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Effect of Secretin on Intracellular pH Regulation
in Isolated Rat Bile Duct Epithelial Cells
Domenico Alvaro, WonKyoo Cho, Albert Mennone, and James L. Boyer
Department of Internal Medicine and Liver Center, Yale University, School of Medicine, NewHaven, Connecticut 06510

Abstract

The effects of secretin on ion transport mechanisms involved in
regulation of intracellular pH (pH1) and HCO3excretion were
characterized in bile duct epithelial (BDE) cells isolated from
normal rat liver. pHi was measured with 2,7-bis(carboxy-
ethyl)-5(6)-carboxy-fluorescein-acetomethylester (BCECF-
AM) using a microfluorimetric method. Basal pHi of BDEwas
7.04±0.06 in Hepes and 7.16±0.10 in KRBand was unaffected
by secretin (50-200 nM). Recovery rates from an acid load in
Hepes or in KRBmedia (with and without amiloride) were also
not altered by secretin, indicating that Na+/H+ exchange and
Na /HCO- cotransport were not affected by this hormone.
After acute Cl- removal, pH1 rose 0.24±0.08 pHUat a maxi-
mal rate of 0.125±0.06 pHU/min (H' flux rates = 6.02±3.27
mM/min) and recovered after Cl- readmission (0.188±0.08
pHU/min; H' flux rates = 11.82±5.34 mM/min). Pretreat-
ment with 1 mMDIDS inhibited the effects of Cl- removal,
while valinomycin, which induces cell depolarization, enhanced
these effects, probably by stimulating electrogenic HCO3 in-
flux. Secretin significantly increased both the maximal rate of
alkalinization after Cl- removal (P < 0.012) and of pH1 recov-
ery after Cl- readmission (P < 0.025), indicating stimulation
of Cl-/HCO3 exchange activity. These findings were repro-
ducedwithN',2'-O-Dibutyryladenosine-3'-5'-cyclicmonophos-
phate (DBcAMP). The Cl- channel blocker 5-nitro-2'-(3-
phenylpropylamino)-benzoate (NPPB, 10 AM) significantly
decreased the effects of secretin and DBcAMPon the pH1
changes promoted by acute Cl- removal/readmission. These
findings establish that secretin stimulates the activity of the
Cl-/HCO3 exchanger in BDE cells, probably by activating
Cl- channels via the intracellular messenger cAMP. This in
turn depolarizes the cell, stimulating electrogenic Na /HCO3
symport. The cell depolarization induced by C1- channel acti-
vation should enhance HCO3 entrance through electrogenic
Na+/HCO- symport, which in turn stimulates the Cl-/
HCO3exchange. These mechanisms could account for secre-
tin stimulated bicarbonate secretion in bile. (J. Clin. Invest.
1993. 92:1314-1325.) Key words: bile duct epithelium. intra-
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Introduction

Bile duct epithelial (BDE)' cells secrete bicarbonate, both spon-
taneously and following hormonal stimulation with secretin
(1-5). Together with pancreatic secretions, this process neutral-
izes gastric acid, thereby facilitating digestion. However in the
normal adult rat, little spontaneous BDEsecretion can be de-
tected and responsiveness to secretin is minimal (4), unless
BDE cells proliferate following bile duct ligation (1, 2, 5) or
a-naphthylisothiocyanate administration (5). Acorrelation be-
tween enhanced bile duct mass and secretin induced choleresis
has also been observed in a rat model of cirrhosis (3). The
mechanism by which secretin induces secretion is not known
although BDE containing specific binding sites for secretin
have been documented in rat BDEcells and not in hepatocytes
(6). In the pig, secretin induces exocytosis of tubulo-vesicle
structures from BDEcells to the lateral cell membrane (7).

Studies of these secretory mechanisms have been limited
due to difficulty in isolating BDEcells from liver tissue, where
they are vastly outnumbered by hepatocytes and where endo-
thelial, Kupffer, and inflammatory cells of similar size and
density frequently contaminate the preparations. Recently,
techniques have been developed in bile duct-obstructed rats to
isolate BDEwith reasonable purity and to identify both BDE
cells and contaminating cells in vital preparations in cell cul-
ture (8- 10). Using these techniques, we have been able to iden-
tify several ion transport mechanisms that regulate intracellu-
lar pH in BDEand that are likely to be utilized for absorptive
and secretory functions in this epithelium (10). These trans-
port systems include two acid extruding mechanisms (Na+/
H+ exchange and a Na+/HCO3 symport) and an acid loading
mechanism (Cl-/HCO- exchange) that would be capable of
secreting HCO-. Using similar preparations, other investiga-
tors have demonstrated an increase in intracellular cAMPlev-
els in response to secretin stimulation, and an increase in exo-
cytosis and stimulation of intracellular vesicle traffic (11, 12).
However, the transport processes involved in H+ and HCO3
transport have been characterized in proliferated ("abnor-
mal") BDE cells isolated from bile duct-obstructed animals
(10). Wenow have devised methods to isolate BDEin reason-
able purity from normal rat liver and in this report examine the
effects of secretin on the transport mechanisms involved in
intracellular pH regulation.

1. Abbreviations used in this paper: BDE, bile duct epithelium;
BCECF, 2,7-bis(carboxyethyl)-5(6)-carboxy-fluorescein; DIDS, 4,4'-
diiso-thiocyano-2,2'-disulphonic acid stilbene; Dil,1,-dioctadecyl-
1,3,3,3',3'-tetramethyl-indo-carbocyanine perchlorate; GGT, gamma-
glutamyl transpeptidase; L-15, Leibowitz 15 cell culture medium;
DBcAMP, N6,2'-O-dibutyryladenosine-3'-5-.cyclic monophosphate;
NPPB, 5-nitro-2'-(3-phenylpropylamino)-benzoate.
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Methods

Materials. Secretin (3,000 U/mg) was purchased from Bachem Bio-
science Inc. (Philadelphia, PA). BSA (essentially fatty acid free),
EDTA, penicillin/streptomycin, trypsin, heparin, Hepes, D(+)glu-
cose, insulin, soybean trypsin inhibitor (type I-s), amiloride, DMSO,
deoxyribonuclease (DN-25), nigericin, calf serum, 4,4'-diisothiocya-
no-2,2'disulfonic acid stilbene (DIDS), Na+-gluconate, K+-gluconate,
hemicalcium gluconate and Fast Blue BB salt were purchased from
Sigma Chemical Co. (St. Louis, MO). 2,7,bis(carboxyethyl)-5(6)-
carboxy-fluorescein-acetomethylester (BCECF-AM), calcein AMand
ethidium homodimer were obtained from Molecular Probes Inc. (Eu-
gene, OR). Percoll was obtained from Pharmacia Fine Chemicals, Inc.
(Piscataway, NJ), Matrigel" from Collaborative Research, Inc. (Bed-
ford, MA), Collagenase A from Boehringer Mannheim Biochemicals
(Indianapolis, IN) and Pronase from Calbiochem (La Jolla, CA). Lie-
bowitz-1 5 (L-1 5), MEM, Joklik modified MEM, a-MEM, L-gluta-
mine, gentamicin and FCS were from Gibco Laboratories (Grand
Island, NY). Acetylated LDL labeled with 1, I-dioctadecyl- 1-
1,3,3,3',3'-tetramethyl-indo-carbocyanine perchlorate (DiI) were from
BioTechnology Inc. (Stoughton, MA). N(gamma-l-glutamyl)-4-
methoxy-2-napthylamide was obtained from Polysciences, Inc.
(Warrington, PA). Monoclonal anticytokeratin 7 and 19 antibodies
(RPN 1162 and RPN1165, respectively) were purchased from Amer-
sham Corp. (Arlington Heights, IL). 5-nitro-2'-(3-phenylpropylami-
no)-benzoate (NPPB) was a kind gift of Prof. R. Greger (Freiburg,
Germany).

Isolation of bile duct epithelial cells. Male Sprague-Dawley rats
(CammResearch Lab Animals, Wayne, NJ) weighing 300-350 g, were

housed in temperature- and light-controlled rooms and allowed free
access to water and laboratory chow. BDE cells were isolated from
normal rats as previously described from bile duct-ligated rats ( 10)
with minor modifications consisting of: (a) an additional digestion step
of the portal tissue residue by trypsin; (b) collection of the fractions
elutriating at 24 ml/min in addition to 30 and 38 ml/min; and (c)
adherence to plastic flasks was eliminated, because cell purity was not
improved (In the bile duct-ligated model, contaminant cells were

more prevalent (10), and this step increased the purity of the prepara-

tion by favoring their adherence.)
Briefly, liver was digested by perfusion with MEMsupplemented

with collagenase A (360 U/liter). The portal tissue residue was then
mechanically separated from parenchymal tissue and finely minced
and digested by sequential incubation in trypsin (0.25%, 10 min) and
hyaluronidase (35,000 U, 60 min) in MEM.The cell suspensions ob-

tained from trypsin and hyaluronidase digestion were combined and
purified by isopycnic centrifugation (Percoll) and counterflow elutria-
tion (JE-6B elutriator; Beckman Instruments, Inc., Palo Alto, CA) as

previously described ( 10). Fractions elutriating at flow rates 24, 30,
and 38 ml/min were combined and used for the functional studies.
Small aliquots were used for determination of cell viability (trypan
blue exclusion or Calcein AM/ethidium homodimer (13), number
and size (counter Channalizer 256; Coulter Electronics, Inc. Hialeah,
FL), and purity (GGT cytochemistry [14] and cytokeratin 19 + 7
[ 10] ). The remaining cells were plated on small cover slip fragments (4
x 2 mm), layered in 22- or 12-mm diameter tissue culture plastic wells
(Coming Glass Works, Coming, NY), covered with a thin layer of
Engelbreth-Holm-Swarm (EHS) mouse tumor matrix (Matrigel';
Collaborative Research Inc.) and incubated at 37°C in an air-equili-
brated incubator. The medium (L- 15 or a-MEM) was changed after 4
h, and all experiments were performed 8-18 h after plating.

Colloidal ink (Higgins india ink, administered via inferior vena

cava) was used as vital marker of Kupffer cells ( 15, 16) and acetylated
LDL labeled with the fluorescent Dil (added to the cell plate 3-4 h
before starting the experiments) as a vital marker of endothelial cells
and macrophages as previously described ( 16, 17).

Intracellular pH determination. Intracellular pH (pHi) of cultured
BDEcells was measured by employing a microfluorimetric single-cell

method using a SPEX-AR-CM-micro system (Spex Industries, Inc.,
Edison, NJ) and BCECF-AMas a fluorescent pHi indicator as de-
scribed from this laboratory (10). BDEcells on glass coverslips were
loaded with BCECF-AM(12 ,M) for 40 min, washed 10 min in a
BCECFfree medium, and transferred into a thermostated perfusion
chamber placed on the stage of an inverted microscope (IM 35; Carl
Zeiss, Inc., Thornwood, NY). Clusters of at least five small mononucle-
ated cells were selected under DIC optics. Cells were avoided when they
contained ink particles (Kupffer cells), showed a fibroblast-like aspect,
contained cytoplasmic translucent vacuoles (Ito cells) or were positive
for DiI-Ac-LDL (endothelial cells and macrophages). Hepatocytes,
found rarely, were distinguished by their large size ( 15-20 Mm) and
morphology. The 490/440 flourescent intensity (Fi) ratio data were
converted to pHi values by using the nigericin ( 12 Mm) calibration
curve technique as described ( 18, 19). Over the pH range 6.4-7.6 pHi,
fluorescence ratio varied in a linear fashion with pH.. Fluorescence
intensity was found to exceed background autofluorescence by at least
40-fold.

Total and intrinsic intracellular buffering power. The intrinsic buff-
ering power ((3i) was determined as described (20-25) by evaluating
the pH, change induced by the administration and withdrawal of a
known amount of base. Giving that the fli is related to pHi (40, 20-25),
we estimated the hi values at different pHi, by exposing the cells to 30
or 20 mMNH4Cl in Hepes, Na'-free buffered solutions and then de-
creased the NH4Cl concentration by 5 or 10 mMfor each step to OmM.
The #i was then calculated from the midpoint change in pHi at each
step. fli values were then plotted vs. pHi using a best fit Enzefitter
program (Elsevier-Biosoft, Cambridge, UK). To exclude the possibil-
ity that the findings of our study could be influenced by the addition of
secretin or DBcAMPon hli, we also evaluated the fi/pHi curves from
experiments performed with cells preincubated (10 min) and perfused
with 200 nMsecretin (n = 8) or 100MMDBcAMP(n = 5). As in other
studies (10, 23) a single exponential function better describes the
known f3i/pHi relationships. fli changed from 6.8 mM/pHunit at pHi
7.5 to 22.1 mM/pHunit at pH1 7 and to 72.1 mM/pHunit at pHi 6.5
(controls, n = 9) and was not significantly influenced by secretin (6.5,
22.4, and 77.3 mM/pHunit at pHi 7.5, 7, and 6.5 respectively) or by
DBcAMP(7, 21.3, and 70.3 mM/pHunit at pHi 7.5, 7, and 6.5 respec-
tively) at every pHi value. The values of fli measured in this study are
very close to those measured in BDE cells isolated from bile duct li-
gated rat liver (10) and are also in agreement with those measured in
many other cell types including hepatocytes (23). tot was calculated
from the formula: fli= fi + 2.303 x (HCO)i where intracellular
(HCO ) is derived from the Henderson-Hasselbach equation.

Solutions. The composition of solutions used in the study has been
previously detailed (10). The Hepes-buffered solution contained (in
mM)Na+ 140, K+ 5.9, Mg`+ 1, Ca"+ 1.25, Cl- 142.2, S04 = 1, P04
= 1.2, Hepes 10, glucose 5, pH 7.4; the HCO3-CO2buffered solution
(KRB) contained (in mM)Na+ 140, K+ 5.9, Mg`+ 1, Ca`+ 1.25, Cl-
122.2, S04 = 1, P04 = 1.2, HCO- 25, glucose 5, pH 7.4. Na' free and
Cl - free solutions were prepared by equimolar replacement with cho-
line and gluconate respectively. Tetramethylammonium (TMA-OH)
was used for pH titration in the nigericin containing solutions (pH
6.8-7.6) as well as in the Na'-free Hepes-buffered solution (pH 7.4).
Secretin was made up as a concentrated solution in the appropriate
perifusion buffer containing I% (wt/vol) BSA. The secretin containing
solution was then infused (1:60 vol/vol dilution) into the perifusion
fluid, at a rate calculated to produce the required final concentration,
via a Y-connection sited close to the chamber where the coverslips were
placed for pHi recording, and where temperature and pH were periodi-
cally checked. NPPB was dissolved in DMSOand then diluted
( 1: 1,000, vol/vol) in the appropriate perifusion solution to a final con-
centration of 10MM(O. 1%DMSOin the perifusion solutions). Valino-
mycin was dissolved in DMSOto a final concentration of 5 x 1o-8 M.

Statistical analysis. Data are presented as the arithmetic
means±standard deviations. Statistical analysis was conducted using
the paired or unpaired Student's t test as appropriate or the analysis of
the variance (Anova one way) when three groups were compared.

Effect of Secretin on pHi Regulation in Bile Duct Epithelium Cells 1315



Results
Properties of BDE cell preparation. An average of 870±291
X 103 cells with a viability > 90% (trypan blue exclusion) were
recovered from the combined fractions elutriating at flow rates
of 24, 30, and 38 ml/min (n = 59 preparations). BDE cells
with average diameters of 7.2±0.3 ,um and 8.3±0.3 Am, respec-
tively, were usually present in two main peaks in the cell
counter tracing. Before plating, GGTpositive staining, indica-
tive of BDEcells (8-10), was observed in 63±7% (range 50-
78%) of the cells. 10 preparations were also tested for cytokera-
tin 19 and 7 (Fig. 1 C), specific for BDE cells (8-10) and
69.2±15.7% were positive (range 46-92%). When BDE cells
were cultured (L- 1 5 or a-MEMmedia) on Matrigel-coated cov-
erslips, they organized in three-dimensional clusters. After
overnight culture (Fig. 1 B), the percentage of GGTpositive
cells (tested in cells attached to coverslips) increased to
80.7±7.6% (range 63-93%) indicating that matrigel favored
the attachment of BDEcompared with contaminating cells. In
clusters of more than five cells, > 90% were GGTpositive,
indicating that cluster formation could also be used as a criteria
for cell selection for the functional studies. Endothelial cells
(10±4%, range 8-15%) as evaluated by DiI-Ac-LDL positive

fluorescence (rhodamine excitation) were the major contami-
nants, while Kupffer cells (India ink positive) was < 1%. Cell
viability was > 83% within 18 h after plating as judged by try-
pan blue exclusion. None of the ion substitutions or inhibitors
diminished cell viability below 80% (Na', or Cl- free solu-
tions, DIDS [1 mM], Amiloride [1 mM] or NPPB [10 MM]
when also assessed by the calcein AM/ethidium homodimer
method) ( 13 ).

pHi regulation in BDEcells
Basal pH,. BDE cells, isolated from normal rat liver, main-
tained a basal pHi of 7.04+0.06 (n = 30) in a nominally bicar-
bonate-free, Hepes-buffered media. However basal pHi was sig-
nificantly higher (7.16±0.10, n = 44; P < 0.001) when BDE
cells were cultured and perfused with media supplemented
with 25 mMHCO and gassed with 95%02/5% CG2, suggest-
ing that a HCO- loading mechanism is present. Indeed, when
BDEcells in bicarbonate were preincubated with 1 mMDIDS
(60-80 min), an inhibitor of HCO- transport, basal pHi signifi-
cantly decreased (6.95±0.08, P < 0.00 1, n = 10). As shown in
Fig. 2, acute exposure of cells to 1 mMamiloride (inhibitor of
Na+/H + exchange) produced a 0.1 1±0.04 pHU decrease in

di
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Figure 1. A. GGTcytochemistry of BDEcells cultured overnight (L-15 medium) on Matrigel covered coverslips. Bar, 50 ,um. B. Clusters of
overnight cultured BDEcells, positive for GGT. Bar, 20 ,4m. C. Clusters of freshly isolated BDEcells positive for cytokeratin 19 + 7. Bar, 20 gm.
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Figure 2. Effect of amiloride, sodium re-
moval, and secretin on basal pHi. A. Cells
perfused with HCO--free, Hepes buffered
solution were acutely exposed to the Na+/
H+ inhibitor, amiloride (1 mM; n = 4). Ba-
sal pHi decreased and then returned to base-
line after amiloride washout. (The tracing
is a representative example.) B. Cells perfused

00 1000 with KRB, gassed with 95% 02/5% C02,
were acutely exposed to 1 mMamiloride. No
measurable change of pHi was observed (n
= 4). Cand D. BDEcells were exposed to
Na+-free medium (substitution with cho-
line) either in absence (C, n = 5) or in pres-
ence (D, n = 4) of HCO . pHi rapidly de-
creased and recovered only after Na+ read-
mission. E and F. BDEcells were exposed
to Secretin (200 nM) either in absence (E, n

t0 1 000 = 8) or in presence of HCO (F, n = 12).
No measurable effect on basal pHi was ob-
served.

the absence of bicarbonate (Fig. 2 A, n = 4) but was almost
without effect in its presence (Fig. 2 B, n = 4). In contrast the
acute removal of Na+, which stimulates intracellular Na+ exit
in exchange with H+, decreased basal pHi by 0.49±0.08 pHU
in the absence of bicarbonate (Fig. 2 C, n = 5) and by
0.71±0.06 pHU in its presence (Fig. 2 D, n = 4). pHi rapidly
recovered to the basal values only after Na+ readmission.

Effect of secretin on basal pHi. In bicarbonate-free media,
secretin had no measurable effect on BDEcell basal pHi, either
when cells were acutely exposed to the hormone (50 nM, n = 4;
200 nM, n = 4; Fig. 2 E) or were pretreated (10 min) and
perfused with 200 nm secretin (7.02±0.06, n = 10) compared
with carrier (i.e., albumin) controls (7.05±0.14, n = 9). Simi-
lar results were obtained where BDE cells were cultured and
perfused with bicarbonate-enriched media (Fig. 2 F). Acute
exposure to 200 nM secretin (n = 12) or preincubation (1O
min) and perfusion with 200 nMsecretin (n = 45) showed no

measurable effect on basal pHi (7.14±0.09) compared with the
carrier controls (7.16±0.07; n = 32). These findings demon-
strate that secretin has no effect on the basal pH1 of BDEcells.
To test the hypothesis that a fall in pHi might be counteracted
by acid extruders at pHi values close to or slightly higher than
the basal values, if secretin stimulated the activity of the C1-/
HCO- exchanger, BDEcells were preincubated and perfused
with a-MEM, superfused with 1 mMamiloride, and then ex-

posed to secretin (200 nM). However amiloride had no effect
on basal pHi, and even under these conditions BDE cells
showed no significant changes in basal pHi when acutely ex-

posed to secretin (n = 6). These experiments suggest that Na+/
H+ activity is not stimulated as a compensatory mechanism to
maintain basal pHi during secretin exposure.

Recovery of pHi f rom an acute acid load (Table I and
Table II). When BDEcells were exposed to 20 mMNH4CP-,
pHi promptly rose (Fig. 3), as NH3 rapidly diffused into the
cell, due to the trapping of intracellular H' as impermeant
NH'. After NH4Cl was withdrawn, NH3 leaves the cell after
releasing H', promoting a rapid intracellular acidification. In
the absence of bicarbonate, the cells recovered spontaneously
from this acid load (nadir pHi = 6.55±0.08), at a rate of
0.29±0.09 pHU/min at pHi 6.60±0.04 (jH+ 16.95±6.08
mM/min, n = 10, Table I, controls). This recovery was com-
pletely blocked when external Na' was removed (substitution
with choline) at the moment of NH4CP- withdrawal. pHi re-
turned to baseline values only when external Na' was readmit-
ted (nadir pHi 6.43+0.04, n = 3). When 1 mMamiloride was
superfused at the moment of NH4CP- withdrawal (Table I),

Table I. Recovery from NH4C Acid Load in Hepes

Condition Basal pHi Nadir pH, Recovery rates jH-

pHUlmin mM/min

Hepes controls 7.03±0.05 6.55±0.08 0.29±0.09 16.95±6.08
(n = 10) (pH, 6.60)*

Hepes amiloride 7.02±0.05 6.48±0.04 0.05±0.02 3.75±1.33
(n = 4) (pH; 6.51)*

Hepes secretin 7.02±0.06 6.56±0.07 0.28±0.10 16.78±6.9
(n = 10) (pHi 6.61)*

Hepes albumin 7.05±0.14 6.58±0.07 0.27±0.12 15.30±7.91
(n = 9) (pH, 6.63)*

Data are given as means±SD. * pH, commonat all the experiments, where the
recovery rate was calculated.
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Table 11. Recovery from NH4C Acid Load in KRB

Condition Basal pHi Nadir pHi Recovery rates jH+

pHUlmin mM/min

KRBcontrols 7.14±0.05 6.64±0.07 0.20±0.07 11.60±4.05
(n = 11) (pHi 6.74)*

KRBamiloride 7.15±0.07 6.55±0.08 0.13±0.05 7.79±3.01
(n = 6) (pHj 6.67)*

KRBamiloride + DIDS 6.94±0.05 6.46±0.09 0.053±0.006 4.21±0.52
(n = 4) (pHi 6.55)*

KRBCl- depleted + amiloride 7.35±0.04 6.88±0.05 0.15±0.05 6.92±2.42
(n = 5) (pHj 6.9 1)*

KRBsecretin 7.15±0.10 6.64±0.08 0.22±0.08 12.04±4.76
(n = 10) (pH; 6.75)*

KRBalbumin 7.15±0.05 6.67±0.09 0.23±0.10 12.38±4.96
(n = 9) (pH1 6.75)*

KRBamiloride + secretin 7.12±0.09 6.56±0.08 0.15±0.08 9.62±5.35
(n = 8) (pHj 6.66)*

KRBamiloride + albumin 7.15±0.05 6.59±0.10 0.14±0.07 8.68±4.35
(n = 8) (pHj 6.67)*

Data are given as means+SD. * pHi commonat all the experiments, where the recovery rate was calculated.

pHi recovery was inhibited by more than 75% (P < 0.002).
Recovery rate at pHi 6.51 was only 0.05±0.02 pHU/min (JH+
3.75±1.33 mM/min, n = 4), an effect that was reversible after
withdrawal of amiloride. These findings (Na+ dependence and
amiloride inhibition of pHi recovery) indicate that in nomi-
nally bicarbonate-free media, the recovery from an acute acid
load is driven by the Na+/H+ exchanger. Since the pHi recov-
ery was not completely inhibited by amiloride, other mecha-
nisms could also be involved.

In BDEcells cultured in HCO- enriched media (aMEM)
and perfused with bicarbonate buffered solutions (KRB), the
pHi decreased to 6.64±0.07 (n = 11 ) after NH4Cl- administra-
tion and withdrawal, and recovered at a rate of 0.204±0.073
pHU/min at pHi 6.74 (jH+ 11.60±4.05 mM/min, Table II).
Removal of external Na+ at the moment of NH4CP- with-
drawal produced a higher degree of acidification (nadir pHi
6.42±0.04, n = 4) and the recovery to basal pHi was completely
inhibited, until external Na+ was readmitted. Amiloride ( 1
mM) administered at the time of NH4Cl- withdrawal de-
creased the nadir acidification (6.55±0.08, Table II), and sig-
nificantly (P < 0.05) decreased the rate of pHi recovery to
0.13±0.05 (at pHi 6.67, jH + 7.79±3.01 mM/min) with respect
to controls, indicating that - 35% of the recovery is driven by
the Na+ / H+ exchanger (amiloride-sensitive component of pH,
recovery). When BDE cells were preincubated (60-80 min)
with 1 mMDIDS to inhibit the HCO--dependent transport
processes and perfused with amiloride at the moment of NH4C1
removal (Table II), the nadir acidification was 6.46±0.09 and
the recovery was further decreased to 0.053±0.006 pHU/min
(jH+ 4.21±0.52 mM/min at pHi 6.55). Two transport pro-
cesses (Na+ dependent, DIDS inhibitable HCO- transport)
that could mediate the amiloride insensitive component of pHi
recovery from an acid load in the presence of HCO3, are a
Na+/HCO- symport and a Na+ dependent CP/HCO ex-
changer. To discriminate between these two transporters, we
studied the amiloride insensitive component of pHi recovery
from an acid load in cells (Table II) preincubated for 40 min in

a C1- free medium (equimolar substitution with gluconate).
To exclude the influence of the Na+/H+ exchanger, the cells
were perfused with 1 mMamiloride at the moment of NHI4
withdrawal. In these experimental conditions the basal pHi was
significantly higher (P < 0.01 ) then in the presence of C1-
(7.35±0.04, n = 5), the nadir acidification was 6.88±0.05 and
pH1 recovered from the acid load at a rate of 0. 15±0.050 pHU/
min (jH+ 6.92±2.42 mM/min), at the same rate as in the
presence of C1- and amiloride. This Cl--independence of the
pH1 recovery mechanism excludes a Na+ dependent Cl--
HCO exchanger as an acid extruding mechanism in these nor-
mal BDEcells, as described in some other cell types (24-25)
and indicates that recovery from an acute acid load in the pres-
ence of bicarbonate is driven by the activities of the Na+/H+
exchanger and the Na'-HCO3 symport.

Effect of secretin on the rate ofpHi recovery from an acute
acid load (Table I, Table II and Fig. 3). BDEcells preincu-
bated and perfused with 200 nM secretin (n = 10) showed
similar degrees of acidification and similar rates of pHi recov-
ery from the NH4Cl--induced acid load (calculated at the pHi
value common to all experiments) (Fig. 3 B, Table I) as in
control experiments (Fig. 3 A, Table I), indicating that secretin
has no direct effect on the activity of the Na+/H+ exchanger.

In the presence of bicarbonate, the rate of pHi recovery
from the acid load was also unaffected by secretin (Table II,
Fig. 3, C and D). To evaluate more specifically the effect of
secretin on Na+/HCO- symport, the same experiments were
also performed by superfusing the cell with 1 mMamiloride at
the moment of 20 mMNH4Cl- withdrawal (Table II and Fig.
3, E and F). With this protocol, secretin also has no effect on
the activity of the Na+/HCO symport.

Cl-JHCO5 exchange. Both the net pHi increase and recov-
ery (bpHi) and the rate of the pHi increase and recovery after
Cl- removal and readmission respectively (Fig. 4) were the
parameters used to evaluate the activity of the C1-/HCO3 ex-
changer as previously described (20-25). After Cl- removal
(Fig. 4 C, control experiments) pHi rose 0.24±0.08 pHUat a
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Figure 3. Effect of secretin on the rate of pHi re-

covery from acute acid load. A and B. BDEcells
preincubated (10 min) and perfused with 200 nM
secretin (B, n = 10), in absence of bicarbonate

00 (Hepes), showed similar degrees of acidification

and rates of pH, recovery, after 20 mMNH4Cl
withdrawal, when compared with control experi-

ORIDE ments (A, n = 9) perfused with albumin, the se-
cretin carrier. Cand D. BDEcells preincubated
(10 min) and perfused with 200 nM secretin (D,
n = 10), in presence of bicarbonate (KRB),
showed similar degree of acidification and similar
rate of pH1 recovery, after 20 mMNH4Cl with-
drawal, as compared with control experiments (C,
n = 9) perfused with albumin. E and F. At the
moment of NH4C1withdrawal, BDEcells were

superfused with 1 mMamiloride in KRB. BDE
cells pretreated and perfused with 200 nMsecretin
(F, n = 8) showed no difference in the degree of

300 acidification and in the rate of pHi recovery from

20 mMNH4C1acid load with respect to the albu-
min-carrier controls (E, n = 8).

maximal rate of 0.125±0.06 pHU/min (H+ flux = 6.02±3.27
mM/min, n = 15). WhenCl- was readmitted, the cells recov-
ered to baseline at a maximal rate of 0.188±0.080 pHU/min
(H' flux = 11.82±5.34 mM/min). The rate of pHi change and
the H' fluxes measured during Cl- readmission (i.e., at a
higher pHi than the basal values when CP- was acutely re-
moved) was significantly higher (P < 0.01 ) than when mea-
sured during Cl- removal. In addition, if the H+ fluxes mea-
sured during acute Cl- removal, in all the control experiments
performed in the present study (n = 30), were plotted against
their corresponding pHi values at the moment of Cl- removal
(Fig. 5 A), a significant direct correlation (r = 0.66, P
< 0.0002) between pHi and H' flux was found. The same
correlation (r = 0.60, P < 0.0008) was also found if the H'
fluxes measured in correspondence with Cl- readmission were

plotted against the correspondent pHi values (Fig. 5 B). These
findings suggest either that the higher gradient of HCO- favors
CP/HCO- exchange at the higher pHi values, or that there is

an allosteric effect of pHi on the activity of the exchanger, as
demonstrated in other cell types (22, 24, 26-27).

The effect of Cl- removal was completely abolished by 1

mMDIDS pretreatment (60-80 min, n = 6; Fig. 4 C) indicat-
ing that the increase in pHi induced by acute Cl- removal de-
pends on the transport of HCO3across the cell membrane.

Effect of secretin on the activity of the Cl-JHC03 ex-
changer (Table III). WhenBDEcells were preincubated and
perfused with 200 nM secretin, a maximal rate of alkaliniza-
tion was observed after Cl- removal (0.43±0.41 pHU/min,
H' flux = 21.13±20.56 mM/min, Fig. 4 B) that was signifi-
cantly higher (P < 0.012 ) then obtained in carrier-control ex-

periments (0.1 1±0.05 pHU/min, H' flux = 5.52±2.63 mM!
min, n = 15) (Fig. 4 A). As illustrated in Fig. 6, following Cl
removal, values for H+ flux in 8 out of 15 experiments in the
secretin group were higher than the maximum value found in
15 control experiments (8 BDEcell preparations). This find-
ing indicated that under the conditions of these experiments,
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Table III. Effect of Secretin or DBcAMPon the Activity of the Cl-/HCO; Exchanger

Secretin controls Secretin* DBcAMPcontrols DBcAMP*

n=JS n= JS n=JS n= 11

Basal pH 7.16±0.08 7.14±0.10 7.14±0.10 7.13±0.08

Chloride removal

Delta pH 0.25±0.07 0.29±0.10 0.24±0.08 0.31±0.06"
pHU/min max 0.11±0.05 0.43±0.41* 0.12±0.06 0.27±0.13'
H Flux (mM/min) 5.52±2.63 21.13±20.56* 6.02±3.27 12.57±6.27'

Chloride readmission

pHU/min max 0.21±0.09 0.43±0.341 0.19±0.08 0.54±0.37**
H Flux (mM/min) 12.67±5.66 27.25±21.86§ 11.82±5.34 34.79±26.40**

The activity of the C1-/HCO- exchanger was measured by the net pHi increase (delta pHi) promoted by acute Cl- removal and the rate of both

pHi increase after Cl- removal and of pHi recovery after Cl- readmission in BDEcells cultured and perfused with HCO--enriched media.
* Activity of the Cl-/HCO- exchanger measured in BDEcells preincubated and perfused with 200 nM secretin (albumin solution) or 100 ,M
DBcAMP. BDEcells preincubated and perfused with the secretin carrier (i.e., albumin) were used as secretin controls. Data are given as
means±SD. * P < 0.012 vs. secretin controls. § P < 0.025 vs. secretin controls. 1P < 0.04 vs. DBcAMPcontrols. 'P < 0.003 vs. DBcAMP
controls. ** P < 0.005 vs. DBcAMPcontrols.

- 50% of BDE cells responded to secretin by increasing the
activity of the CI-/HCO- exchanger. pHi change (i.e., bpHi)
following acute Cl- removal showed no statistical difference
between secretin-treated cells and controls (0.29±0.10 vs.
0.25±0.07 pHU). However, when external Cl- was readmit-
ted, secretin-treated cells showed a maximal rate of pHi recov-
ery (0.43±0.34 pHU/min, H' flux = 27.25±21.86 mM/min)

that was significantly higher than in control experiments
(0.21±0.09 pHU/min, H' flux = 12.67±5.66 mM/min, P
< 0.025). H+ flux values measured during acute Cl- removal
or Cl- readmission, showed a significant correlation (Cl- re-
moval: r = 0.44; P < 0.015; Cl- readmission: r = 0.54; P
< 0.004) with their correspondent pHi values in all the secretin
experiments (n = 27), as also seen in the control experiments,
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fluxes measured in all the control experiments of the present study (squares and lines, n = 30) following Cl - removal (A) showed a signif-
icant direct correlation (r = 0.66, P < 0.0002) with the pHi values. The same correlation (r = 0.60, P < 0.0008) was also found if the H+ fluxes
measured in correspondence with CF- readmission (B) were plotted against the correspondent pHi values. The analysis of the exchanger activ-
ity/pHi relationship was also performed for the secretin experiments (n = 27) by separating secretin responders and nonresponders (i.e., values
higher and lower then the maximum control value). The latter (open circles and - - - lines) showed (Cl- removal: r = 0.62, P < 0.012; Cl-
readmission: r = 0.70, P < 0.004, n = 15) a gradient and intercept (rate of H+ flux at pH 0) of the linear regression line that was similar to the
control experiments without secretin exposure, either after CF- removal (gradient = 26.9 vs. 20.5 mM/min; intercept = -186.9 vs. -130.5
mM/min) or after CF- readmission (gradient 33.4 vs. 27.2 mM/min; intercept -230.3 vs. - 190.2 mM/min). In the secretin responders (n = 12;
closed circles and lines) the significance of the correlation still persists (Cl- removal: r = 0.60, P < 0.037; CF- readmission: r = 0.63, P
< 0.027), and the secretin responders showed a gradient and an intercept of the regression line after CF- removal (gradient = 97.7 mM/min;
intercept = -666.8 mM/min) or Cl- readmission (gradient = 94.9 mM/min; intercept = -664.1 mM/min) that was significantly different (P
< 0.04) compared with both the secretin nonresponders and controls.

thus confirming that the activity of the C/ HCO- exchanger
is, in presence of secretin, still directly related to the value of the
pHi at which it is measured. Whenan analysis of the exchanger
activity/pHi relationship was performed by separating secretin
responders (values higher than the maximum control value)
and nonresponders (values lower then the maximum control
value), the nonresponders (Cl- removal: r = 0.62, P < 0.0 12;
Cl- readmission: r = 0.70, P < 0.004; n = 15) demonstrated a
gradient and intercept (H+ flux at pHi 0) of the linear regres-

sion lines that was similar to the control experiments without
secretin exposure, both after Cl- removal (Fig. 5 A) and after
Cl- readmission (Fig. 5 B). In the secretin responders (n = 12)
the significance of the correlation still persists (Cl- removal: r

75 C) Figure 6. Effect of se-

?

cretin on the H' flux
18- L -0 values measured follow-

ing acute CF- removal.
BDE cells preincubated

E and perfused with 200
(22)

LLn nM secretin (circles, n

x) 15) showed, following

o O acute Cl removal, H++I0 flux values (measured
as in Methods) signifi-

0 cantly higher (P

< 0.012) than those
measured in carrier

controls (squares, n = 15). Only 8 out of 15 experiments in the se-
cretin group showed H+ fluxes higher than the maximum value found
in the carrier controls, suggesting a physiologic heterogenicity in dif-
ferent populations of BDEcells or that secretin receptors are lost or
internalized in some cells during the process of cell isolation.

= 0.60, P < 0.037; CF- readmission: r = 0.63, P < 0.027) but it
is lower than controls and nonresponders, indicating that the
activity of the exchanger is influenced by an additional vari-
able, possibly related to the rate of hormone response. In addi-
tion, the secretin responders showed a gradient and an inter-
cept of the regression lines after Cl- removal (Fig. 5 A) or Cl-
readmission (Fig. 5 B) that was significantly different (P
< 0.04) compared with both secretin nonresponders and con-
trols. The findings in these experiments suggest that the ex-
changer was set (regulated), in the presence of secretin, at a
higher rate in the responders at any given pHi.

Effect of DBcAMPon basal pH, and on the activity of the
CU-JHCO5 exchanger (Table III). Secretin increases the in-
tracellular level of cAMPin BDEcells ( 1 1, 12), suggesting that
the hormone's effect could be mediated by this cyclic nucleo-
tide. However acute exposure to DBcAMP(100 ,M), did not
change basal pHi either when cells were maintained in Hepes
(n = 6) or in KRB(n = 6) media. Similarly when BDEcells
were preincubated and perfused with 100 ,gM DBcAMP, no

significant difference in their basal pHi was observed with re-
spect to controls (7.13±0.07, n = 19 vs. 7.16±0.10, n = 44,
KRBmedium). Thus, like secretin, DBcAMPhas no effect on

basal BDEcell pHi. In addition, the lack of effect of DBcAMP
on basal pHi in Hepes suggests that the activity of the Na+/H +
exchanger is not directly influenced by this messenger. In con-

trast, the activity of the Cl-/HCO- exchanger was significantly
stimulated by DBcAMP(Table III and Fig. 4 D). Both the
maximal rate of alkalinization after Cl- removal (0.271±0.131
pHU/min, respectively, H' flux = 12.57±6.27 mM/min) and
of pHi recovery after Cl- readmission (0.538±0.373 pHU/
min, H' flux = 34.79±26.40 mM/min) were significantly
higher (P < 0.003 and P < 0.005, respectively) in BDEcells
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preincubated ( 10 min) and perfused with 100 gM DBcAMP
(Fig. 4 D) when compared with controls (Fig. 4 C). The net
pHi increase following acute Cl - removal was also significantly
enhanced by DBcAMPtreatment (0.31±0.06 vs. 0.24±0.08, P
<0.04).

Thus DBcAMPreproduces the effects of secretin on pHi
regulation in BDE cells, stimulating the activity of the Cl-/
HCO- exchanger without significant changes in the basal pHi.

Effect of the Cl- channel blocker NPPBon the secretin stim-
ulation of the Cl-jHCO- exchanger (Table IV). In different
cell types Cl/HCO- exchangers may be functionally coupled
with C1- channels (28-33). In BDE cells both cAMP- and
Ca++-regulated C1- channels have been recently described
(34). In BDEcells pretreated and perfused with 200 nMsecre-
tin, 10 ,uM NPPB(35) significantly decreased (P < 0.02) the
maximal rate of alkalinization promoted by acute Cl- removal
(0.102±0.059 pHU/min; H+ flux = 4.92±2.80 mM/min, Fig.
7 B) when compared with controls (0.247+0.180; H+ flux
= 11.4±8.12 mM/min, Table IV and Fig. 7A). The rate ofpHi
recovery following C1- readmission was also decreased in the
presence of NPPB (0.163±0.064 pHU/min; H+ flux
= 9.63±3.98 mM/min) compared with its absence
(0.333±0.159 pHU/min; H+ = 21.83±10.20 mM/min: P
< 0.005). Furthermore the net pHi increase following C1- re-
moval did not increase significantly when cells were treated
with secretin in the presence of NPPBcompared with secretin
exposure alone (0.23±0.10 vs. 0.30±0.08 pHU). In addition,
in the presence of NPPBalone, neither the net pHi increase
following Cl- removal nor the rate of pHi changes related to
Cl- removal and readmission showed significant differences
compared with controls (Table III). These findings suggest that
the Cl- channel blocker NPPBblocks the effect of secretin on
the activity of the Cl/HCO- exchanger but not when the
secretin stimulus is omitted.

Effect of the Cl- channel blocker NPPBon DBcAMPstimu-
lation of the Cl-/HCO- exchanger activity (Table IV). In
BDE cells pretreated and perfused with 100 gM DBcAMP,
superfusion with 10MgMNPPB(n = 8) significantly (P < 0.03,
Fig. 7 D) decreased the maximal rate of alkalinization pro-
moted by acute Cl- removal (0.088±0.036 pHU/min; H+ flux

= 3.95±1.60 mM/min: n = 8) when compared with control
studies (0.262±0.185 pHU/min; H+ flux = 12.55±9.41 mM/
min; n = 8, Fig. 7 C). The rate of pHi recovery following C1-
readmission was also decreased in the presence of NPPB
(0.176±0.07 pHU/min; H+ flux = 10.0 1±5.3 mM/min) but
not in its absence (0.388±0.119 pHU/min; H+ flux
= 27.72±19.37 mM/min: P < 0.04). The net pHi increase
following Cl- removal showed no statistical difference when
DBcAMPplus NPPBwas perifused than when DBcAMPwas
present alone (0.23±0.07 vs. 0.28±0.09 pHU). These findings
suggest that the Cl- channel blocker, NPPB, also prevents the
stimulation of Cl-/HCO- activity by DBcAMP.

Discussion

pHi regulation in BDEcells. This study identifies several ion
exchange mechanisms that regulate intracellular pH in normal
rat BDEcells as also observed previously when cells were iso-
lated from bile duct obstructed rats (10). Thus despite the
smaller size and lower yield of BDEcells from normal animals
(8-10), these ion exchangers function in similar fashion when
isolated by either method.

Na+/H+ exchange is the major acid extruding mechanism
when HCO- is omitted as demonstrated by inhibition of basal
pHi and spontaneous recovery from an acid load in the pres-
ence of amiloride, or during omission of sodium (Fig. 2, Table
I). When HCO- is present, the Na+/H+ exchanger is mini-
mally involved in basal pHi maintenance (amiloride insensitiv-
ity), but is activated by an acid load, as suggested by amiloride
inhibition of a portion of pHi recovery (Table II). The Na+/
HCO symporter functions as an acid extruder, in the presence
of HCO- as indicated by: (a) A higher basal pHi than in the
absence of bicarbonate, (b) A drop in pHi when Na+ is omitted
(Fig. 2) or DIDS is added, and (c) Na+ and DIDS dependent
but Cl- independent pHi recovery from an acid load (Table
II). Both the latter as well as the failure of C1- omission to
lower pHi exclude the possibility that a Na+ coupled Cl-/
HCO3exchanger functions as an acid extruder in BDEcells in
contrast to some other cell types (20, 24, 25). Finally, a C1-/
HCO3exchanger is the major acid loading mechanism in BDE

Table IV. Effect of NPPBon Secretin and DBcAMPStimulation of the Activity of the CI-IHCO; Exchanger

Albumin + NPPB Secretin + NPPB Secretin DBcAMP+ NPPB DBcAMP

n=9 n=12 n=12 n=8 n=8

Basal pH 7.15±0.07 7.13±0.09 7.12±0.07 7.11±0.05 7.14±0.08

Chloride removal

Delta pH 0.22±0.07 0.23±0.10 0.30±0.08 0.23±0.07 0.28±0.09
pHU/min max 0.09±0.03 0.10±0.06 0.25±0.18* 0.09±0.04 0.26±0.181
H Flux (mM/min) 4.41±1.45 4.92±2.80 11.40±8.12* 3.95±1.60 12.55±9.41l

Chloride readmission

pHU/min max 0.17±0.06 0.16±0.06 0.33±0.16* 0.18±0.07 0.39±0.1211
H Flux (mM/min) 10.31±3.79 9.63±3.98 21.83±10.20$ 10.01±5.30 27.72±19.3711

The activity of the Cl-/HCO exchanger measured in BDEcells superfused with the C1- channel blocker NPPBplus secretin or plus DBcAMP
was compared with BDEcells treated with secretin or DBcAMPalone. Data of the secretin + NPPBor secretin-alone groups were also
compared with an albumin (i.e., secretin carrier) + NPPBgroup. Data are given as means±SD. * P < 0.02 vs. albumin + NPPBor secretin
+ NPPB(Anova one way). t P < 0.005 vs. albumin + NPPBor secretin + NPPB(Anova one way). I P < 0.03 vs. DBcAMP+ NPPB.
P < 0.04 vs. DBcAMP+ NPPB.
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Figure 7. Effect of the Cl- channel blocker NPPBon secretin and
DBcAMPstimulation of Cl/HCO- exchange activity. A and B.
BDE cells preincubated and perfused with 200 nM secretin, super-

fused with 10 MMNPPB(B, n = 12) showed a maximal rate of pHi
increase following Cl - removal (gluconate) and of pHi recovery after
C1- readmission significantly lower as compared with those obtained
in BDEcells perfused with secretin alone (A, n = 12). C and D. BDE
cells preincubated and perfused with 100 MiM DBcAMP, superfused
with 10 MMNPPB(D, n = 8) showed a maximal rate of pHi increase
following Cl- removal (gluconate) and of pHi recovery after Cl-
readmission significantly lower, compared with those obtained in
BDEcell perfused with DBcAMPalone (C, n = 8).

cells, as in other cell types (20-25), since pH, increases after
C1- removal and recovers after C1- readmission. Alternatively,
Na+/H4 exchanger could be activated by cell shrinkage result-
ing from CP- substitution with the nonpermeant gluconate ( 19,
36), or the membrane potential could hyperpolarize and stimu-
late electrogenic ion movements (37). However, DIDS com-

pletely inhibited (Fig. 4 C) the pHi increase promoted by C1-
removal, consistent with a primary involvement of the Cl-/
HCO exchanger. In all cell types studied (20-26, 38, 39), the
C1/HCO- exchanger functions as an acid loader driven by
the Cl- gradient. Thus, this exchanger presumably functions as

a counterpoint to the acid extruding systems, in regulation of
pHi in BDEcells.

Effect ofsecretin on pH, regulation in BDEcells. The major
findings in this study relate to the effects of secretin on these

pHi regulatory mechanisms. Secretin had no effect on basal
pHi either in the presence or in the absence of HCO contain-
ing media and had no effect on the rate of pHi recovery when
BDE cells were challenged with an acid load, suggesting that
secretin does not directly modify either of the two acid extrud-
ing mechanisms, Na / H+ exchanger, or Na4/HCO3 symport.
The in vivo insensitivity of the secretin-stimulated bicarbonate
secretion to amiloride, both in pig (40) and in the isolated
guinea pig liver (41 ), is consistent with these findings, which
further indicate that the mechanism of bicarbonate secretion
stimulated by secretin is not the consequence of an intracellu-
lar alkalinization as originally proposed. Rather, as shown in
this study, secretin stimulates the rate of alkalinization and of
pHi recovery induced by Cl- removal and readmission, respec-

tively, findings consistent with an increase in the activity of the
Cl/HCO- exchange mechanism (Fig. 4, Table III). Cl-/

HCO exchangers mediate bicarbonate excretion in many dif-
ferent epithelia, including duodenum (42), pancreatic ducts
(28-30, 39), urinary bladder (33), small intestine (43), and
the cortical collecting tubule of the kidney (44).

It is not clear why secretin-stimulated BDEcells maintain
their basal pHi despite the enhanced activity of the Cl- /HCO-
exchanger. Although a decrease in pHi would result from an

increase in activity of this acid-loading mechanism, it could be
counterbalanced by an increase in activity of the acid ex-

truders. However, neither the Na4 / H+ exchange nor the Na+ /
HCO symport were stimulated by secretin when their activity
was evaluated during recovery from an acute acid load. How-
ever stimulation of the Cl/HCO- exchanger by secretin may
occur only when pHi increases above basal values. This would
be consistent with the known pHi dependence of Cl/HCO
exchanger activity, which in various cell types (20-27) is acti-
vated only at pHi values above the cell's basal set point. Thus,
when the activity of the Na+/H' or Na+/HCO3 symport was

evaluated during acid loading, the pHi was at a lower range
where activation of the Cl/HCO- by secretin is not possible.
Theoretically, the Na+/H+ exchanger or the Na4/HCO3 sym-

port could be inhibited by the acid loading, a possibility ruled
out for the NaI/H+ exchanger, which was activated by lower-
ing pHi as in other cell types ( 10, 25). However, in rabbit renal
cortex basolateral membrane vesicles, Na+/HCO symport is
much more active at basal than at lower or higher pHi values
(45). In BDEcells, basal pHi remained unchanged when cells
were perifused in HCO media with amiloride and secretin,
excluding a counter pHi regulatory response from the Na+/H+
exchanger, but not from the Na+/ HCO symport, which is the
major acid extruding mechanism in the BDE cell. Unfortu-
nately attempts to inhibit Na+/HCO symport, by omitting
Na+ (choline or N-methyl-D-glutamine substitution) lowered
pHi to levels (approx. 6.4) where the Cl/HCO- exchanger is
inactive and probably unresponsive to any effects of secretin.
Raising pHi artificially above the basal pHi by perfusing cells in
high pH/bicarbonate media might theoretically resolve this
issue, but, in the absence of Na+ no increase of pHi was ob-
served (data not presented).

The findings of the present study are consistent with HCO
excretion occurring via an apical localized Cl-/HCO ex-

changer coupled to a HCO entry mechanism at the basolat-
eral domain driven by the Na+/HCO symport. This hypothe-
sis is consistent with the mechanism of HCO excretion previ-
ously proposed for rabbit and guinea pig gallbladder
epithelium (46, 47). Alternatively, H+ extrusion via a
H+ -ATPase, could counteract the secretin-stimulated bicar-
bonate excretion. Such a mechanism has been suggested for the
pig where secretin-stimulated bicarbonate biliary secretion, in
vivo, is significantly inhibited by dicyclohexylcarbodimide
(48), a known H+-ATPase inhibitor.

Effect of DBcAMPon pHi regulation in BDEcells. Secretin
increases intracellular cAMPconcentrations in BDE cells iso-
lated from both normal (11) and bile duct-ligated rat liver
( 12). Secretin also increases both the cAMPand the IP3 intra-
cellular levels in pancreas (49) and in BDE cells ( 12). Biliary
bicarbonate secretion is also stimulated, in the guinea pig, by a
secretin analogue (i.e. [Tyr'0"3, Phe22, Trp25]secretin) that
increases the intracellular levels of cAMP but not IP3 (12).
Since DBcAMPreproduced the effects of secretin and stimu-
lated the activity of Cl-/HCO- exchanger in rat BDE cells
without significant modification of the basal pHi, it is likely
that the activity of the CP-/ HCO- exchanger is influenced by
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the levels of the intracellular messenger cAMPand could be
regulated by hormones acting through the cAMP-dependent
protein kinase A pathway. Secretin also regulates HCO excre-
tion in pancreatic ductular cells using cAMPas second intra-
cellular messenger (28-32, 49). Thus, cAMPappears to stimu-
late HCO- excretion via Cl-/HCO- exchange in epithelia that
add base to the luminal side of the cell, including BDEas well
as duodenum (42, 50), pancreatic duct cells (28-32) and the
cortical collecting tubules (44). In contrast, cAMPdecreases
the activity of the Cl/HCO- exchanger (51 ) in gallbladder
epithelium, which secretes acid into the lumen.

Effect of NPPBon the secretin and DBcAMPstimulation of
the activity of the Cl-/HCO- exchanger. Both cAMP- and
Ca"+-regulated Cl- channels have been described, in prelimi-
nary studies, in isolated rat BDEcells (34). In pancreatic duct
cells, secretin is thought to act by opening cAMPregulated Cl-
channels which then increases the gradient favoring HCO3ex-
cretion via the Cl-/HCO exchanger (28-32). These Cl-
channels have been associated (52-54) with expression of the
cystic fibrosis transmembrane conductance regulator, whose
mutation results in a characteristic defect ion Cl - channel regu-
lation (52-54). Therefore the inhibition of both the secretin
and DBcAMPinduced stimulation of Cl-/HCO exchange
activity by NPPBsuggests that their effects are mediated by
opening of Cl- channels (35). Although toxic effects of NPPB
on the exchanger cannot be definitively excluded, nonspecific
effects seem unlikely since NPPBdid not affect the control
activity of this exchanger (Table III) (Table IV).

When external chloride is removed, the Cl-/HCO ex-
change is reversed and changes in pHi now depend on the in-to-
out chloride gradient and the intrinsic activity of the ex-
changer. However, Cl- channels in rat BDEcells are inactive
during basal conditions (55); thus in the presence of NPPB
(alone or plus secretin or DBcAMP) the initial intracellular
Cl- concentration and the in-to-out Cl- gradient after acute
Cl - removal should be the same as in controls. Furthermore,
during Cl- readmission the Cl- gradient (out to in) should be
essentially the same in all our experimental groups indepen-
dently of the open state of the Cl- channels. Changes in pHi
during Cl - removal and readmission were both stimulated by
secretin or DBcAMPbut blocked by NPPB. Assuming that
nonspecific toxic effects of NPPBdid not occur, this finding
suggests that secretin and DBcAMPactivate Cl- channels, but
that the Cl/HCO- exchanger is also activated as a secondary
consequence of the opening of the Cl- channel. This conclu-
sion, e.g., that there is a link between activation of Cl- channels
and Cl/HCO- exchange activity, is based on the known de-
polarizing effect of Cl - removal and the effect of such a change
in the membrane potential on the activity of the Na+/HCO3
symport. Depolarization activates electrogenic Na+/HCO3
symport in most tissues. This in turn would increase the en-
trance of HCO into the cells, activating the HCO/C1- ex-
changer secondarily at its HCO3or pH sensitive sites as dis-
cussed above. That HCO entry via Na+/HCO- symport is
stimulated electrogenically after Cl- removal is suggested by
the effect of Valinomycin (Fig. 8), a potassium ionophore that
depolarizes cells. Following exposure of the bile duct epithelial
cells to Valinomycin, chloride removal resulted in an enhanced
rate of alkalinization consistent with electrogenic HCO- entry,
presumably via a Na+/HCO- symport, or HCO3conductive
pathway. These findings essentially exclude that the exchanger
is stimulated only as a consequence of the increased out-to-in
Cl- gradient generated by Cl- channel opening as observed in
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Figure 8. Effect of chloride removal on the rate of increase of pHK in
BDE cells before and after depolarizing the cell with valinomycin (5
x 1o-8 M). Note the more rapid alkalinization and higher pHi in-
duced by chloride removal when the cells were depolarized, presum-
ably reflecting stimulation of electrogenic bicarbonate entry. Example
is 1 of 7 experiments.

pancreatic duct cells (28-32), since the acute CQ- removal ma-
neuver should lower the rate of alkalinization instead of en-
hancing it as observed in our secretin and DBcAMPtreated
cells. Intracellular Cl- concentrations would be diminished as
a consequence of enhanced Cl- effilux through the open Cl-
channels. A direct effect of secretin and DBcAMPon Cl- chan-
nels is also supported by recent preliminary studies where
patch clamp recordings have identified low conductance Cl-
channels that are activated by secretin in rat BDE cells by
cAMPdependent mechanisms (56).

In summary, these studies demonstrate the presence of sev-
eral ion transport mechanisms in normal BDEcells that func-
tion as acid extruders and acid loaders, thereby maintaining
intracellular pH. Secretin stimulates the Cl/HCO- exchange
presumably by the action of protein kinase A and protein phos-
phorylation as suggested in other epithelia (28-32, 42, 50).
Our findings are consistent with secretin stimulation of the
Cl/HCO- exchanger as a secondary consequence of Cl
channel activation. It is presumed that the Cl/HCO- ex-
changer is present on the apical membrane facing the bile duct
lumen, based on knowledge of the physiologic properties ofthis
epithelium, which secretes HCO- into bile in response to secre-
tin stimulation. However, the precise location of these trans-
porters remains to be determined in these isolated nonpolar-
ized cell preparations.

Acknowledgments

This work was supported by U. S. Public Health Service grants DK
25636, DK34989, and DK07356.

The authors thank Drs. W. F. Boron, A. Benedetti, and M. Strazza-
bosco for helpful discussions and Oi Cheng Ng for her technical exper-
tise. Dr. Alvaro expresses his gratitude to Prof. L. Capocaccia and Prof.
M. Angelico for their constant advice and support.

References

1. Alpini, G., R. Lenzi, L. Sarkozi, and N. Tavoloni. 1988. Biliary physiology
in rats with bile ductular cell hyperplasis. Evidence for a secretory function of
proliferated bile ductules. J. Clin. Invest. 81:569-578.

2. Kountouras, J., S. McKavanagh, M. Burmicky, and B. H. Billing. 1986.
The effect of secretin on bile flow and bile acid and bilirubin excretion following

1324 D. Alvaro, W. K. Cho, A. Mennone, and J. L. Boyer



relief of prolonged bile duct obstruction in the rat. J. Hepatol. (Amst.). 4:198-
205.

3. Knuchel, J., S. Kri.henbtihl, A. Zimmermann, and J. Reichen. 1989. Effect
of secretin on bile formation in rats with cirrhosis of the liver. Structure-function
relationship. Gastroenterology. 97:950-957.

4. Nathanson, H. M., and J. L. Boyer. 1991. Mechanisms and regulation of
bile secretion. Hepatology. 551-566.

5. Alpini, G., R. Lenzi, W. R. Zhai, P. A. Slott, M. Liu, L. Zarzoki, and N.
Tavoloni. 1989. Bile secretory function of intrahepatic biliary epithelium in the
rat. Am. J. Physiol. 257:G 1 24-G 133.

6. Farouck, M., S. R. Vigna, D. C. McVey, and W. C. Meyers. 1992. Localiza-
tion and characterization of secretin binding sites expressed by rat bile duct epithe-
lium. Gastroenterology. 102:963-968.

7. Buanes, T., T. Grotmol, T. Landsverk, and M. G. Reader. 1988. Secretin
empties bile duct cell cytoplasm of vesicles when it initiates ductular HCO3
secretion in the pig. Gastroenterology. 95:417-424.

8. Alpini, G., R. Lenzi, W. R. Zhai, M. H. Liu, P. A. Slott, F. Paronetto, and
N. Tavoloni. 1989. Isolation of a nonparenchimal liver cell fraction enriched in
cells with biliary epithelial phenotypes. Gastroenterology. 97:1248-1260.

9. Ishii, M., B. Vroman, and N. F. La Russo. 1989. Isolation and morphologi-
cal characterization of bile duct epithelial cells from normal rat liver. Gastroenter-
ology. 97:1236-1247.

10. Strazzabosco, M., A. Mennone, and J. L. Boyer. 1991. Intracellular pH
regulation in isolated rat bile duct epithelial cells. J. Clin. Invest. 87:1503-1512.

1 1. Kato, A., G. Gores, S. Bronk, and N. LaRusso. 1991. Secretin stimulates
exocytosis in isolated bile duct epithelial cells by a cyclic AMP-mediated mecha-
nism. Clin. Res. 39:301a. (Abstr.)

12. Lenzen, R., G. Alpini, and N. Tavoloni. 1990. Secretin stimulates bile
ductular secretory activity through the cAMP system. Hepatology. 12:890.
(Abstr.)

13. Moore, P. L., I. C. MacCoubrey, R. P. Haugland. 1990. A rapid, pH
insensitive, two color fluorescence viability (cytotoxicity) assay. J. Cell Biol.
11 1:58a. (Abstr.)

14. Rutemberg, A. M., H. Kim, J. W. Fischbein, J. S. Hanker, H. L. Was-
senkrug, and A. M. Selingman. 1969. Histochemical and ultrastructural demon-
stration of gamma-glutamyl transpeptidase activity. J. Histochem. Cytochem.
17:517-526.

15. Irving, M. G., F. J. Roll, S. Huang, and M. Bissell. 1984. Characterization
and culture of sinusoidal endothelium from normal rat liver lipoprotein uptake
and collagen phenotype. Gastroenterology. 87:1233-1247.

16. Bissel, M., L. Hammaker, and R. Schimd. 1972. Liver sinusoidal cells.
Identification of a subpopulation for erythrocyte catabolism. J. Cell Biol.
54:107-119.

17. Voyta, J. C., D. P. Via, C. E. Butterfield, and B. R. Zetter. 1984. Identifica-
tion and isolation of endothelial cells based on their increased uptake of acety-
lated-low density lipoprotein. J. Cell Biol. 99:2034-2040.

18. Thomas, J. A., R. N. Buchsbaum, A. Zimniack, and E. Racker. 1979.
Intracellular pH measurements in Erlich ascites tumor cells utilizing spectro-
scopic probes generated in situ. Biochemistry. 18:2210-2218.

19. Gleeson, D., N. D. Smith, and J. L. Boyer. 1989. Bicarbonate-dependent
and independent intracellular pH regulatory mechanisms in rat hepatocytes. Evi-
dence for Na+:HCO- cotransport. J. Clin. Invest. 84:312-321.

20. Boyarsky, G., M. B. Ganz, R. B. Sterzel, and W. F. Boron. 1988. pH
regulation in single glomerular mesangial cells. I. Acid extrusion in absence and
presence of HCO . Am. J. Physiol. 255:C844-C856.

21. Weintraub, W. H., and T. E. Machen. 1989. pH regulation in hepatoma
cells: Roles for Na+-H+ and Cl--HCO- exchange and for Na+HCO- symport.
Am. J. Physiol. 257:G317-G327.

22. Wenzl, E., and T. Machen. 1989. Intracellular pH dependence of buffer
capacity and anion exchange in the parietal cell. Am. J. Physiol. 257:G74 1-G747.

23. Benedetti, A., M. Strazzabosco, J. C. Corasanti, P. Haddad, J. Graf, and
J. L. Boyer. 1991. Cl jHCO- exchangerin isolated rat hepatocytes: role in regula-
tion of intracellular pH. Am. J. Physiol. 261 :G5 12-G522.

24. Boyarsky, G., M. B. Ganz, R. B. Sterzel, and W. F. Boron. 1988. pH
regulation in single glomerular mesangial cells. II. Na+-dependent and -indepen-
dent C -/HCO- exchangers. Am. J. Physiol. 255:C857-C869.

25. Roos, A., and W. F. Boron. 198 1. Intracellular pH. Physiol. Rev. 6 1:296-
432.

26. Mason, M. J., J. D. Smith, J. D. Garcia-Sato, and S. Grinstein. 1989.
Internal pH-sensitive site couples CI-HCO- exchange to Na+/H+ antiport in
lynphocytes. Am. J. Physiol. 256:C428-C433.

27. Murgharbil, A., R. G. Knickelbein, P. S. Aronson, and J. W. Dobbins.
1990. Rabbit ileal brush-border membrane CI-HCO3 exchanger is activated by an
internal pH-sensitive modifier site. Am. J. Physiol. 259:G666-G670.

28. Case, R. M., and B. E. Argent. 1986. Bicarbonate secretion by pancreatic
duct cells: Mechanism and Control. In The Exocrine Pancreas: Biology, Pathobi-
ology, and Diseases. V. L. W. Go, J. D. Gardner, F. P. Brooks, E. Lebenthal, E. P.
Di Magno, G. A. Scheele, editors. Raven Press, NewYork. 213-243.

29. Gray, M. A., J. R. Greenwell, and B. E. Argent. 1988. Secretin-regulated
chloride channel on the apical plasma membrane of pancreatic duct cells. J.
Membr. Biol. 105:131-142.

30. Novak, I., and R. Greger. 1988. Properties of the luminal membrane of
isolated perfused rat pancreatic ducts. Effect of cyclic AMPand blockers of chlo-
ride transport. Pfliiegers Arch. Eur. J. Physiol. 411:546-553.

31. Gray, M. A., J. R. Greenwell, and B. E. Argent. 1988. Secretin-regulated
chloride channel on the apical plasma membrane of pancreatic duct cells. J.
Membr. Biol. 105:131-142.

32. Argent, B. E., S. Arkle, M. E. J. Cullen, and R. Green. 1986. Morphologi-
cal, biochemical and secretory studies on rat pancreatic ducts maintained in
tissue culture. Q. J. Exp. Physiol. 71:633-648.

33. Stetson, D. L., R. Beauwens, J. Palmisano, P. P. Mitchell, and P. R.
Steinmetz. 1985. A double-membrane model for urinary bicarbonate secretion.
Am. J. Physiol. 249:F546-F552.

34. Fitz, J. G., S. Basavappa, J. M. McGill, 0. Melhus, and J. A. Cohn. 1993.
Regulation of membrane chloride currents in rat bile duct epithelial cells. J. Clin.
Invest. 91:319-328.

35. Wangermann, P., M. Wittner, A. Di Stefano, H. C. Henglert, H. J. Lang,
E. Schlatter, and R. Greger. 1986. CF--channel blockers in the tick ascending limb
of the loop of Henle. Structure activity relationship. Pfluegers Arch. Eur. J. Phys-
iol. 407(Suppl.):S128-S141.

36. Corasanti, J. G., D. Gleeson, and J. L. Boyer. 1990. Effects of osmotic
stresses on isolated rat hepatocytes. I. Ionic mechanisms of cell volume regula-
tion. Am. J. Physiol. 258:G290-G298.

37. Graf, J., R. M. Henderson, B. Krumpholz, and J. L. Boyer. 1984. Cell
membrane and transepithelial voltages and resistances in isolated rat hepatocyte
couplets. J. Membr. Bio. 95:241-254.

38. Lowe, A. G., and A. Lambert. 1983. Chloride-bicarbonate exchange and
related transport processes. Biochim. Biophys. Acta. 694:353-374.

39. Stuenkel, E. L., T. E. Machen, and J. A. Williams. 1988. pH regulatory
mechanisms in rat pancreatic ductal cells. Am. J. Physiol. 254:G925-G930.

40. Grotmol, T., T. Buanes, and M. G. Raeder. 1987. The effect of amiloride
on biliary HCO- secretion in the anaesthesized pig. Acta Physiol. Scand.
130:447-455.

41. Blot-Chabaud, M., Dumont, M., Corbic, and S. Erlinger. 1990. Effect of
acid-base balance on biliary bicarbonate secretion in isolated perfused guinea pig
liver. Am. J. Physiol. 258:G863-G872.

42. Flemstrom, G., J. R. Heylings, and A. Garner. 1982. Gastric and duodenal
HCO- transport in vitro: effects of hormones and local transmitters. Am. J.
Physiol. 242:G I00-G 1 0.

43. Sundaram, U., R. Knikelbein, and J. W. Dobbins. 1991. pH regulation in
ileum: Na+-H+ and Cl--HCO- exchange in isolated crypt and villus cells. Am. J.
Physiol. 260:G440-G449.

44. Schuster, V. L. 1985. Cyclic adenosine monophosphate-stimulated bicar-
bonate secretion in rabbit cortical collecting tubules. J. Clin. Invest. 75:2056-
2064.

45. Soleimani, M., G. A. Lesoine, J. A. Bergman, and T. D. McKinney. 1991.
A pH modifier site regulates activity of the Na' :HCO cotransporter in basolat-
eral membranes of kidney proximal tubules. J. Clin. Invest. 88:1135-1140.

46. Petersen, K. U., F. Wehner, and J. M. Winterhager. 1990. Transcellular
bicarbonate transport in rabbit gallbladder epithelium: mechanisms and effect of
cyclic AMP. Piluegers Arch. Eur. J. Physiol. 416:312-321.

47. Winterhager, J. M., C. P. Stewart, K. Heintze, K. U. Petersen. 1986.
Electroneutral secretion of bicarbonate by guinea pig gallbladderepithelium. Am.
J. Physiol. 250:C617-C628.

48. Grotmol, T., T. Buanes, and M. G. Raeder. 1987. DCCD(NN-dicyclo-
hexylcarbodimide) inhibits biliary secretion of HCO . Scand. J. Gastroenterol.
22:207-2 13.

49. Trimble, E. R., R. Bruzzone, T. J. Biden, C. J. Meehan, D. Andreu, and
R. B. Merrifield. 1987. Secretin stimulates cyclic AMPand inositol triphosphate
production in rat pancreatic acinar tissue by two fully independent mechanisms.
Proc. Natl. Acad. Sci. USA. 84:3146-3150.

50. Dunk, C. R., C. D. A. Brown, and L. A. Turnberg. 1989. Stimulation of
Cl/HCO- exchange in rat duodenal brush border membrane vesicles by cAMP.
Pfluegers Arch. Eur. J. Physiol. 414:701-705.

51. Reuss, L. 1987. Cyclic AMPinhibits CI/HCO- exchange at the apical
membrane of Necturus gallbladder epithelium. J. Gen. Physiol. 90:173-196.

52. Hwang, T. C., L. Lu, P. L. Zeitlin, D. C. Gruenert, R. Huganir, and W. B.
Guggino. 1989. Cl- channels in CF: Lack of activation by protein kinase C and
cAMP-dependent protein kinase. Science (Wash. DC). 244:1351-1353.

53. Anderson, M. P., and M. J. Welsh. 1991. Calcium and cAMPactivate
different chloride channels in the apical membrane of normal and cystic fibrosis
epithelia. Proc. Natl. Acad. Sci. USA. 88:6003-6007.

54. Marino, C. R., L. M. Matovik, F. S. Gorelick, and J. A. Cohn. 1991.
Localization of cystic fibrosis transmembrane conductance regulator in pancreas.
J. Clin. Invest. 88:712-716.

55. McGill, J. M., S. Basavappa, and J. G. Fitz. 1992. Characterization of
high-conductance anion channels in rat bile duct epithelial cells. Am. J. Physiol.
262:G703-7 1 0.

56. McGill, J. M., T. W. Gettys, S. Basavappa, and J. G. Fitz. 1992. Secretin
activates Cl- channels in bile duct epithelial cells through a cAMP-dependent
mechanism. Hepatology. 16:125A.

Effect of Secretin on pHi Regulation in Bile Duct Epithelium Cells 1325


