen-
dent transport process. We observed that taurocholate uptake
by apical vesicles was linear in the initial 15 s of the uptake
process (Fig. 2 A) and saturable at ~ 200 pM (Fig. 2 B), a
value similar to the value for saturation of taurocholate uptake
noted by others in Caco-2 monolayers (15). Using this model,
the apparent K, and V., values for taurocholate uptake at
initial rates (i.e., 10 s) were 20945 pM and 1.23+0.14 nmol/
mg/10 s, respectively. Comparison of our kinetic data to pub-
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Table I. Comparison of Bile Acid Uptake Studies with Illeal and Kidney BBMV

System K., Vinax* Reference
uM
Apical vesicles (NRC) 209+45 1.23%0.14 nmol/mg/10 s (7.38=0.84 nmol/mg/min) This study
BBMYV (adult rat distal ileum) 125 0.72 nmol/mg/15 s (2.88 nmol/mg/min) 28
BBMYV (21 d, rat distal ileum) 130.6+18.9 10.15%+0.44 nmol/mg/min 22
BBMYV (adult rat distal ileum) 70.1£12.6 13.420.59 nmol/mg/min 22
BBMYV (21 d, rat distal ileum) 7929 19425 pmol/mg/10 s (1.16+0.15 nmol/mg/min) 26
BBMYV (21 d, rat kidney) 70%25 113+19 pmol/mg/10 s (0.67=0.11 nmol/mg/min) 26

*V ax data are provided as reported, and extrapolated to 1 min (in parentheses) to allow ready comparison.

lished studies for bile acid transport in BBMV derived from
distal ileum (22, 28, 26) and kidney (26) is shown in Table I.
Opverall, the kinetic parameters of taurocholate transport by
cholangiocyte apical vesicles are comparable to published data
using BBMV from distal ileum (22, 28).

Having shown that NRC are able to transport taurocholate
at their apical domain by a saturable Na*-dependent process
with kinetic parameters comparable to published data for ASBT,
we initiated experiments to identify unequivocally the putative
bile acid transporter that could account for this uptake. To do
this, we used a variety of molecular techniques which revealed
that both cultured and freshly isolated cholangiocytes possess
the same message for ASBT as the terminal ileum (Fig. 3 B
and Fig. 4) but not for Ntcp (Fig. 3 B). Using in situ RT-PCR,
we showed that cholangiocytes also express the ASBT mes-
sage in vivo (Fig. 5). Our final goal was to determine the do-
main distribution of ASBT in cholangiocytes. Using immunoblot
analysis and a separation scheme for cholangiocyte plasma
membranes developed by us (17), we demonstrated that ASBT
protein is present in the apical but not basolateral plasma
membrane domain of cholangiocytes (Fig. 6 A). Finally, indi-
rect immunohistochemistry in normal rat liver showed apical
localization of the ASBT gene product in cholangiocytes (Fig.
7 D). Previous work in the isolated perfused rat liver provided
evidence for passive luminal uptake of unconjugated bile acids
by biliary epithelia (10). Studies in intact rats using retrograde
intrabiliary injection of radiolabeled bile acids showed absorp-
tion of both unconjugated and, to a lesser degree, conjugated
bile acids by biliary epithelia (33). Our data in cellular and sub-
cellular systems extend these whole-organ and intact animal
studies and provide the first direct evidence that cholangio-
cytes actively transport conjugated bile acids at their apical do-
main via ASBT. Concurrently, Alpini et al. also identified the
expression of ASBT in large cholangiocytes from normal rat
liver (34).

The physiologic relevance of the presence of this trans-
porter in biliary epithelia remains unclear. We suggest that
ASBT in cholangiocytes may serve several different but possi-
bly interrelated physiologic functions. First, its presence may
help to regulate bile formation by both hepatocytes and chol-
angiocytes. For example, it may provide a cholehepatic shunt
pathway for conjugated bile acids (analogous to that proposed
by Hofmann for unconjugated bile acids [10]). Also, it might
promote water absorption in specific segments of the biliary
tree, since bile acid uptake from the ductal lumen would create
inward (absorptive) osmotic gradients. Relevant to this possi-
bility is our previous observation that biliary epithelia (but not
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hepatocytes) (35) express the transmembrane water channel,
aquaporin-1 (36), a protein that permits the rapid movement
of water in response to small osmotic gradients. A second pos-
sible physiologic role for bile acid uptake in ASBT by cholan-
giocytes is to affect cholangiocyte signaling pathways, includ-
ing protein kinase C, Mg?*, and cAMP. Bile acids are known
to activate protein kinase C in hepatocytes (37) and entero-
cytes (38), and to increase cytosolic free Mg" in hepatocytes
(39). More recently, exposure of isolated cholangiocytes to bile
acids has been reported to induce cell proliferation and to in-
crease secretin receptor gene expression and secretin-induced
cAMP response (31). An additional theoretical role for this
carrier protein in biliary epithelia is the transport of xenobiot-
ics into cholangiocytes, leading either to their recycling to
hepatocytes via a cholehepatic shunt pathway and/or to their
further metabolism by biliary epithelia. Given the high sub-
strate specificity of ASBT for bile acids demonstrated in other
systems (3), this possibility may be unlikely.
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