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BASIC-LIVER, PANCREAS, AND BILIARY TRACT

Glibenclamide Stimulates Fluid Secretion in Rodent
Cholangiocytes Through a Cystic Fibrosis Transmembrane
Conductance Regulator-Independent Mechanism
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Background & Aims: Progressive liver disease is a severe
complication of cystic fibrosis, a genetic disease charac-
terized by impaired epithelial adenosine 3’,5’-cyclic mono-
phosphate-dependent secretion caused by mutations in
the cystic fibrosis transmembrane conductance regulator
(CFTR). In the liver, CFTR is expressed in cholangiocytes
and regulates the fluid and electrolyte content of the bile.
Glibenclamide, a sulfonylurea and a known CFTR inhibitor,
paradoxically stimulates cholangiocyte secretion. We stud-
ied the molecular mechanisms underlying this effect and
whether glibenclamide could restore cholangiocyte secre-
tion in cystic fibrosis. Methods: NRC-1 cells, freshly isolated
rat cholangiocytes, isolated rat biliary ducts, and isolated
biliary ducts from CFTR-defective mice (CftrtmiUnc) were
used to study fluid secretion (by video-optical planimetry),
glibenclamide-induced secretion (by high-performance
liquid chromatography in cell culture medium), intracel-
lular pH and intracellular Ca2* concentration transients
[2'7’-bis(2-carboxyethyl)-5,6,carboxyfluorescein-acetoxy-
methylester and Fura-2 f-AM (5-Oxazolecarboxylic acid,
2-(6-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-
(2-(2-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-
methylphenoxy)ethoxy)-2-benzofuranyl)-, (acetyloxy)methyl
ester) microfluorometry], gene expression (by reverse-
transcription polymerase chain reaction), and changes in
membrane capacitance (by patch-clamp experiments).
Results: Stimulation of cholangiocyte secretion by gliben-
clamide and tolbutamide required CI- and was mediated
by the sulfonylurea receptor 2B. Glibenclamide-induced
secretion was blocked by inhibitors of exocytosis (colchi-
cine, wortmannin, LY294002, and N-ethylmaleimide) and
by inhibitors of secretory granule acidification (vanadate,
bafilomycin A1, and niflumic acid) but was Ca2* and de-
polarization independent; membrane capacitance mea-
surements were consistent with stimulation of vesicular
transport and fusion. Glibenclamide, unlike secretin and

forskolin, was able to stimulate secretion in CftrtmiUnc mice,
thus indicating that this secretory mechanism was pre-
served. Conclusions: The ability of glibenclamide to stimu-
late secretion in CFTR-defective mice makes sulfonylureas
a model class of compounds to design drugs useful in the
treatment of cystic fibrosis with liver impairment and pos-
sibly of other cholestatic diseases.

he intrahepatic biliary epithelium extensively mod-
ifies hepatocellular bile by increasing its water con-
tent and HCO; ™~ concentration. Fluidification of bile and
its alkalization are required to meet digestive needs and
to facilitate the flux of bile. This function of the biliary
epithelium is regulated by gastrointestinal hormones and
by paracrine signals that act either through the adenosine
3',5'-cyclic monophosphate (cAMP)/protein kinase A
pathway (secretin) or via Ca’" signaling (purinergic re-
ceptors).t
Ductal cholestasis, ie, reduced fluid and electrolyte
transport by cholangiocytes, is a central step in the
pathogenetic sequence of biliary tree diseases, as exem-
plified by the progressive liver disease associated with
cystic fibrosis (CF), a common genetic defect in which a

Abbreviations used in this paper: BCECF, 2'7’'-bis(2-carboxyethyl)-
5,6,carboxyfluorescein-acetoxymethylester; bp, base pair; CF, cystic
fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator;
Cn, membrane capacitance; DIDS, 4,4'-diisothiocyanato-stilbene-2,2’-
disulfonic acid; DMSO, dimethyl sulfoxide; IBDU, isolated bile duct unit;
Kir, inward rectifier K* channel; MEM, minimal essential medium;
NEM, N-ethylmaleimide; NKCC1, Na-K-2Cl cotransporter isoform 1;
NRC-1, normal rat cholangiocyte cell line; pHi, intracellular pH; RT-PCR,
reverse-transcription polymerase chain reaction; SUR, sulfonylurea re-
ceptor; TEA, tetraethylammonium.
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failure of cAMP-regulated Cl™ transport (CF transmem-
brane conductance regulator; CFTR) causes a secretory
failure in a number of epithelia, including the biliary
tree.>> Recently, it was shown that glibenclamide stim-
ulates bile flow at the level of the bile duct epithelium,*
a result in apparent contradiction to the known inhibi-
tory effects of glibenclamide on CFTR. Progressive pul-
monary disease is the leading cause of death in CF, but as
the life expectancy for these patients is extended through
improved pulmonary, nutritional, and general medical
care, hepatobiliary complications become more frequent
and have a negative effect on survival. As a consequence
of the ductal cholestasis that results from defective bili-
ary C1™ and fluid transport, liver inflammation, cholan-
giocyte damage, and portal fibrosis progressively occur.?
Pharmacological improvement of ductal secretion may
help to reverse this series of events.

Sulfonylureas are widely used in the treatment of
non—insulin-dependent diabetes mellitus (type 2 diabe-
tes) because of their ability to stimulate insulin secretion
from pancreatic B-cells.> In this study, we investigated
the molecular mechanisms that underlie the recently
reported choleretic effects of glibenclamide on the bile
duct epithelium and its possible exploitation in CF. Our
results indicate that in isolated bile duct units (IBDUs),
sulfonylureas stimulate fluid secretion by a mechanism
that is independent of Ca?’" and cAMP signaling but
involves vesicle transport and fusion. The glibenclamide
effect is maintained in cholangiocytes isolated from
CFTR knockout mice. The stimulatory effect of gliben-
clamide on cholangiocyte secretion in cells lacking CFTR
makes this class of compounds an attractive tool to
stimulate fluid secretion in CF liver disease, a prototypic
cholangiopathy present in up to 30% of CF patients that
seriously affects morbidity and mortality.

Materials and Methods
Chemicals and Solutions

Epidermal growth factor, dexamethasone, triiodothyro-
nine, ethylenediaminetetraacetic acid, collagenase IV, collagenase
XI, pronase, hyaluronidase, deoxyribonuclease, forskolin, insulin,
diethylpirocarbonate, glibenclamide, 4,4’-diisothiocyanato-stil-
bene-2,2’-disulfonic acid (DIDS), diazoxide, tolbutamide, tetra-
ethylammonium (TEA), niflumic acid, vanadium oxide, wort-
mannin, LY294002, colchicine, y-lumilcolchicine, TRI Reagent
(Sigma Chemical Company, Milan, Italy), barium-Cl~, adenosine
triphosphate (ATP), diButyryl (dB)-cAMP, bafilomicin Al, and
nocodazole were purchased from Sigma. Culture media, a-mini-
mal essential medium (MEM), Dulbecco’s MEM, Ham’s F12,
fetal bovine serum, MEM nonessential amino acid solution, MEM
vitamin solutions, glyceryl monostearate, chemically defined lipid
concentrate, soybean trypsin inhibitor, penicillin/streptomycin,
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gentamicin, trypsin/ethylenediaminetetraacetic acid, and glu-
tamine were purchased from Gibco (Life Technology, Milano,
Italy). NuSerum and bovine pituitary extract were obtained from
Becton Dickinson (Milan, Italy). Membrane inserts were pur-
chased from Nunc (Mascia Brunelli, Milan, Italy), and Dynabeads
M-450 rat anti-mouse immunoglobulin M was purchased from
Deutsche Dynal GmbH (Hamburg, Germany). 2'7'-Bis(2-car-
(BCECF)
and Fura-2 were purchased from Molecular Probes (Eugene, OR).

boxyethyl)-5,6,carboxyfluorescein-acetoxymethylester

Moloney murine leukemia virus reverse transcriptase was ob-
tained from Perkin Elmer (Milan, Italy), whereas a Qiagen QIA-
quick PCR Purification Kit and Qiagen QIAquick Gel Extraction
Kit were purchased from Qiagen GMBM (Ilden, Germany).
Anti-Tag DNA polymerase antibody was obtained from Clontech
(Milano, Italy). The composition of perfusion buffers used was
essentially as described previously.>¢ In HEPES used to acid load
cells, 20 mmol/L. NH,Cl was substituted for equal amounts of
NaCl. BCECF, Fura-2-AM, glibenclamide, diazoxide, bafilomy-
cin Al, wortmannin, and LY294002 were prepared asa 1 mmol/L
stock solution dissolved in dimethyl sulfoxide (DMSO), whereas
nigericin was solubilized in ethanol.

Glibenclamide Secretion in NRC-1 Cell
Culture and in Isolated and Perfused
Rat Liver

NRC-1 is a well-differentiated normal rat cholangio-
cyte cell line that maintains a polarized distribution of mem-
brane markers and ion transporters and has been extensively
characterized and used.”® Cells were grown as previously
described”? over collagen-coated semipermeable membrane
inserts (Nunc, Mascia-Brunelli, Milano, Italy). Experiments
were performed in cells cultured for 1 week after they reached
confluence and had a transepithelial resistance >1000 {}/cm?
(Millicell-ERS System; Millipore Co, Bedford, MA).” NRC-1
monolayers were exposed to glibenclamide from basolateral
side, and at different times, apical supernatant was collected.

Animals received care according to the principles outlined
in the Guide for the Care and Use of Laboratory Animals (National
Academy Press, 1996, 7th edition), and the following proto-
cols were approved by the University of Padua Institutional
Veterinary Medicine Service. Sprague—Dawley rats were anes-
thetized with pentobarbital (50 mg/kg body weight); proce-
dures for isolated and perfused rat liver and setup were per-
formed as previously described.'® Bile flow was measured
gravimetrically in preweighted tubes, and perfusion pressure
was monitored continuously. Liver viability was ascertained by
monitoring perfusion pressure and oxygen consumption dut-
ing the course of the experiment and by determining trypan
blue distribution on completion.

Glibenclamide and its 2 major metabolites (4-trans- and
3-cis-hydroxyglibenclamide) were measured by high-perfor-
mance liquid chromatography in the bile collected from iso-
lated and perfused rat liver or in the supernatant of NRC-1 cell
line. Gliclazide (0.1-10 wg) was used as an internal standard.
Sulfuric acid 1N was added to bile or to cell overnatant, and,
after the addition of N-hexane/ethyl acetate (3:1, vol/vol), the
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organic phase was dried, dissolved in mobile phase, and in-
jected into a liquid chromatographic system (Agilent Series
1100; Hewlett-Packard, Palo Alto, CA). The analytical col-
umn was a reversed-phase LiChrospher RP-Select B obtained
from Merck (Darmstadt, Germany). Calibration standard sam-
ples were prepared by adding glibenclamide or metabolites to
“blank” bile or, in the case of cell overnatants, to a buffer
solution. Calibration lines of all analytes were linear in the
range investigated: correlation coefficient values (+*) were con-
sistently >0.9834. The mobile phase (low at 1 mL/min)
consisted of a mixture of acetonitrile and water (50:50, vol/vol)
containing sodium dodecylsulfate (0.01 mol/L) and glacial
acetic acid (0.5% vol/vol). The UV detection wavelength was
230 nm.

Intrahepatic Rat Bile Duct Units and
Immunopurified Bile Duct Cells

Rats and mice were anesthetized as described previ-
ously. IBDUs (ie, sealed fragments of isolated bile ductules in
short-term culture that have retained polarity and secrete into
a closed lumen) were prepared and purified as previously
described®!1-12; they were plated for 24 hours over a thin layer
of Matrigel (Collaborative Research Products, Bedford, MA) as
previously described.®!'2  Immunomagnetic isolation of
cholangiocytes was performed as previously described!® by
using the OC-2 primary antibody (1:1000; a kind gift of Dr D.
Hixson, Brown University, Providence, RI). Histochemical
assays for y-glutamyltranspeptidase indicated purity values of
>95% in all cholangiocyte preparations used. Viability was
evaluated by trypan blue exclusion.

Assessment of Ductular Secretion in
Intrahepatic Rat Bile Duct Units by
Video-optical Planimetry

Expansion of the IBDU lumen over time was quanti-
fied by video-optical planimetry as a measure of the ductular
secretion rate, as previously described.®!!-12 After a S-minute
baseline period, IBDUs were exposed to glibenclamide (100
pmol/L), to tolbutamide (100 pwmol/L), or to glibenclamide
and different inhibitors; the luminal area was then measured
every 5 minutes for up to 30 minutes. Serial images of the
IBDU were acquired by a JVC TKC 1380 video camera
(Galileo Siscam, Firenze, Italy); luminal areas were determined
from the recorded images by using an image processor (Arkon;
Nikon; Firenze, Italy).

Measurement of Na-K-2Cl Cotransporter
Isoform 1 Activity

The effects of glibenclamide on the activity of the
Nat/K*/2Cl~ cotransporter was assessed by measuring the
recovery of intracellular pH (pHi) from NH,Cl™-induced al-
kalinization by using the cell-permeant fluorescent pHi indi-
cator BCECF/AM (12 pmol/L). BCECF loading procedures of
IBDU, the microscopic setup, and the measurement and cal-
ibration procedures have already been described.!'® Acid and
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base fluxes were calculated by using cellular intrinsic and total
buffering powers (3; and B, respectively), values previously
measured.®!! The rates of pHi changes (dpHi/dt) were calcu-
lated as previously described.®!! The effects of glibenclamide
on Na*t/K*/2Cl™ activity were assessed by measuring the rate
of pHi recovery from an alkaline load induced by 20 mmol/L
NH,"Cl™.%'> The Na*/K*/2Cl~ cotransporter can transport
NH,* in stoichiometrical substitution of K*. When cells are
exposed to NH,CI, NHj; enters the cells by nonionic diffusion
and leads to cytoplasmatic alkalinization. The subsequent cel-
lular uptake of NH," by Na-K-2Cl cotransporter isoform 1
(NKCC1) causes pHi acidification, and NKCC1 activity can
be measured from the initial phase of the acidification slope.%!>

Measurement of Intracellular Ca2*

Intracellular Ca?* transients were measured by using
Fura-2-AM. IBDUs were loaded in tissue culture medium for
20-30 minutes at room temperature with Fura-2-AM (5
pmol/L). Coverslips with dye-loaded cells were mounted into
a heated metal flow-through perfusion chamber, placed on the
stage of an inverted Olympus IX 70 microscope (Milano,
Italy), and perfused by gravity feed at 1.5-2 mL/min. After a
3-minute baseline period, cells were exposed to glibenclamide
(100 wmol/L) for 10 minutes, and at the end of the experi-
ment, ATP (10 pwmol/L) was used as an internal control.
Emitted fluorescence was measured in response to alternate
pulses of excitation light (10 milliseconds long) at 340 and
380 nm. The emitted fluorescence (510 nm) was focused on a
photomultiplier tube, amplified, digitally converted, and an-
alyzed with Till Vision software (Till Photonics, Martinsried,
Germany). Images of the IBDU were acquired by a charge-
coupled device camera. The ratio of emitted light from the 2
excitation wavelengths (340 and 380 nm) of Fura-2 provides a
measure of ionized cytoplasmic [Ca’*}.1¢

Sulfonylurea Receptor, Inward Rectifier K*
Channel 6.x, and chloride channels (CLC)-3
Gene Expression

Sulfonylurea receptor (SUR) and inward rectifier K*
channel (Kir) 6.x isoforms and chloride channels (CLC)-3 gene
expression were assessed by reverse-transcription polymerase chain
reaction (RT-PCR). SUR1 messenger RNA (mRNA) was de-
tected by using the primers 5'-GCAGCCGAGAGCGAGGAA-
GATGA-3" and 5'-ACAGCCAGGGCGGAGACACAGAGT-
3', which amplified a 539—base pair (bp) fragment. SUR2
mRNA was amplified by using the primers 5'- CGCGGCGGT-
CATCGTGCTC-3" and 5’-CGCCGCGCCTGCTCGTAGTT-
3', which amplified a 603-bp fragment. SUR2AB mRNA was
detected by wusing the primers 5'-GACAGCCTTTGCG-
GATCG-3' and 5'-GCATCGAGACACAGGTGCTG-3', which
amplified a 387-bp fragment for SUR2A and a 211-bp fragment
for SUR2B. CLC-3 mRNA was detected by using the primers
5'-GCGAGAAAAGTGTAAGGAC-3" and 5'-TCAAAGC-
CCAAAAGATGTA-3’, which amplified a 377-bp fragment; Kir
6.1 mRNA was detected by using the primers 5'-TTCTGCG-
TTTCTCTTCTCCATCG-3" and 5'-GGGGCTACGCTTAT-
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CAATCACAT-3’, which amplified a 445-bp fragment. Kir 6.2
mRNA was detected by using the primers 5'-GGAGAG-
GAGGGCCCGCTTCGTGTC-3" and 5'-GGCGCTAATGAT-
CATGCTTTTTCGGAGGTC-3', which amplified a 553-bp
fragment; 28S mRNA was detected by using the primers 5'-
AGAAGGGCAAAAGCTCGCTT-3" and 5'-AGCAGGAT-
TACCATGGCAAC-3', which amplified a 288-bp fragment. To-
tal RNA was isolated from OC-2 using the TRI Reagent solution
(Sigma), according to the manufacturer’s instructions. One mi-
crogram of total RNA was reverse-transcribed with Moloney
murine leukemia virus reverse transcriptase (2.5 U/pL). PCR was
performed in a termalcycler M. J. Research (M-Medical, Firenze,
Italy) with AmpliTaq Gold polymerase and 1X GeneAmp buffer
(Applied Biosystems Inc, Foster City, CA). PCR was initiated by
hot start, followed by 40 cycles of 94°C for 1 minute, 50°C-74°C
for 1 minute, and 72°C for 1 minute and by a final extension at
72°C for 10 minutes. Contamination by genomic DNA was ruled
out by running samples without a previous RT-PCR phase.
Preliminary kinetic analysis was performed to position amplifica-
tion cycles on the exponential phase of the reaction. Amplification
products were electrophoresed on 7% acrylamide gel, visualized
by ethidium bromide, and then silver-stained. Purified PCR
products were sequenced on an ABI 373A Stretch automated
sequencer (Perkin-Elmer, Milan, Italy) to verify the identity.

Patch-Clamp Experiments

Immunopurified cholangiocytes were identified with a
Nikon Eclipse EGOOFN microscope by visualizing antibody-
coated magnetic beads (4.5 wm) bound to the cell-surface
antigens. The cells were whole-cell voltage-clamped with an
Axopatch 200B amplifier and Digidata 1320A board (Axon
Instruments, Union City, CA) by using solutions modified
from Barg et al.!” Extracellular medium contained (mmol/L)
NaCl 138, KCl 5, MgCl, 1.2, CaCl, 2.6, and HEPES 5. The
pH was adjusted to 7.4 with NaOH, and osmolarity was
adjusted to 310 mOsm with D-glucose. Pipette solution con-
tained (mmol/L) K*-gluconate 125, KCI 10, NaCl 10, MgCl,
1, HEPES 5, ethylene glycol-bis(3-aminoethyl ether)-
N,N,N’ ,N'-tetraacetic acid 10, CaCl, 5 (170 nmol/L free Ca?"),
and Mg-ATP 3; pH was adjusted to 7.15 with KOH. The
solution had an osmolarity of approximately 310 mOsm.
DMSO was used to dissolve tolbutamide and nocodazole before
their addition into the pipette solution. y-Lumicolchicine was
prepared in chloroform. The final concentration of DMSO and
chloroform in pipette solutions was 0.1%. Some cells were
pretreated with colchicine (50 pmol/L), y-lumicolchicine (50
pmol/L), and nocodazole (10 pmol/L) in extracellular medium
for 30, 30, and 60 minutes, respectively.

Membrane capacitance (C,,) measurements were begun im-
mediately after the establishment of a whole-cell recording
condition. Holding potentials of —40 and —80 mV did not
provide stable recordings, and it proved difficult to hold the
cells for the required prolonged recording periods. Conse-
quently, cells were typically held at 0 mV during C,, mea-
surements. The initial pipette resistance was 4-7 M().
Gigohm seals were obtained (1.5-3.5 G{1), and stray capaci-
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tance was compensated before the rupture of the cell mem-
brane. Uncompensated series resistances ranged from 10 to 30
M() and remained uncompensated, because the capacitance
measurement algorithm is sensitive to introduced system lag.
Corrections for series resistance were subsequently made off-
line. Capacitance was tracked (every 150 milliseconds) with a
high-resolution dual sinusoidal (10-mV peak at both 390.6
and 781.2 Hz) stimulus paradigm.'®!? Simultaneously, mem-
brane resistance, series resistance, and holding current were
recorded. Transient analysis measurements with 10-mV steps
were confirmatory. During our measurements, we were careful
to record from isolated single cells because cell groups could
have been coupled by gap junctions. It is well known that
recordings from single cells in a group of coupled cells present
an inflated syncytial capacitance, which could be voltage de-
pendent.?® Another reason for avoiding coupled cell groups is
that the use of standard single- and dual-sine measurement
approaches is invalidated by a model other than a single
resistance-capacitance compartment.!?

For a subset of cells, current voltage relations were investi-
gated with a voltage step series (—100 to +40 or 50 mV;
200-millisecond step duration; holding potential of —60 mV)
that was delivered to cells near the beginning and several times
during the continuous monitoring of C,,. Current voltage (I-V)
plots were derived from the last 50 milliseconds of current
response. C,, recordings were made until C,, stabilized; typical
durations ranged from 10 to 20 minutes. Statistical compari-
sons were made at steady state. A 4-pole Bessel filter at 10 kHz
was used. All data acquisition and analyses were performed
with the Windows-based voltage clamp software jClamp (Sci-
Soft, New Haven, CT). Digital photos were captured with
jClamp.

Cystic Fibrosis Transmembrane
Conductance Regulator Knockout Mice

Congenic B6.129P2-Cftr'™1Urc mice, which possess the
S489X mutation that blocks transcription of CFTR,?! were
used. Heterozygous breeding pairs were obtained from Jackson
Laboratories (Bar Harbor, ME) and then bred in our animal
facility. Genotypes for each mouse were determined by PCR
with DNA isolated from tail clips by following Jackson Lab-
oratories’ instructions. Mice were maintained on a liquid ele-
mental diet (Peptamen; Nestle, Milan, Italy) to prevent the
intestinal obstruction associated with the CFTR mutation.
Wild-type mice received regular solid mouse chow.?! Auto-
claved tap water in bottles with sipper tubes was provided ad
libitum. Mice selected for the experiments reported here were
7 to 8 weeks old without obvious signs of disease or discomfort
(average weight, 18 = 2.3 g for CFTR ™/~ and 22 * 1.7 g for
their normal (CFTR*'* and CFTR*'") littermates. For exper-
iments with isolated perfused mouse liver, animals were anes-
thetized with pentobarbital sodium (50 mg/kg body weight).
The abdomen was opened, and the gallbladder was cannulated
after distal ligation of the common bile duct.?? The liver was
perfused in situ at 5 mL/min with oxygenated HCO; -con-
taining Ringer buffer and maintained at 37°C. Bile sampling
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was started after a stabilizing period of 10 minutes after
cannulation. Bile flow was determined gravimetrically, assum-
ing a density of 1 g/mL for bile.

Statistical Analysis

Results are shown as mean * SD. Statistical compar-
isons were made with Student 7 tests or analysis of variance,
with Tukey post hoc tests where appropriate. GraphPad soft-
ware (Biosoft, Cambridge, UK) was used; P values <.05 were
considered significant.
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Table 1. Luminal Area Expansion (Percentage With Respect
to Baseline) in IBDUs

Changes
Variable (30 min) n P
Controls (KRB) 21 +9 56

Controls (HEPES) 21 +11 30

Glib (KRB) 49 + 13 145 <.001 vs control
DIDS + glib 24 + 8 9 <.005 vs glib
Glibenclamide (HEPES) 49 + 18 26 <.001 vs control
Tolbutamide 41 +9 20 <.001 vs control
Diazoxide + glib 306 24 <.005 vs glib
Colchicine + glib 24 £ 5 24 <.001 vs glib
vy-Lumilcolchicine + glib 47 =7 31 NS vs glib
Wortmannin + glib 21 +9 22 <.001 vs glib
LY294002 + glib 19+7 13 <.001 vs glib
NEM + glib 17+ 7 11 <.01 vs glib
Barium 19 =13 12 NS vs control
Tea 22 £9 32 NS vs control
Bafilomycin + glib 17+ 6 8 <.01 vs glib
Vanadate + glib 29+ 6 20 <.01 vs glib
Niflumic acid 16 =5 13 <.001 vs glib

KRB; HCO3™~ containing Ringer buffer; NS; not significant; glib, gliben-
clamide.

Results

Glibenclamide-Induced Fluid Secretion in
Isolated Bile Duct Units

Cholangiocyte secretion was measured, as previ-
ously described,* from the change in luminal area in-
duced by exposure of rat intrahepatic bile duct units to
glibenclamide (Figure 1A and Table 1). Administration
of glibenclamide induced a dose-dependent (0.1-100
pemol/L) increase in luminal area with respect to controls.
The increase in luminal area was 16% * 7% (P < .05)
at 1 pmol/L and reached the maximal effect at 100
pmol/L: 45% * 20% (expressed as percentage increase
with respect to baseline after 30 minutes; P < .01,

Figure 1. Sulfonylureas-stimulated secretion in IBDUs is dose depen-
dent, HCO3~ independent, and Cl~ dependent. (A) IBDUs were exam-
ined under control conditions for 10 minutes and then for an addi-
tional 30 minutes after the administration of glibenclamide or
tolbutamide (arrow). Both sulfonylureas induced a significant (P <
.001) increase in the luminal area. (B) Glibenclamide stimulates
secretion in IBDUs in a dose-dependent manner. Columns represent
the percentage of luminal area expansion with respect to baseline
after 30 minutes of glibenclamide administration (mean = SD). *P <
.05 and **P < .01 vs controls. (C) Perfusion with HCO3; -free buffer
(HEPES) did not affect the increase in luminal area induced by glib-
enclamide, which is inhibited by the CI~ transporter inhibitor DIDS.
Diazoxide inhibits the choleretic effect of glibenclamide. Columns
represent the percentage of luminal area expansion with respect to
baseline after 30 minutes of glibenclamide administration (mean =
SD). *P < .001 vs controls; ®P < .05 vs glibenclamide. KRB, HCO3™-
containing Ringer buffer; Gl, glibenclamide.
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Figure 2. Glibenclamide-stimulated secretion in IBDUs does not in-
volve stimulation of the Na*-K™-2CI~ cotransporter. (A) Na*/K*/2CI~
activity was measured by using the NH4CI~ (20 mmol/L) pulse tech-
niquels (which exploits the ability of NKCC1 to transport NH4*t in
stoichiometrical substitution of K*) from the initial rate of acidification
(120 seconds) (2) after the NHz-induced alkalinization (1); rapid acid-
ification occurred after NH4Cl withdrawal (3). (B) The graph bars show
the transmembrane H* fluxes (JH*) calculated as 8pHi/3dt X B; (in-
trinsic buffering power) at pH 7.5. Columns represent the mean = SD.
*P < .01 vs controls. N.S., not significant.

Figure 1B). Glibenclamide-induced choleresis was Cl~
dependent: it was blocked by bumetanide,* an NKCC1
inhibitor, and by DIDS (0.5 mmol/L), a general inhibitor
of Cl -dependent transport (Table 1). Omission of
HCO;™ from the perfusate (HEPES buffer), conversely,
did not inhibit glibenclamide choleresis (Figure 1C and
Table 1), thus indicating that, in contrast to secretory
events that depend on cAMP or Ca’* signaling,>2?
HCO;™ transport is likely not involved in glibenclamide
choleresis. Contrary to a previous hypothesis based on
bumetanide inhibition,* direct measurement of NKCC1
activity (Figure 2) showed that glibenclamide did not
stimulate NKCC1; on the other hand, forskolin (10
pmol/L) administration induced the expected stimula-
tory effect. NKCCI1 activity was as follows: transmem-
brane H* fluxes (Ju+) = 1.08 * 0.26
mmol - L™! - min™!, pH/dt = 0.08 * 0.01/min (pH
7.5; n = 7) in controls; Jyy = 2.5 £ 0.88
mmol - L' - min~!, 8pH/8t = 0.171 % 0.06/min (pH
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7.5; n = 12) in IBDU treated with forskolin (10 pmol/
L);and Jy+ = 1.15 = 0.23 mmol - L™! - min™!, 8pH/dt
= 0.074 £ 0.01/min (pH 7.5; n =8; not significant vs
controls) in IBDU treated with glibenclamide.

Glibenclamide Is Not Secreted
by Cholangiocytes

Many drugs induce osmotic bile secretion after
their active transport and concentration into the bile.
Therefore, we measured the concentration of gliben-
clamide and of its metabolites 3-cis-hydroxygliben-
clamide and 4-frans-hydroxygliburide in the bile col-
lected from isolated rat livers perfused with 100 pmol/L
glibenclamide for 30 minutes and compared it with the
concentrations found in the apical overnatant of rat
cholangiocyte monolayers after the administration of 100
pmol/L glibenclamide from the basolateral side. The
glibenclamide concentration in bile collected from iso-
lated rat livers was 127 = 21 pmol/L (n = 4), whereas
that of its metabolites 3-cis-hydroxygliburide and
4-trans-hydroxygliburide was 490 * 113 pmol/L and
311 = 86 pmol/L, respectively. Conversely, after baso-
lateral administration of glibenclamide (100 pmol/L) to
polarized NRC-1 cholangiocyte monolayers, no metabo-
lites were detected in the apical medium, and the glib-
enclamide concentration linearly increased, reaching only
32.5 wmol/L after a 2-hour incubation (data not shown).
This is consistent with diffusion rather than active trans-
port by cholangiocytes. Thus, an osmotic effect by glib-
enclamide and its metabolites may only partially account
for stimulation of hepatocellular bile flow in the isolated
perfused rat liver, but not for the secretory effects in-
duced by glibenclamide in isolated cholangiocyte units
that are not capable of secreting glibenclamide or its
metabolites into the lumen.

Stimulation of Ductal Choleresis Is a
Property of Sulfonylurea Compounds and Is
Mediated by Interaction With Cholangiocyte
Sulfonylurea Receptor 2B

Similarly to glibenclamide, the administration of
another sulfonylurea, tolbutamide (100 wmol/L), was
able to stimulate fluid secretion in IBDUs (Figure 1A
and Table 1). Preincubation with diazoxide (100 pmol/
L), a classic SUR inhibitor, inhibited glibenclamide-
stimulated secretion (Figure 1C and Table 1), consistent
with the functional involvement of the SUR. Indeed,
RT-PCR of mRNA extracted from immunopurified
cholangiocytes revealed gene expression of SUR2B, the
most widely expressed SUR isoform (Figure 3A), and of
Kir 6.1 (Figure 3B), a protein belonging to a family of
K" orp channels associated with SUR.
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Figure 3. Gene expression of the SUR2B receptor, of the Kir 6.1 K*ap channel, and of the CLC-3 CI~ channel in IBDUs and in immunopurified
rat cholangiocytes (OC-2). (A) SUR2AB primers were designed to cross the 177-bp insert in the SUR2A DNA sequence that gives rise to alternative
spliced SUR2 variants (the primer pairs should generate PCR fragments of 211 bp for rSUR2B and 387 bp for rSUR2A. In the heart (control
tissue), both SUR2 variants are expressed, whereas in IBDUs and OC-2 only the SUR 2B variant is expressed; the ribosomal fraction 28S was
used as a housekeeping gene. (B) Kir 6.1, but not Kir 6.2 (data not shown), isoform PCR products are present in IBDUs and OC-2 cells. (C) The
CLC-3 CI~ channel is expressed in IBDUs and OC-2 cells; kidney tissue was used as a positive control.

Stimulation of Ductal Choleresis in
Cholangiocytes Is Independent From
Depolarization and Stimulation of Ca2*
Transients

In B-cells, sulfonylureas trigger insulin secretion
by stimulating exocytotic events. Therefore, we tested
the effects of several agents known to inhibit vesicular
transport in the liver?=2¢ on glibenclamide-mediated
choleresis: the microtubule-disrupting agent colchicine
(50 pmol/L; but not the inactive analogue <y-lumicol-
chicine), 2 phosphoinositol-3’ kinase inhibitors (wort-
mannin 100 nmol/L and LY294002 50 pmol/L), and
N-ethylmaleimide (NEM; 1 mmol/L; an inhibitor of
Soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins required to permit
vesicles to fuse with plasma membrane). All significantly
inhibited glibenclamide-induced secretion in IBDUs
(Figure 4A and Table 1). Taken together, these results
indicate that glibenclamide stimulates vesicle exocytosis
in cholangiocytes.

In pancreatic B-cells, the binding of glibenclamide to
SUR inhibits the function of K srp channels. The re-
sulting cell depolarization causes Ca’* influx through
L-type Ca?*
[Ca?™} stimulates exocytosis of insulin. However, in

channels, and the increase in intracellular

IBDUEs, cell depolarization induced by depolarizing con-
centrations of extracellular K* (40 mmol/L)* or by bar-
ium (5 mmol/L) and TEA (10 mmol/L) (2 well-known
K*-channel inhibitors) did not stimulate secretion in
IBDUs (Figure SA and Table 1). Furthermore, neither
glibenclamide nor membrane depolarization increased

Ca’* in IBDUs (Figure 5B), whereas after ATP (10
pwmol/L) treatment, the expected Ca’" response was re-
corded. The mechanism responsible for glibenclamide-
induced secretion in cholangiocytes seems, therefore, to
be similar to the Ca?*-independent pathway that repre-
sents an additional mechanism through which sulfonyl-
ureas stimulate insulin secretion in pancreatic [3-cells.??
In this case, exocytosis of insulin-containing granules is
dependent on the binding of glibenclamide to granular
binding sites and is triggered by increasing osmotic forces
inside the secretory granules induced by the cooperation of
a V-type H"-adenosine triphosphatase (ATPase) and an
accompanying shunt conductance provided by a CIC-3 CI~
channel. Consistent with the predictions of this latter
model, glibenclamide-induced fluid secretion was inhibited
by V-type H*-ATPase inhibitors such as bafilomycin A (1
pmol/L) and vanadate (100 pwmol/L; Figure 4B and Table
1). Also, glibenclamide-induced secretion was inhibited by
niflumic acid, an inhibitor of Cl™ channels, including
CIC-3, the gene expression of which was detected by RT-
PCR in immunopurified cholangiocytes (Figure 3C).

Capacitance and Conductance
Measurements on Isolated Cholangiocytes

To directly assess the possibility of vesicular re-
lease, we performed patch-clamp experiments on immu-
noisolated cholangiocytes. Single cells measuring on av-
erage 7.06 = 1.3 pm in diameter (n = 28) were studied;
this size equates to a simple spherical membrane surface
area of 156 wm? (Figure 6A). Our measured diameter is
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Figure 4. The choleretic effect of glibenclamide in IBDUs is mediated by vesicular transport and is inhibited by V-type H* ATPase and CLC-3 CI~
channel blockers. (A) Inhibition by colchicine, phosphoinositol-3' kinase inhibitors (wortmannin and LY294002), and the SNARE inhibitor NEM.
(B) Inhibition by V-type H* ATPase inhibitors (bafilomycin and vanadate) and of CLC-3 inhibitors (niflumic acid). Columns represent the percentage
of luminal area expansion with respect to baseline 30 minutes after the administration of glibenclamide (mean = SD). *P < .01; **P < .001
vs glibenclamide. G, glibenclamide.

smaller than that found in other reports?” that used  m, and C,, was 2.22 = 1.1 pF (n = 5). On the basis of
cholangiocytes isolated from bile duct-ligated rats,  recent estimates of specific C, (0.005 pF/pm?),28 this Cy,
rather than from normal ones, and is consistent with the = measurement exceeds the expected value of 0.87 pF and
size reported by Kanno et al'? for small duct cholangio-  indicates that substantial cell membrane folding exists.
cytes. The initial control cell diameter was 7.47 = 0.91 Even with the more commonly used translation factor of
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Figure 5. (A) Effects of depolarization on luminal expansion in IBDUs. Depolarizing concentrations of barium and of TEA did not stimulate
secretion in IBDUs. Columns represent the percentage of luminal area expansion with respect to baseline after 30 minutes of stimulus
administration (mean *+ SD). (B) Effect of glibenclamide on intracellular Ca2* levels. A representative tracing is shown of 22 similar experiments
showing changes in the ratio of the 2 wavelengths of FURA-2 induced by the administration of glibenclamide. Glibenclamide did not increase
intracellular [Ca2*] in IBDUs, whereas administration of ATP induced the expected Ca2* increase. Similar experiments (n = 10) were performed
by depolarizing the cells with TEA (10 mmol/L), and no significant changes in intracellular [Ca2*] were found. N.S., not significant.
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Figure 6. Whole-cell capacitance measurements in cholangiocytes. (A)
Isolated cholangiocyte with 2 magnetic beads (diameter, 4.5 um) at-
tached to the cell membrane. Images a—e were captured at 5 minutes 12
seconds, 7 minutes 10 seconds, 10 minutes 24 seconds, 13 minutes 3
seconds, and 16 minutes 34 seconds after the establishment of whole-
cell conditions, respectively. Note the gradual upward shift of beads as
the cell swells. The change in surface area is smaller than it appears.
This can be appreciated as follows. The initial diameter of the cell at 5
minutes 12 seconds is 7 um, giving an apparent area of 153 um?; the
final diameter is 10.7 um, giving an area of 373 wmZ2. The initial capac-
itance is 1.12 pF, which equates to 224 pm?2. Thus, the membrane at
the beginning is highly folded, and the diameter is underestimated.28 The
capacitance at 16 minutes 34 seconds is 1.81 pF, which equates to 362
wm? and corresponds well to the measured diameter of the inflated cell.
(B) Example C,, recordings for 4 different cells after the establishment of
whole-cell conditions; colors correspond to color-coded treatments in (C).
Initial capacitance for individual cells was as follows: black, 1.611 pF;
yellow, 0.716 pF; red, 1.655 pF; and green, 1.152 pF. (C) Bar graph
depicting average results (with SD error lines) for the different cell treat-
ments. See Materials and Methods for details. The number of cells is
indicated. Tolbutamide significantly enhanced C,, increases over control-
level increases (P < .05). Colchicine and nocodazole treatment signifi-
cantly suppressed C,, changes compared with tolbutamide and ~-lumi-
colchicine treatment (P < .05).

0.01 pF/uwm?, C, measurements suggest significant
membrane folding that is not resolved at the light-
microscopic level. C,, measurements in control cells were
quite stable for tens of minutes (Figure 6B).
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After establishment of whole-cell recording with pi-
pettes containing tolbutamide (100 pwmol/L), C,, in-
creased over the course of several minutes (Figure 6B).
Concomitantly, cells swelled; this was easily discerned by
the movement of the membrane-bound magnetic beads
that followed the contour of the expanding cell outline
(Figure 6A). C,, eventually leveled off; at steady state,
increases of 56% and 50% were found (Figure 6C). The
preincubation of cholangiocytes with either colchicine
(50 pmol/L for 30 minutes) or nocodazole (10 wmol/L
for 60 minutes) blocked the increase in capacitance
caused by tolbutamide. However, an inactive form of
colchicine, namely, 7y-lumicolchicine (50 pmol/L; 30
minutes), was unable to block the effects of tolbutamide
(Figure 6C). We also found cells to swell during these
treatments, so the increase in cell size (and, possibly,
surface area) may not solely underlie the capacitance
increases that we found (see Discussion).

Membrane conductance and holding current remained
stable during recordings of control cells and cells treated
with tolbutamide. Current—voltage relations showed lin-
ear, time-invariant currents (Figure 7), which in the
example cell actually decreased slightly during tolbut-
amide treatments. For 6 cells, the membrane conduc-
tance at 0 mV was unaffected by tolbutamide during the
time when C,, levels significantly increased (0 minutes,
0.985 * 0.23 nS; 10 minutes, 1.15 £ 0.3 nS; paired #
test; P = .158). Thus, in our isolated cholangiocytes, we
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Figure 7. Whole-cell conductance measurements in cholangiocytes.
I-V curves at 3 minutes (®) and 8 minutes (O) after the establishment
of whole-cell conditions with 100 mmol/L tolbutamide—containing
pipette solution. Only a slight decrease in chord conductance was
observed in this example. (Inset) Corresponding current traces at
selected voltages (200-millisecond pulse duration) of —100, —70,
—40, —10, 20, and 50 mV. Note linear, time-independent currents.
Voltage at O current was stable and negative, near —60 mV; calcu-
lated reversal potentials for K and Cl were —86 and —34 mV, respec-
tively. Scale: 40 pA, 31 milliseconds. Traces were filtered at 500 Hz
with a digital gaussian filter.
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found no evidence for a plasma membrane Cl~ conduc-
tance augmented by the increase in Cg,.

Glibenclamide Stimulates Bile Flow in
Isolated Perfused Mouse Liver and Fluid
Secretion in Isolated Bile Duct Units From
Cystic Fibrosis Transmembrane
Conductance Regulator Knockout Mice

Because glibenclamide is a known CFTR inhibi-
tor, our data thus far suggest that the choleretic effect of
glibenclamide is mediated by a CFTR-independent
mechanism that would likely be maintained in CF. To
address this possibility, we tested the effect of gliben-
clamide in isolated perfused mouse liver and in IBDUs
from mice knocked out for CFTR (B6.129P2-Cfertm1Unc),
In isolated perfused mouse liver, glibenclamide increased
bile flow in wild-type mice as well as in CFTR knockout
mice, and, interestingly, the increase in bile flow was
significantly higher in CFTR knockout mice (Figure 8).
In IBDUs isolated from 4 wild-type and 4 heterozygous
mice, the administration of forskolin (10 pmol/L) or
secretin (50 nmol/L) significantly increased the luminal
area (wild-type—forskolin, 68% * 19%, n = 42; secre-
tin, 62% * 17%, n = 39, P < .01 vs controls, 12% =*
6%, n = 36; heterozygous—forskolin, 58 * 13%, n =
51; secretin, 57% £ 20%, n = 24; P < .01 vs controls,
14% *+ 6%, n = 31). In IBDUs isolated from 5 ho-
mozygous CFTR knockout mice (—/—), the effects of
forskolin and of secretin were significantly inhibited

0.5

Bile flow (ul/min xg liver) normalized respect baseline

10 20 30 40 50
Time (min)

-@— Wild type mice (n=7) —1— Wild type mice + Gl (100 uM) (n=5)

—a—  CFTR KO-mice + GI (100 M) (n=4)

Figure 8. Glibenclamide stimulates bile flow in wild-type and CFTR
knockout mice. Glibenclamide stimulates bile flow in isolated per-
fused mouse livers from wild-type and CFTR knockout mice. Bile flow
was significantly increased (*P < .001) in wild-type and CFTR knock-
out mouse livers perfused with glibenclamide (100 pmol/L) with
respect to wild-type mice. Bile flow is expressed as microliters of bile
secreted in 1 minute and normalized for liver weight. GI, gliben-
clamide.

GLIBENCLAMIDE AND CYSTIC FIBROSIS 229

++ +/- -I-

80
70
60

Luminal area (% respect to baseline after 30 min)

(L

[ Secretin (50 nM)
I Glibenclamide (100.M)

(n=4) (n=4) (n=5)

[ KRB
1 Forskolin (10uM)

Figure 9. The choleretic effect of glibenclamide is maintained in
IBDUs isolated from CF mice. IBDUs were examined under control
conditions for 10 minutes and then for an additional 30 minutes after
the administration of glibenclamide, forskolin or secretin, or vehicle.
Each luminal area was normalized by its initial value. Glibenclamide
significantly (*P < .01 vs controls) stimulated secretion in IBDUs
isolated from wild-type (+/+), heterozygous (+/—), and homozygous
(—/—) mice. Forskolin and secretin were able to significantly (*P <
.01) stimulate secretion only in wild-type and heterozygous, but not in
homozygous, mice. KRB, HCO3~-containing Ringer buffer.

(forskolin, 17% £ 10%, n = 54; secretin, 25% * 17%,
n = 41; P < .001 vs wild-type and heterozygous), thus
indicating that the fundamental CF secretory defect was
maintained in the liver of homozygous mice. Conversely,
in CFTR knockout mice, the secretory effect of gliben-
clamide was maintained and was equal to that recorded
in wild-type and heterozygous animals (Figure 9).

Discussion

Strategies aiming at directly stimulating fluid
secretion by cholangiocytes may be a useful approach to
treat cholestasis in biliary tract diseases,? particularly in
CF, in which reduced Cl~ and fluid secretion into the
lumen causes inspissation of bile and chronic liver dam-
age. To this end, we have studied the molecular mech-
anisms underlying the choleretic effects of gliben-
clamide. The interest in this compound derives from
previous studies by Nathanson et al,* which showed that
glibenclamide, a known CFTR inhibitor, paradoxically
stimulates bile flow at the level of cholangiocytes.

Because the mechanism of glibenclamide-induced
choleresis was not clarified, we sought to investigate
these mechanisms in more detail. Given the inhibitory
effects of bumetanide on glibenclamide-induced cholan-
giocyte secretion, a direct stimulation of CI™ uptake by
the NKCC1 cotransporter!> was proposed as a possible
explanation.? In this study, we have measured the effects
of glibenclamide on Na®™/K*/2Cl™ activity, and, con-
trary to the previous hypothesis, we could find no
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evidence of NKCC1 stimulation. Our data also show that
polarized cholangiocytes’ are not able to transport glib-
enclamide into the apical lumen and that this stimula-
tion of secretion is not due to an osmotic choleresis.

After binding to a specific receptor (SUR), sulfonyl-
ureas stimulate an exocytotic release of insulin from
pancreatic B-cells.>-?° The following observations suggest
that the choleretic effect of glibenclamide on cholangio-
cytes may also be due to a receptor-mediated mechanism:
(1) tolbutamide, another sulfonylurea, was able to induce
luminal expansion in IBDUs to a similar extent; (2) the
mRNA for SUR2B was expressed in immunopurified
cholangiocytes; and (3) diazoxide, a known SUR inhib-
itor, significantly inhibited the secretory effect of glib-
enclamide. Our data also indicate that, similar to their
effects on pancreatic 3-cells,'”?? sulfonylureas are likely
to stimulate fluid secretion via vesicular transport in
cholangiocytes. In fact, tolbutamide induced an increase
in C,, in immunoisolated cholangiocytes; in addition,
glibenclamide-induced secretion and/or the increase in
C,, was inhibited by compounds known to block vesic-
ular transport in the liver, such as colchicine, nocodazole,
and wortmannin,?*~2¢ and by NEM. These compounds
act through different mechanisms; whereas colchicine
and nocodazole are microtubule inhibitors, wortmannin
is a phosphoinositol-3" kinase inhibitor, and NEM
blocks the NEM-sensitive fusion protein.3%>! Although
none of them can be considered a specific inhibitor of
vesicular exocytosis, their consistent inhibitory effect on
glibenclamide choleresis and on C,, changes provides
strong evidence that glibenclamide stimulates vesicle
exocytosis in cholangiocytes.

In the pancreatic B-cell, SUR complexes with Kir 6.x
(a Kir sensitive to intracellular concentration of ATP
[ATPi). In these cells, closure of the Kjrp channel
induced by glibenclamide interaction with SUR depo-
larizes the cell, favoring Ca?>* influx via L-type Ca’*
channels.>? Although expression of the mRNA of the Kir
6.1 Karp channel isoform was detectable in immunopu-
rified cholangiocytes (Figure 3B), neither the K* channel
inhibitor TEA nor maneuvers aimed at inducing mem-
brane depolarization in cholangiocytes (barium or high
K*)* were able to induce luminal expansion in IBDUs.
Also, in patch-clamp experiments, depolarization did not
induce vesicular release; furthermore, neither the admin-
istration of glibenclamide nor membrane depolarization
increased intracellular Ca?* levels. This is in clear con-
trast to the 450 nmol/L intracellular [Ca?™} increase
induced by depolarization in [B-cells.?3 Altogether, these
data suggest that, in cholangiocytes, glibenclamide stim-
ulates secretion via a mechanism that is independent

2+

from depolarization and Ca*" transients.

GASTROENTEROLOGY Vol. 129, No. 1

In pancreatic B-cells, sulfonylureas are also able to
potentiate insulin secretion by acting directly on the
exocytotic machinery. Ninety percent of the high-affinity
sulfonylurea binding sites in the [3-cell are intracellular
and seem to colocalize with the insulin-containing secre-
tory granules.?>2¢ Recent studies have also shown that
recombinant green fluorescent protein—tagged SUR and
Kir colocalize with fluorescent glibenclamide in insulin-
containing granules.>* Furthermore, it has been shown
that sulfonylureas, being weak acids, can cross biological
membranes by diffusion,?> thus inducing a pHi decrease
similar to the one originally described by Nathanson et
al in cholangiocytes. Several studies have provided evi-
dence indicating that intracellular binding of sulfonyl-
ureas activates a DIDS- and niflumic acid-sensitive
CLC-3 CI™ channel operating in conjunction with a
bafilomycin-sensitive V-type H*-ATPase. The resulting
Cl~ and H" influx stimulates the exocytotic machinery
and insulin discharge in a depolarization and Ca’" inde-
pendent way.'73%37 In fact, a low granular pH promotes
conformational changes in SNARE proteins, making
them more fusogenic.?® Our data in cholangiocytes are
consistent with this mechanism; in fact, (1) gliben-
clamide administration does not increase intracellular
[Ca%™] levels; (2) membrane depolarization does not
stimulate cholangiocyte secretion; (3) CLC-3 mRNA was
detected in cholangiocytes; (4) DIDS, a generic inhibitor
of Cl™ channels, and niflumic acid, which inhibits
CLC-3, blocked the choleretic response to glibenclamide;
and (5) the V-type HT-ATPase inhibitors baphylomicin
Al and vanadate significantly reduced the secretory re-
sponse to glibenclamide. Altogether, these data suggest
the presence in cholangiocytes of a cAMP- and Ca®*-
independent secretory mechanism that is stimulated by
sulfonylureas and requires functional exocytotic machin-
ery.

Our capacitance measurements provide further evi-
dence that tolbutamide promotes an increase in cell-
surface area; the dependence of this effect on microtubule
stability argues for vesicular fusion with the plasma
membrane.3® Increases in C,, of approximately 50% were
found, similar to our luminal area measurements in
IBDUs, and although this may seem large, a complete
vesicular release in bile ductal cells of the pig increased
the membrane surface area by >100%.° Actually, an
increase in capacitance may arise from several sources,
including an increase in membrane surface area due to
vesicular fusion and swelling of the cell with attendant
thinning of the membrane and unraveling of membrane
folds (eg, microvilli). Thinning of the membrane caused
by membrane stretch is expected to increase specific Cy,
and the resulting increase in whole-cell capacitance can-
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not be distinguished electrically from actual membrane
accrual. Additionally, tight folding of the membrane
may initially limit the accessibility of voltage perturba-
tion across those membranes, and after cell swelling and
unraveling, these membranes may then be fully excited
and contribute more to C, measurements. We found
that cells readily swelled during our recording and, in-
deed, shifted the attached magnetic beads (Figure 6A).
Although the microtubule destabilizers may be thought
to specifically inhibit vesicular release in cholangio-
cytes,?8 they may also somehow affect the other potential
mechanisms of C,, increase. Thus, we cautiously hypoth-
esize that at least a component of C, increase results
from vesicular fusion.

Usually we held the cell membrane potential at zero
voltage during capacitance measurements, because we
observed that cells were not maintained for prolonged
periods of time when they were held at negative poten-
tials. Despite this depolarized holding potential, control
cells did not show capacitance increases as might have
occurred if an influx of extracellular Ca’* via voltage-
gated Ca’" channels could induce exocytosis. Indeed,
under our recording conditions, measurements do not
show inward currents typical of non-inactivating L-type
Ca?" channels.

We did not find significant changes in membrane
conductance during tolbutamide treatments. Indeed, our
isolated cells, before and after these treatments, showed
only small linear, time-independent currents, similar to
1 pattern of 3 found by Fitz et al.?” Perhaps our isolation
technique favored a particular cell subpopulation. The
holding current was remarkably stable during our treat-
ments, and current—voltage relations confirmed these
measurements, showing that changes in ionic conduc-
tance did not necessarily accompany C,, increases. Al-
though we observed that secretion in IBDUs could be
inhibited by Cl™ channel blockers, it should be noted
that our whole-cell voltage-clamp measurements are un-
able to assess channel activity within intracellular mem-
brane compartments, such as vesicles; of course, blockers
may work at this level. As already shown,?”-1® CLC-3
channels provide an electrical shunt pathway that per-
mits vesicle acidification by the vacuolar pump before
vesicular release. This scenario favors a fluid-phase type
of secretory activity in our cholangiocyte preparation.

The transport functions of the biliary epithelium are
regulated by different gastrointestinal hormones that
stimulate either secretory or absorptive mechanisms.!
Secretin, the principal stimulatory hormone, increases
ductular choleresis through cAMP/protein kinase A—de-
pendent stimulation of Cl™ efflux and HCO;3™ secretion
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through the coordinated actions of CFTR and the anion
exchanger isoform 2 Cl7/HCO;~ exchanger, both lo-
cated at the apical pole of the cells.*142 Cl™ efflux into
the bile can also be mediated by Ca?"-dependent Cl~
channels stimulated by binding of extracellular ATP to
P2Y?2 purinergic receptors located at the apical pole of
cholangiocytes.>?3 In addition, a substantial amount of
evidence indicates that stimulation of vesicular transport
and fusion plays a role in cholangiocyte secretion. In vivo
and in vitro studies using fluid-phase markers have
shown that cholangiocytes are capable of microtubule-
dependent fluid-phase transcytotic transport from the
basolateral to the apical domains.'®3843 Furthermore,
cholangiocytes possess a dense population of subapical
vesicles that undergo a high rate of constitutive exocy-
tosis* that can be stimulated by osmotic stress and by
cAMP. Cyclic AMP stimulates the exocytosis of acridine
orange in cholangiocytes®® and the apical insertion of
vesicles containing aquaporins and ion transporters (such
as CFTR and anion exchanger isoform 2) as a means of
achieving rapid regulation of biliary ion and fluid trans-
port. 4

The choleretic effect of glibenclamide is a paradox;
in fact, because it is a known inhibitor of CFTR, one
would expect glibenclamide to inhibit secretion.
Thus, the major finding of our study, which is of
potential therapeutic relevance, is that sulfonylureas
possess the ability to stimulate cholangiocyte secre-
tion, thus promoting a novel cAMP-, Ca?*-, and
depolarization-independent exocytotic mechanism,
and that this effect is preserved and even more active
in experimental animals defective for CFTR. An im-
portant line of research in CF aims at finding small
molecules able to stimulate fluid secretion in CFTR-
defective cells and focuses on compounds able to func-
tion as molecules that (1) can serve as chaperones for
CFTR, (2) can activate the mutated CFTR, and (3) can
stimulate Ca®*-dependent Cl~ conductances.

Direct transfer of these observations to human therapy
is not likely, because the Ky for the choleretic effects of
glibenclamide is approximately 9 pmol/L,% a concentra-
tion that may result in hypoglycemia. However, our data
represent an important proof of concept; the identifica-
tion of a compound able to stimulate bile secretion
independently of CFTR and the 2 major signaling path-
ways (Ca’" and cAMP) is of major general interest.
Sulfonylureas may thus represent model compounds to
design drugs for conditions characterized by a failure in
cAMP-dependent secretion (such as CF-related liver dis-
ease) and possibly other cholestatic conditions in which a
defect in Ca’* signaling is present.6
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