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Abstract

This study examines the conductive properties of the plasma
membrane of cells isolated from the intrahepatic portion of bile
ducts. Membrane Cl - conductance was measured in single cells
using whole-cell patch clamp recording techniques and in cells
in short-term culture using MCl and 125I efflux. Separate Ca2"-
and cAMP-dependent Cl- currents were identified. Ca2+-de-
pendent Cl- currents showed outward rectification of the
current-voltage relation, time-dependent activation at depolar-
izing potentials, and reversal near the equilibrium potential for
Cl-. lonomycin (2MgM) increased this current from 357±72 pA
to 1,192±414 pA (at +80 mV) in 5:7 cells, and stimulated
efflux of 1251 > MCl in 15:15 studies. Ionomycin-stimulated ef-
flux was inhibited by the Cl- channel blocker 4,4'-diisothio-
cyano-2,2'-stilbene disulfonic acid (DIDS) (150 MM). A sepa-
rate cAMP-activated Cl- current showed linear current-volt-
age relations and no time dependence. Forskolin (10 MM) or
cpt-cAMP (500M,M) increased this current from 189±50 pA to
784±196 pA (at +80 mV) in 11:16 cells, and stimulated efflux
of 36Cl > 125I in 16:16 studies. cAMP-stimulated efflux was
unaffected by DIDS. Because the cAMP-stimulated Cl- con-
ductance resembles that associated with cystic fibrosis trans-
membrane conductance regulator (CFTR), a putative Cl-
channel protein, the presence of CFTR in rat liver was exam-
ined by immunoblot analyses. CF1'R was detected as a 150-
165-kD protein in specimens with increased numbers of duct
cells. Immunoperoxidase staining confirmed localization of
CFIR to bile duct cells but not hepatocytes. These findings
suggest that Ca2+- and cAMP-regulated Cl- channels may par-
ticipate in control of fluid and electrolyte secretion by intrahe-
patic bile duct epithelial cells, and that the cAMP-regulated
conductance is associated with endogenous expression of
CFTR. Abnormal ductular secretion may contribute to the
pathogenesis of cholestatic liver disease in cystic fibrosis. (J.
Clin. Invest. 1993.91:319-328.) Key words: liver * immunohis-
tochemistry * cystic fibrosis - patch clamp - Western blot

Introduction

Bile formation is initiated by hepatic secretion into the canalic-
ular space between hepatocytes. Recent observations indicate
that the volume and composition of bile is subsequently modi-
fied within the lumen of intrahepatic bile ducts as a result of
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primary secretion of fluid and electrolytes ( 1 ). In animal mod-
els, experimental maneuvers which increase the number of bile
duct epithelial (BDE)' cells result in parallel increases in bile
flow (2-6). BDE cells resemble other secretory cells in that
they are polarized with tight junctions and abundant apical
microvilli (7, 8). More recently, evidence for independent regu-
lation of ductular transport by the hormone secretin which
binds to receptors on BDEcells but not hepatocytes has been
presented (6, 9). These observations suggest that biliary secre-
tion contributes importantly to bile formation, but the small
size and intrahepatic location of these cells has limited efforts
to characterize the physiologic mechanisms responsible.

Bile duct epithelial cells represent an important target of
injury in several clinical disorders characterized by cholestasis
including the genetic disease cystic fibrosis ( 10). In cystic fibro-
sis, mutations in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) result in a characteristic defect in
cAMP-dependent regulation of Cl- channels (1 1-14) in lung,
pancreas, and sweat gland ( 14-19). Ca2+-dependent regula-
tion of Cl- channels appears to be unaffected. While hepatic
cholestasis in cystic fibrosis could reflect changes in either he-
patocyte or duct cell function, intracellular Cl - in hepatocytes
appears to be near electrochemical equilibrium suggesting that
transepithelial transport of Cl - is not likely to be the principal
driving force for hepatocellular secretion (20). However, if
BDEcells resemble the duct cells of other tissues, then transepi-
thelial transport of Cl- ions may contribute to biliary secretion,
and abnormalities of channel regulation may contribute to the
clinical expression of cholestasis in CF and other diseases.

In these studies in isolated BDEcells, we have evaluated the
mechanisms responsible for regulation of membrane Cl- trans-
port to determine if BDE cells are similar to established Cl-
secretory epithelia. Cl- currents were measured in individual
cells using whole-cell patch clamp techniques (21 ) and anion
permeability was measured in cells in short-term culture using
isotope efflux techniques (22). These studies demonstrate that
increases in cytosolic Ca2' and cAMPactivate anion permeabil-
ity pathways with distinct properties. In addition, immunoblot
and immunohistochemical analyses indicate the presence of
CFTR in bile duct cells but not hepatocytes (23-26). Thus,
intrahepatic bile duct epithelial cells share many phenotypic
features of established Cl - secretory cells, suggesting that regula-
tion of distinct membrane Cl- channels by Ca2+- and cAMP-
dependent signaling pathways may contribute to fluid and
electrolyte secretion by these cells. Moreover, abnormalities in
Cl- channel regulation could contribute to the cholestatic
manifestations of CFand other primary disorders affecting in-
trahepatic bile ducts.

1. Abbreviations used in this paper: BDE, bile duct epithelial; CFTR,
cystic fibrosis transmembrane conductance regulator; DIDS, 4-4'-
diisothiocyanoto-stilbene-2,2'-disulfonic acid; DPC, diphenylamine-2-
carboxylate.
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Methods

Cell isolation and culture. Epithelial cells were isolated from the intra-
hepatic portion of bile ducts from male Sprague-Dawley rats (200-250
g) 2-6 wk after bile duct ligation as recently described (27). Briefly, the
biliary tree was isolated by collagenase perfusion, minced, and filtered
sequentially through nylon monofilament screens with pore diameters
of 253, 100, 60, and 20 Mm, and centrifuged on Percoll (Sigma Chemi-
cal Co., St. Louis, MO)gradients. Cells were washed, and subjected to a

second Percoll gradient from which viable cells were collected between
a density of 1.065 and 1.075 g/ml. Isolated cells were plated on 35-mm
collagen-coated plates in Leibowitz L-1 5 media supplemented with
10% fetal calf serum, 2%glutamine, and penicillin/streptomycin. Cells
were maintained in a 5% CO2 incubator at 37°C.

Cell viability was routinely evaluated by trypan blue exclusion. Cell
counts were performed on a hemocytometer and confirmed using a

counter (Coulter Corp., Hialeah, FL). Gamma-glutamyl transpepti-
dase (GGT) histochemical staining was performed using a modified
procedure described by Rutenberg (28). Protein concentration was

assayed using the Lowry method with BSAas the standard (29). Mono-
clonal antibodies for CK- 19, which recognize intermediate cytoskeletal
filaments present in bile duct cells but not hepatocytes, were obtained
from ICN Biomedical, Inc. (Costa Mesa, CA).

Detection of CFTR. CFTR immunoreactivity was detected using
alpha-1468, a high affinity antibody raised against a synthetic peptide
corresponding to the COOH-terminal amino acid sequence of CFTR
( 18, 19, 30). Preliminary studies have shown that this antibody recog-
nizes CFTR in rat tissues (31 ) as predicted based on the observation
that the deduced COOH-terminal amino acid sequence of rodent
CFTR is almost identical to the human sequence (32). For immuno-
blot analysis, tissue samples were solubilized in a buffer containing 60
mMTris (pH 6.8), 3% SDS, 1 mMPMSF, 5 mMbenzamidine, 1 mM
EDTA, 5 Mg/iml leupeptin, and 50 mMdithiothreitol. Samples were

adjusted to contain equal amounts of protein (Micro BCA protein
assay kit; Pierce Chemical Co., Rockford, IL) and proteins were re-

solved using 7% polyacrylamide gels and electrophoretically trans-
ferred as described (18). Immunoblots were performed using alpha-
1468 (1:100 final dilution) and immunoreactive proteins were de-
tected by enhanced chemilluminesence (Amersham Corp., Arlington
Heights, IL). Immunoperoxidase staining of liver specimens was per-
formed as described ( 18, 19, 30). Cryosections (4 Mm) were fixed in
acetone for 10 s at room temperature, incubated in PBS containing 5%
goat serum, and then incubated with alpha-1468 in PBS (2-5 ,g/ml
final concentration). Immunoperoxidase staining was performed us-

ing biotinylated goat anti-rabbit IgG ( 1:200) and a Vectastain Elite
ABCkit (Vector Labs, Inc., Burlingame, CA). Specimens were coun-

terstained with modified Harris hematoxylin.
Whole-cell recording. The whole-cell recording technique using

patch clamp methods (21 ) was used to record macroscopic membrane
currents in isolated cells in short-term culture ( 12-30 h) using an am-

plifier (Axopatch IC or ID; Axon Instruments, Burlingame, CA). Im-
mediately before study, media in the culture dish was replaced with the
NaCl-rich electrolyte solution (see below), and cells were viewed at a

magnification of 600 with Hoffman optics using an inverted phase
contrast microscope (Olympus IMT-2). Recording pipettes were made
from Corning 7052 glass, coated with Sylgard (Dow Coming Corp.,
Midland, MI), and had tip resistances of 3-7 megohms when filled
with physiologic saline. Voltage commands and current measurements
were performed using pCLAMPprograms (Axon Instruments), a TL-
125 analogue-digital interface (Axon Instruments), and a Compaq386
computer. Currents were filtered at 1 kHz and sampled at 2 kHz. Re-
cordings were not leak corrected unless otherwise noted. Voltages were

referenced to a bath electrode, and outward membrane currents and
membrane depolarization are shown as positive. For current-voltage
plots, peak currents were measured 350-380 ms after the voltage step
unless otherwise indicated.

Solutions and reagents. The NaCl-rich bath solution contained (in
mM) 140 NaCI, 4 KCI, 2 MgCI2, 1 CaC12, 1 KH2PO4, 10 glucose, and

10 Hepes/NaOH (pH - 7.30). The KCl-rich pipette solution con-
tained 130 KCI, 10 NaCl, 2 MgCl2, 0.1 ATP, 10 Hepes/KOH (pH

- 7.30), and 0.5 CaCl2 and 1 EGTA. The calculated equilibrium po-
tentials for K+ and Cl- are -83 mVand -1 mV, respectively. The
estimated free Ca2+ concentration was - 100 nM (33) which com-
pares to values between 60 and 120 nM measured in cells in culture
using fura-2 (unpublished observations). Low Cl- solutions were ob-
tained by isosmotic substitution with gluconate.

Test reagents were added directly to the bath (vol 1 ml) as 20 .1 of
concentrated test solution. 8-(4-chlorophenylthio)-adenosine 3':5'-
cyclic monophosphate, a membrane-permeant analogue of cAMP, was
obtained from Sigma Chemical Co. (St. Louis, MO), dissolved in bath
solution, and used at a final concentration of 500 MM. Stock solutions
in DMSOof forskolin and ionomycin obtained from Calbiochem
Corp. (La Jolla, CA) were used in final concentrations of 10 MMfor
forskolin and 2 MAMfor ionomycin. DMSOalone in equal concentra-
tions added to the bath had no effect on membrane currents. The C1-
channel blocker diphenylamine-2-carboxylate (DPC) was obtained
from Pfaltz and Bauer Inc. (Waterbury, CT), dissolved in DMSO,and
added to the bath to give a final concentration of 500 MM. 4,4'-
diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS) was obtained
from Sigma Chemical Co. (St. Louis, MO), dissolved in extracellular
buffer, and used in a final concentration of 150 MM. Tetraethyl ammo-
nium chloride was obtained from Sigma Chemical Co., dissolved in
NaCI-rich buffer, and used in final concentrations of 2-4 mM. Results
are presented as mean±SE where n represents the number of cells
studied.

Measurement of isotope efflux. 36C1 and 1251 were obtained from
Amersham Corp. and used to assess regulated anion efflux in cells in
short-term culture in 22-mm wells (22). Experiments were performed
-1 d after plating. Cells were incubated in the NaCl-rich buffer con-

taining 5-10 ,Ci/ml of one or both isotopes as indicated for 60 min.
After loading, cells were washed with isotope-free buffer ( - 2 ml) three
times over 2 min. Subsequently, 1 -ml aliquots of buffer were added and
removed at 30-s intervals. Timed samples of effilux buffer were mea-
sured in a gamma counter for 1251 alone or a scintillation counter
(Beckman Instruments, Carlsbad, CA) using standard correction tech-
niques for 1251I and 36C1. The effects of experimental agents on isotope
efflux were determined by direct addition to the buffer solution during
the test period. lonomycin (2 MuM) was used to increase intracellular
Ca2+, and a cocktail containing forskolin ( 10 MM) and 8-(4-chloro-
phenylthio-cAMP (500 MM) was used to increase intracellular cAMP.
At the end of an experiment, cells were lysed by exposure to 0.1 N
NaOHand the sample counted to determine the amount of isotope
remaining in the cell. Efflux rate at each time point was expressed as a
ratio of counts at that time point divided by the total remaining counts
(22). All studies were performed in triplicate on three or more study
days, and results are presented as mean±SE where n represents the
number of individual culture wells.

Results

Characterization of isolated cells. The properties of isolated
intrahepatic duct cells have recently been described (27). 80-
95% of each preparation consisted of a homogenous popula-
tion of small (9.5±1.6 ,um, n = 50) round cells. These were
readily distinguished from hepatocytes by their size and mor-
phology. Transmission electron microscopy revealed apical
microvilli and a large nucleus with densely staining chromatin
and relatively scant cytoplasm. 91±6% of cells excluded trypan
blue, 93±2% stained positively for gamma-glutamyl transpep-
tidase, and 91+7% stained positively for CK- 19, consistent
with reported characteristics of intrahepatic BDEcells (2-8).
In 20 monolayers assessed after 24 h in culture, 88±6% ex-
cluded trypan blue and 85±4% retained positive staining for
gamma-glutamyl transpeptidase. Viability in cultured cells was
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Figure 1. Whole cell currents. With NaCi-rich
solution in the bath and KCl-rich solution in
the pipette, membrane voltage was held at -40
mVand stepped to test potentials values be-
tween -120 mVand +100 mVin 20 mVin-
crements (inset). Three patterns of current
response were distinguishable. 57% of cells ex-

hibited time-dependent activation of currents
after depolarizing voltage steps and outward

rectification of the current-voltage relation
(A); 31% of cells exhibited small linear current
responses (B); and 12% exhibited inward rec-

tification of the current-voltage relation (C).
Filled circles indicate basal measurements and

. open circles indicate measurements 2 min after
eoo

IV exposure to 4 mMTEA.

unaffected by short-term exposure to low Cl- buffer, ionomy-
cin, DPC, DIDS, or tetraethylammonium chloride as com-

pared to matched plates (measured in triplicate). Most cells
that were trypan blue positive or GGTnegative could be distin-
guished from the predominant population of viable BDEcells
and would not have been selected for patch clamp recording.

Whole cell currents. Isolated cells located near larger cell
clusters were selected for most studies to minimize the contri-
bution of cell-to-cell coupling. After formation of a high resis-
tance seal between the pipette and the cell membrane (typically
5-25 Gohm), brief suction pulses were applied to rupture the
small patch of membrane isolated by the pipette tip. Access to
the cell interior was identified by an abrupt increase in the
capacitance transient which averaged 6.0±3.1 pF (n = 55).
Immediately after cell entry, membrane potential was between
-30 and -50 mV. In most cases, the cell rapidly depolarized as

the pipette solution equilibrated with the cell interior. Voltage
dependence of membrane currents was assessed by applying
hyperpolarizing and depolarizing voltage steps 400 ms in dura-
tion from a holding potential of -40 mV to test potentials
between -120 and +100 mVin 20 mVincrements with 2 s

between steps (inset, Fig. 1). Although cells were morphologi-
cally indistinguishable, three patterns of current response were

detected. Among42 cells, 24 (57%) showed outward rectifica-
tion of the current-voltage relation (Fig. 1 A); 13 (31%)
showed small currents with a linear current-voltage relation
(Fig. 1 B); and 5 (12%) showed inward rectification of the
current-voltage relation (Fig. 1 C). The ionic basis of these
currents was evaluated further.

Outwardly rectifying currents. In the majority (57%) of
cells, voltage steps to values between - 120 mVand 0 mVelic-
ited small inward currents that changed linearly with the test

potential with a chord conductance of 0.73±0.19 nS at -80
mV. Depolarizing voltage steps elicited much larger outward
currents which increased with the magnitude of the test pulse
resulting in outward rectification of the current-voltage rela-
tion with chord conductances of 2.12±0.60 nS at +40 mVand
4.96±1.02 nS at +80 mV(Figs. 1 A and 2). Time-dependent
activation of currents was apparent at potentials above +20
mV. In 14 cells with peak currents above 300 pA at +80 mV,
currents increased from 269±69 pA measured 20 ms after the
voltage step to 542±135 pA measured 320 ms after the voltage
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Figure 2. Cl - dependence of outward membrane currents. The aver-

age current-voltage relation of 14 cells with outwardly rectified
currents measured as peak currents 350-380 ms after the test pulse is
shown. With equal pipette and bath Cl - concentrations, currents re-

versed at -2.3±5.8 mV(filled circles). Lowering bath Cl- by substi-
tution of gluconate decreased outward currents and shifted the rever-

sal potential to +37±5 mV(open circles, n = 4).
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step. Current activation at +80 -mV could be described by a
single exponential with a time constant of 185±28 ms.

While the outward current could result from efflux of K+
ions or influx of Cl ions, several observations suggest that the
contribution of Cl- predominates. First, the reversal potential
for whole cell currents was -2.3±5.8 mV, which agrees well
with the equilibrium potential of -I ImV for Cl- ions. Second,
when bath Cl - concentration was lowered from 150 to 24 mM
by substitution with the impermeant anion gluconate, there
was inhibition of the outward current to 99±35 pA at +80 mV
and the reversal potential shifted to +37±5- mV(n = 4, Fig. 2).
A shift of 47 mVwould be expected for a perfectly Cl - selective
membrane in the absence of any leak conductance. Finally,
exposure to the K+ channel blocker TEA(4 mM)had no effect
on the amplitude of the outward current or reversal potential
(Fig. 1 A, n = 4). By contrast, exposure to the Cl- channel
blocker DPC(500 ,uM) resulted in rapid inhibition currents at
+80 mVby 65±15% (n = 5, Fig. 4).

To further evaluate Cl - selectivity, currents were activated
by applying prepulses to +80 mVor +100 mVand then ana-
lyzed by measuring of instantaneous tail currents when the
voltage was returned to different test potentials as illustrated in
Fig. 3. The reversal potential as determined from the current-
voltage relationship of the tail currents was measured in differ-
ent bath Cl- concentrations. With standard pipette and bath
solutions, tail currents reversed at +2.3±5.1 mV(n = 10) near
the theoretical reversal potential for Cl- (-1 mV). Lowering
bath Cl- to 24 mMcaused a shift in the reversal potential to
+35.7±2.6 mV(n = 4). The dependency of the reversal poten-
tial on bath Cl- concentration (Fig. 3 C) showed a slope of

- 42 mVper log change in Cl- concentration as compared to
the ideal Nerstian slope for a Cl- selective current 58 mV,

confirming that the majority of the outward current is carried
by Cl- ions. Despite the outward rectification of whole cell
currents, the current-voltage relation of tail currents was linear.
A similar relationship has been described for Ca2"-activated
C1- currents in T84 cells ( 14).

Small linear and inwardly rectifying currents. 13:42 (31%)
of cells exhibited small linear currents with peak values < 100
pA (Fig. 2 B). Reversal potentials after equilibration were
more variable and averaged -8.7±10.8 mVwith a range of
-30 mV to +3 mV. The ionic basis of these unstimulated
currents could not be determined due to their small amplitude
and variable reversal potential.

5:42 (12%) of cells showed a markedly different current
pattern where hyperpolarizing voltage steps elicited large in-
ward currents (-380±60 pA at -100 mV) and depolarizing
voltage steps elicited small outward currents (+45±60 pA at
+ 100 mV, Fig. 1 C). Inward currents were maximal immedi-
ately after the voltage step and showed little time dependence.
Although only a limited number of cells were evaluated, sev-
eral observations suggest that the inward current is carried by
K+ ions. First, the reversal potential of whole cell currents was
-62.5±10.4 mV, more negative than in the majority of the
cells studied. Second, in two cells, exposure to the K+ channel
blocker TEA (4 mM)decreased currents at -100 mVby 68%
and 76% (Fig. 1 C). Finally, when currents were activated by a
prepulse to -80 or -100 mVand then analyzed by evaluation
of tail currents at varying test potentials, the reversal potential
of the tail currents averaged -71±5 mV(n = 3). This com-
pares to the theoretical reversal potential of K+ of -83 mV.

Effect of intracellular Ca2` and cAMP. In view of the im-
portant role of intracellular Ca2` and cAMPin the regulation
of certain Cl- channels ( 13, 14, 16, 17, 34, 35), we evaluated
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Figure 3. Analysis of tail currents. After a prepulse to +80 mVfor 0.5 s to activate outward currents, pipette voltage was changed to test potentials
between +40 and -60 mV(inset, A). The currents (A) and corresponding current-voltage relation (B) are shown. With standard solutions tail
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whether maneuvers designed to increase Ca2" or cAMPwould
alter basal currents. Outwardly rectified currents were not de-
tected when cytosolic Ca2" concentration was decreased to
< 10 nM by increasing pipette EGTAto 5 mM(n = 5). In
contrast, exposure to the Ca2+ ionophore ionomycin (2 ,M)
rapidly increased currents in 5:7 (71%) cells from 357±72 pA
to 1,192±414 pA at +80 mV. As shown in Fig. 4, ionomycin-
stimulated currents exhibited time-dependent activation at de-
polarizing potentials and outward rectification. In standard so-
lutions, ionomycin-stimulated currents reversed at -0.6±2.6
mV(n = 5), and tail currents reversed at 0.9± 10.0 mV(n = 3).
In addition, stimulated currents were inhibited 68±15% (n
= 3) by exposure to DPC(500 uM, Fig. 4 A). These features
indicate that the Ca2+ -activated current is carried by Cl- ions
with properties similar to the outwardly rectifying current ob-
served under basal conditions.

Exposure to forskolin (10 AM), which stimulates adenylyl
cyclase (n = 4), or to cpt-cAMP (500 ,uM), a membrane per-
meant analogue of cAMP (n = 12), increased membrane
currents in 11: 16 (69%) cells from 189±50 pA to 784±196 pA
at +80 mV. In contrast to Ca2+-activated currents, in 9:11
responding cells the cAMP-dependent current had linear
current-voltage relations, and there was no apparent time de-
pendence, with full activation at the onset of the test potential
(Fig. 5 A). In these cells both the current-voltage relation and
tail currents reversed near the Cl- equilibrium potential (val-
ues of -3.6±1.6 mV, n = 9, and +3.0±3.4 mV, n = 5, respec-

tively), and currents at +80 mVwere inhibited 74±15% by
DPC(n = 4). In the remaining 2:1 1 responding cells, there was
an increase in outwardly rectifying currents which were present
under basal conditions. In the majority of these studies, seal
integrity was confirmed by withdrawal of the electrode to form
a high resistance excised patch, indicating that the increase in
linear currents was not likely to be related to a change in seal
resistance.

Isotope efflux. Ion substitutions were difficult to perform
on these small cells due to loss of seal resistance. Consequently,
complementary studies were performed in cells in culture to
assess the effects of agonists on efflux of 36C1 and 1251 as markers
for activation of anion permeability (22). Representative re-
sults are shown in Fig. 6.

In the absence of agonists, efflux showed a rapid initial de-
cline during the wash period (not shown) followed by a slower
decrease over the remainder of the experimental period. The
rapid initial loss appears to be caused by depletion of extracel-
lular tracer while the slower decline is due to efflux of 1251 from
a larger intracellular pool (22). Efflux from the slowly declin-
ing compartment could be fitted to a single exponential decay
but there was significant variation among monolayers from
different preparations. Consequently, stimulated efflux rates
were compared to basal values in the same culture well to per-
mit comparison between studies.

In cells loaded with both isotopes, exposure to ionomycin
caused a simultaneous increase in efflux of 36C1 and 1251 in
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Figure 4. Effect of ionomycin on membrane currents. Membrane currents (A) and the current-voltage relation (B) were measured under basal
conditions (top in A, open circles in B), after exposure to ionomycin (middle in A, note change in scale, filled circles in B), and after exposure
to DPC(bottom in A, open triangles in B). Exposure to ionomycin (2 jiM) caused a large increase in outward membrane currents. Stimulated
currents (B) as well as tail currents (inset, C) reversed near the equilibrium potential for Cl - and were inhibited by DPC(500 ,uM). The time
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15:15 plates (P < 0.01 by paired t test for each isotope, Fig. 6
A). When expressed as a percentage of basal efflux, the maxi-
mal increase for 1251 efflux (442±120%) was greater than for
36C1 efflux (122±15%). DIDS (150,gM, n = 5) inhibited iono-
mycin-stimulated efflux by 48±9% for 1251 and 36±8% for 36C1
(P < 0.01 for each isotope). These results were confirmed in a
larger series of studies using 1251 alone, where ionomycin in-
creased 125I efflux in 18:21 (86%, P < 0.001) plates with an
increase to 373±69% of basal levels. The increase was detected
within 30 s and peaked within 1-2 min. In nominally Ca2+-free
media (no added Ca2 , 1 mMEGTA), ionomycin caused a
small but significant increase in 1251 efflux in 9:9 plates (P
< 0.01) to 135±7%, but reexposure to extracellular Ca2+
caused an additional increase to 416±126% (P < 0.01), sug-
gesting that the effects of ionomycin depend, in part, on the
presence of extracellular Ca2+.

In cells loaded with both isotopes, exposure to forskolin
plus cpt-cAMP also caused a simultaneous increase in efflux of
36C1 and 1251 in 16:16 plates (P < 0.02 by paired t test for each
isotope, Fig. 6 B). When expressed as a percentage of basal
efflux, the maximal increase in 1251 efflux (107±39%) was less
than for 36C1 efflux (346±72%). DIDS (150 t,M, n = 5) had no
effect on cAMP-stimulated efflux (increased 1251 by 12±2% and
inhibited 36C1 by 7±3%, NS). In a larger series of studies using
125i alone, exposure to forskolin plus cpt-cAMP increased 1251
efflux in 28:36 plates (78%, P < 0.01) to 152±17%. The peak
response occurred 2-3 min after exposure. These results con-
firm the presence of Ca2+- and cAMP-regulated anion conduc-
tances in a significant portion of isolated cells, suggest that the

permeability of '25I is greater through the Ca2 -activated path-
way as compared with the cAMP-activated pathway, and indi-
cate that 150 ,tM DIDS inhibits Ca2"-activated efflux but not
cAMP-activated efflux.

Immunohistochemical detection of CFTR. The properties
of the cAMP-dependent anion conductance resemble those as-
sociated with expression of CFTR in other cell types (13, 14,
23, 26). To examine whether bile duct epithelial cells contain
CFTR, immunoblot analyses were performed in lysates from
normal rat liver (Fig. 7, lane 1) and from rat liver containing
increased numbers of bile duct epithelial cells (lane 2). Lysates
of the human colonocyte cell line, T84, were used as a positive
control because the properties of CFTRhave been extensively
characterized in this cell line using alpha-1468 (30). Specifi-
cally, the CFTRimmunoblot signal in T84 cells is detected as a
protein of 155-170 kD (lane 3). This signal, which is known to
represent the endogenous form of CFTR in T84 cells (30),
resembles the predominant immunoblot signal detected in ly-
sates of rat liver in which bile duct proliferation has been stimu-
lated by ligation of the bile duct (lane 2). The immunoblot
signal is not detected in normal rat liver (lane 1) and is not
detected in duplicate immunoblots tested without primary an-
tibody (not shown). Thus, the CFTRsignal was markedly in-
creased after bile duct ligation, suggesting that bile duct prolifer-
ation is associated with an increase in detectable CFTR.

Immunocytochemical methods were used to evaluate fur-
ther the occurrence of CFTRin rat liver (Fig. 8). When cryo-
sections of the same liver used for the immunoblot shown in
Fig. 7 were tested with alpha- 1468 (right), CFTRstaining was
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Figure 6. Isotope efflux. In these representative studies, simultaneous
efflux of 36C1 (closed circles) and 125I (open circles) was assessed in
cell monolayers. Exposure to ionomycin (A) or to forskolin plus cpt-
cAMP(B) as described in Methods caused a simultaneous increase
in efflux of both isotopes. The results are summarized as a percentage
of basal efflux rate in C, which demonstrates that when measured in
the same cells, ionomycin causes a greater increase in efflux of '25I
(open bars) as compared to 36C1 (hatched bars); ionomycin-stimu-
lated efflux is inhibited by DIDS; cAMP(to refer to the forskolin
plus cpt-cAMP mixture) causes a greater increase in effilux of 36C1 as

compared to 1251; and cAMP-stimulated efflux is not affected by
DIDS. All points were measured in quadruplicate from a single prep-

aration, and are presented as mean±SE.

present and was localized to smaller ductlike cells. Similar
groups of cells from a near serial section of the same specimen
also stained positively for the bile duct cell marker CK-19
(left). alpha- 1468 staining was specific in that it did not occur
in sections stained either without alpha-1468 or with alpha-
1468 plus competing peptide (not shown).

Discussion

Bile duct epithelia account for only 2% of cells in the liver,
but in man the intrahepatic ductular network is estimated to be

- 2 km in length. This corresponds to a large surface area
where fluid and electrolyte transport could occur (8). Previous
studies have demonstrated that the intrahepatic portion of the
bile duct contributes importantly to bile formation (1, 5-7),
but there is little information regarding the cellular mecha-
nisms responsible. Unlike renal tubular preparations or iso-
lated pancreatic ducts ( 12), micropuncture studies to sample
luminal fluid and measure transmembrane potentials have not
been possible because of the small size and intrahepatic loca-
tion of BDEcells. Consequently we have evaluated the proper-
ties of isolated cells in short-term culture using techniques that
permit measurement of membrane currents in cells too small
for conventional intracellular recording.

The principal findings are that bile duct epithelial cells ex-
hibit both Ca2'- and cAMP-stimulated Cl- currents which
differ in their biophysical properties. The cAMP-stimulated
anion efflux pathway measured in single cells using electrophys-
iologic techniques and in cells in short-term culture using iso-
tope efflux techniques appears similar to that associated with
CFTR, and CFTRis detectable in biliary cells by both immuno-
blot and immunoperoxidase staining. These similarities to es-
tablished Cl- secretory cells suggest that Ca2"- and cAMP-de-
pendent Cl - channels may participate in the control of fluid
and electrolyte transport across the intact biliary epithelium.

Although isolated duct cells were morphologically homoge-
neous, basal currents revealed three distinct patterns with out-
ward rectification of the current-voltage relation in - 57%,
small linear currents in - 3 1%, and inward rectification of the
current-voltage relation in - 12% (Fig. 1). While a contribu-
tion from nonductular cells cannot be eliminated, it seems
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Figure 8. Detection of CFTRin rat bile duct epithelial cells by immunoperoxidase staining with alpha-1468. Cryosections were obtained from a
snap-frozen aliquot of the same liver used in Fig. 7. (A) Staining for the bile duct cell marker CK-19 is positive in cells that form branching
intrahepatic ducts. (B) Staining for CFTRshows localization to similar structures but not hepatocytes. X200.

more likely that these represent populations of ductular cells
which differ in their basal properties. This may reflect different
cellular functions, effects of the isolation procedure, or differ-
ent stages of maturation.

The properties of the outwardly rectified current closely
resemble Ca"2-dependent Cl- currents described in several
Cl- secreting epithelia including rat lacrimal glands (34), the
intestinal T84 cell line ( 13), and airway epithelia ( 14). Out-
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wardly rectified currents were not detected when cytosolic
Ca2+ concentration was decreased to < 10 nM by increasing
pipette EGTA to 5 mM. In contrast, exposure to the Ca2+
ionophore ionomycin rapidly increased currents in 5:7 (71 %)
attempts. Currents reversed near the equilibrium potential for
Cl-, showed time-dependent activation after depolarizing volt-
age steps, and were inhibited by the Cl- channel blocker DPC.
In addition, the reversal potential of tail currents showed a
strong dependence on the concentration of Cl - in the bath
solution (Fig. 3). The observed slope of - 42 mVper log
change in bath Cl - concentration (compared to the ideal Nern-
stian slope of 58 mVfor a Cl- selective membrane) likely un-
derestimates the Cl- selectivity of the responsible channels as
nonselective membrane currents or current leak also contrib-
ute to measured values.

In cells in short-term culture, ionomycin caused a simulta-
neous and DIDS-inhibitable increase in efflux of both 36C1 and
125i, but the increase in 125I efflux was greater when measured in
the same cells. This suggests that the permeability of 1251
through the Ca2+-activated anion efflux pathway is greater
than 36Cl as reported in established Cl-secretory cells ( 14, 22,
34). The effects of ionomycin on 1251I efflux were diminished in
the nominal absence of bath Ca2+, but recovered in the pres-
ence of Ca2 , suggesting that the effects depend in part on
influx of extracellular Ca2+. While ionomycin-stimulated 1251
effilux was transient, lasting only 30-150 s, whole cell currents
in individual cells remained increased for 5 min or more sug-
gesting that the transient nature of the 125I response may be
caused by depletion of intracellular 1251 or other factors and not
transient activation of channels.

Exposure of cells to forskolin or cpt-cAMP increased
currents in 11:16 (69%) attempts, but the biophysical proper-
ties were distinct in that currents were time independent and
generally exhibited linear current-voltage relations. This is simi-
lar to cAMP-activated Cl currents in T84 monolayers ( 13),
airway cells ( 14), and cells expressing exogenous CFTR(23).
cAMP-stimulated currents and tail currents each reversed near
the equilibrium potential for Cl- and were inhibited by DPC.
In view of the difficulties performing ion substitutions in these
cells, patches were subsequently excised after activation of
currents to form high resistance seals to assure that the ob-
served increase in linear currents was not related to loss of seal
resistance. In addition, demonstration of cAMP-stimulable in-
creases in 36CI and 1251 efflux in cultured cells provides strong
support for the electrophysiologic observations. In contrast to
ionomycin-stimulated effilux, cAMP-stimulated effilux was un-
affected by DIDS and appeared to have greater permeability to
36CI as compared to 1251.

Based on these observations, additional studies were per-
formed to determine whether the cAMP-activated anion con-
ductance is associated with endogenous expression of CFTR.
Immunoblot analyses of rat liver detected CFTRas a heteroge-
neous 150-165 kD protein that is most abundant in samples
containing increased numbers of bile duct epithelial cells. Lo-
calization to bile duct cells was confirmed by immunoperoxi-
dase staining which showed that the pattern of CFTRstaining
correlated closely with the pattern of staining seen with the bile
duct cell marker CK- 19. Staining was not detected in hepato-
cytes. In aggregate, these observations suggest that the cAMP-
regulated anion conductance in bile duct cells may be caused
by endogenous expression of CFTR. However, identification
of low conductance Cl - channels with appropriate properties

(23) would be required to establish this point more conclu-
sively. While a separate population of high conductance anion
channels with linear current-voltage relations have been de-
scribed in these cells (27), these do not appear to be regulated
by cytosolic cAMPor Ca2 . Consequently, it seems unlikely
that high conductance anion channels contribute importantly
to the regulated currents observed in these studies.

The presence in bile duct cells of Ca2+- and cAMP-regu-
lated Cl- currents with properties similar to those in estab-
lished Cl- secretory cells suggests that regulated Cl- channels
may contribute to ductular secretion. However, several qualifi-
cations of these studies merit emphasis. First, cell isolation
disrupts epithelial integrity and attempts to induce tight junc-
tion formation in culture have been unsuccessful. Conse-
quently, the contribution and proposed apical location of regu-
lated Cl- currents needs to be confirmed in an intact epithelial
preparation when this becomes available. Second, measure-
ment of whole cell currents is limited by the small size of these
cells and the tendency for seals to deteriorate during superper-
fusion and ion substitution. This may reflect effects on the
membrane of prolonged exposure to the detergent effects of
bile salts or the stringent conditions required for cell isolation.
In these studies, characterization of whole cell recordings was
supported by isotopic and immunologic techniques. However,
the need to characterize and localize the single channels respon-
sible for the Ca2+- and cAMP-activated currents is apparent.

These observations are consistent with recent studies which
support a role for duct cells in bile formation through secretion
of fluid and electrolytes ( 1, 5-7). By analogy with established
Cl - secretory epithelia ( 12-14, 16), activation of Cl - channels
in the apical membrane by Ca2+- and cAMP-dependent signal-
ing pathways would stimulate efflux of Cl- to the lumen and
generate a lumen-negative transepithelial potential favoring
Na+ and water secretion and possibly Cl-/HCO3-exchange
(12, 16, 36). Moreover, abnormal cAMP-dependent regula-
tion of the responsible channels might contribute to the patho-
genesis of cholestatic liver disease in cystic fibrosis ( 10, 1 1, 17)
and other disorders which affect bile duct secretory function.
Identification of the individual channels and regulatory path-
ways which contribute to membrane Cl - transport represents a
potential target for pharmacologic manipulation of ductular
secretion.
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