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Abstract. Gallbladder Na+ absorption is linked to
gallstone formation in prairie dogs. We previously
reported Na+/H+ exchanger (NHE1-3) expression in
native gallbladder tissues. Here we report the func-
tional characterization of NHE1, NHE2 and NHE3
in primary cultures of prairie dog gallbladder epi-
thelial cells (GBECs). Immunohistochemical studies
showed that GBECs grown to confluency are ho-
mogeneous epithelial cells of gastrointestinal origin.
Electron microscopic analysis of GBECs demon-
strated that the cells form polarized monolayers
characterized by tight junctions and apical microvilli.
GBECs grown on Snapwells exhibited polarity and
developed transepithelial short-circuit current, Isc,
(11.6 ± 0.5 lA Æ cm�2), potential differences, Vt

(2.1 ± 0.2 mV), and resistance, Rt (169 ± 12 W Æ
cm2). NHE activity in GBECs assessed by measuring
dimethylamiloride-inhibitable 22Na+ uptake under a
H+ gradient was the same whether grown on per-
meable Snapwells or plastic wells. The basal rate of
22Na+ uptake was 21.4 ± 1.3 nmol Æ mg prot�1 Æ
min�1, of which 9.5 ± 0.7 (�45%) was mediated
through apically-restricted NHE. Selective inhibition
with HOE-694 revealed that NHE1, NHE2 and
NHE3 accounted for �6%, �66% and �28% of
GBECs’ total NHE activity, respectively. GBECs
exhibited saturable NHE kinetics (Vmax 9.2 ± 0.3
nmol Æ mg prot�1 Æ min�1; Km 11.4 ± 1.4 mM Na+).
Expression of NHE1, NHE2 and NHE3 mRNAs was
confirmed by RT-PCR analysis. These results dem-
onstrate that the primary cultures of GBECs exhibit
Na+ transport characteristics similar to native gall-

bladder tissues, suggesting that these cells can be used
as a tool for studying the mechanisms of gallbladder
ion transport both under physiologic conditions and
during gallstone formation.
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Introduction

The prairie dog (Cynomys ludovicianus) is widely used
as an animal model for the investigation of human
cholesterol gallstone disease [19, 20, 25, 27]. The
prairie dog is unique as a model of human cholesterol
gallstone disease because its biliary lipid composition
is similar to that of humans [4, 13]. Moreover, prairie
dogs fed a cholesterol-enriched diet develop choles-
terol gallstones in a manner that recapitulates events
known to occur in humans with cholelithiasis [21].
Electrophysiologic studies suggest that the prairie
dog gallbladder exhibits a prominent transepithelial
short-circuit current (Isc) and lumen-negative poten-
tial difference (Vt), and thus the ion transport across
this tissue is said to be electrogenic [36] resembling
human gallbladder [35]. This is in contrast to the
gallbladders of most other species, such as Necturus
[34], rabbit [12, 14], and guinea pig [41], which exhibit
Vt less than 2 mV and demonstrate no significant Isc,
such that NaCl transport in these tissues is nearly
electroneutral. Its electrically prominent Vt and Isc
closely approximate human gallbladder parameters
and thus this model provides us with an opportunity
to study the effects of luminal and pharmacological

J. Membrane Biol. 197, 123–134 (2004)

DOI: 10.1007/s00232-003-0647-6

Correspondence to: M.Z. Abedin; email: Mohammad.Abedin@

drexel.edu



factors on gallbladder ion transport during gallstone
formation.

Studies conducted in this animal model [10, 17]
and in others [26] have shown that gallbladder Na+

and water absorption is increased in the early stage of
gallstone formation and may promote cholesterol
nucleation. Administration of amiloride, an inhibitor
of Na+ transport, has resulted in a significant de-
crease in the incidence of diet-induced gallstones in
prairie dogs, suggesting that alterations in Na+

transport may have a pathogenic role in cholelithiasis
[39]. Previous studies in a variety of species indicate
that gallbladder Na+ transport is predominantly
mediated through apically restricted Na+/H+ ex-
change (NHE) [2, 12, 34]. Recently, we have reported
the expression of NHE isoforms (NHE1, NHE2 and
NHE3) in native prairie dog gallbladder epithelium
and have shown that both NHE2 and NHE3 are
involved in vectorial Na+ transport in this tissue [1].
However, because native gallbladder tissues are an
inherently heterogeneous population of cells, this is a
limiting factor for further studies of NHE kinetics
and the cellular elements that regulate NHE activity
under physiological and pathological conditions.
Thus, to get greater insight into the cellular and
molecular mechanisms of apical Na+ transport under
defined conditions, we deemed it necessary to use a
more homogeneous population of gallbladder epi-
thelial cells.

Although several investigators have developed
primary cultures of gallbladder epithelial cells from
various species [18, 24, 31–33], including prairie dogs
[7], only Gunter-Smith and coworkers have used
primary cultures of gallbladder epithelial cells to
study ion transport [18]. These authors demonstrated
that primary cultures of guinea pig gallbladder epi-
thelial cells, when grown on permeable supports,
develop Rt and Isc comparable to the native epithe-
lium and are responsive to secretagogues, such as
ionomycin and forskolin. However, to our knowl-
edge, there are no reports in which gallbladder pri-
mary cell cultures have been used to study Na+

transport and its regulation. Thus, the goal of our
study was to characterize Na+/H+ exchange in pri-
mary cultures of prairie dog gallbladder epithelial
cells and to establish that these cells exhibit Na+

transport characteristics comparable to native gall-
bladder tissues. These cells will allow us to plan a
systematic study of the factors that regulate Na+

transport during gallstone formation.

Materials and Methods

MATERIALS

22Na+ was purchased from New England Nuclear (Boston, MA).

HOE-694 (3-methylsulfonyl-4-piperidinobenzoyl guanidine) was a

gift of Dr. H. J. Lang (Hoechst, Frankfurt, Germany) and di-

methylamiloride (DMA) was from Sigma Chemicals (St. Louis,

MO). Electrophoresis reagents were purchased from Bio-Rad

(Richmond, CA), and all other reagents were selected from vendors

as noted in the text. Oligonucleotide primers were obtained from

Express Genetics (Princeton, NJ). Avian myelomablastosis virus

reverse transcriptase (RT), Taq DNA polymerase, and polymerase

chain reaction (PCR) reagents were purchased from Perkin-Elmer

(Norwalk, CT). One hundred-base pair DNA size ladder was

purchased from GIBCO (Grand Island, NY). The mouse anti-cy-

tokeratin-7/17, goat anti-cytokeratin-20 and goat anti-vimentin

antibodies were obtained from Santa Cruz Biotechnologies, (Santa

Cruz, CA). The mouse anti-cytokeratin-22 (pan-cytokeratin) anti-

body was purchased from Biomeda (Foster City, CA). The donkey

anti-goat secondary antibody conjugated to rhodamine (TRITC)

and goat anti-mouse secondary antibody conjugated to TRITC

were obtained from Jackson Immunoresearch Laboratories (West

Grove, PA).

GALLBLADDER HARVESTING

Adult male black-tailed prairie dogs (Cynomys ludovicianus) trap-

ped in the wild and obtained from Flyers Speciality Pets (Lubbock,

TX), were caged individually in a 23�C thermoregulated room. The

animals were fed normal laboratory chow (Purina Laboratory

Chow, Ralston-Purina, St. Louis, MO), sufficient to maintain body

weight. After a 16-h fast with water ad libitum, animals were

anesthetized with ketamine (100 mg/kg body weight) and xylazine

(1.5 mg/kg) intramuscularly, cholecystectomy was performed via a

midline laparotomy, and gallbladders were harvested. Use of ani-

mals followed the prior approval by the Institutional Animal Care

and Use Committee (IACUC) of Drexel University College of

Medicine.

PREPARATION OF GALLBLADDER EPITHELIAL CELLS

(GBECs)

Harvest and isolation of GBECs were performed following a

modification of the method described by Chapman et al. [7]. The

changes made in the methodology were necessary to adapt to our

system and the modifications improved the yield and homogeneity

of isolated cells. Briefly, gallbladders were opened longitudinally

in a small sterile petri dish (35 · 10 mm, Becton Dickinson

Labware, Bedford, MA), bile was collected, and tissues were

rinsed free of bile with cold phosphate buffered saline (PBS).

Gallbladders were transferred to a new petri dish, with the mu-

cosal side face down over 0.3 ml of 0.25% Ca2+/Mg2+ free

trypsin (GIBCO), and incubated at 37�C for 45 min. The

trypsinization reaction was inactivated by adding 5 ml of Dul-

becco’s MEM-Ham’s F-12 (1:1) medium (DMEM) supplemented

with 10% FBS (Sigma), ITS (5 lg/ml insulin, 5 lg/ml transferrin,

and 5 ng/ml sodium selenium from GIBCO, and 2 mM glutamine

(Fisher Scientific). Following digestion with trypsin, the mucosa

was scraped gently with a sterile scraper under aseptic conditions

to isolate epithelial cells. The isolated cells were washed three

times in sterile Minimum Essential Medium (MEM). Cell viability

following isolation, as assessed by Trypan Blue exclusion, was

>95%. Cells isolated from one gallbladder yielded sufficient cells

to seed 18 wells of a 24-well plate (1 cm2, Costar, Cat. # 3526) or

18 Snapwells filters (1 cm2, Costar, Cat. # 3407) at a density of

�0.25 · 106 cells/well in 500 ll of MEM. Cultures were main-

tained in a 5% CO2 atmosphere at 37�C in DMEM, and ex-

changes of Medium were performed every 48 h until performance

of selected experiments.
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ELECTRON MICROSCOPY

GBECs were grown in T-75 flasks for 7 days until confluent and

fixed in Trumps fixative (4% formaldehyde, 1% glutaraldehyde) for

1 h at room temperature, after which the fixative was decanted and

the cells were washed 3 times with Millonigs phosphate buffer (pH

7.4). Cells were post-fixed in 1% OsO4 in Syn-Collidine buffer for

1 h, washed in Millonigs Phosphate buffer and dehydrated in a

graded alcohol series. Following a second 100% alcohol dehydra-

tion and removal of alcohol, Epon resin mixture was immediately

added to the flask until a level of approximately 4–6 mm of ma-

terial covered the cells. Covered GBECs were incubated at room

temperature overnight and then oven-heated (60�C) for 24–48 h.

Treated GBECs were examined with an inverted phase-contrast

microscope, and confluent regions suitable for electron microscopic

analysis were marked on the flask and then removed with a small

coping saw. All flask material was separated from the embedded

cells, and GBECs were thick- and thin-sectioned, with thin sections

picked up on uncoated formvar-cover single-hole grids. All sections

were stained with alcoholic uranyl acetate and Reynolds lead ci-

trate, and all grid were examined in a Zeiss 10A electron micro-

scope operated at 80 kV accelerating voltage.

IMMUNOFLUORESCENCE

Individual chambers of glass 4-chamber slides were coated with 500

ll Cell-Tak adhesive following the manufacturer’s protocol (Col-

laborative Biomedical Products, Becton Dickinson, Bedford, MA),

air-dried at RT, and briefly rinsed with serum-free MEM prior to

plating of GBECs at a density of �0.25 · 106 cells/well. GBECs

were grown for 7 days until confluent. Confluent GBECs were fixed

in 100% methanol at �20�C for 5 min and then washed 3 times for

5 min with PBS (pH 7.4). Nonspecific binding was blocked by a

single wash in either 1% donkey or goat serum in PBS for 30 min at

room temperature, depending upon the secondary antibody to be

used. GBECs were incubated for 1 h at room temperature with

primary antibody. Primary antibodies were used at the following

dilutions; Mouse anti-cytokeratin-7/17 (CK-7/17), 1:100; mouse

anti-cytokeratin-22 (CK-22), pre-diluted; goat anti-cytokeratin-20

(CK-20), 1:100; and goat anti-vimentin, 1:100. GBECs were then

washed with PBS three times over 15 min and blocked in either 1%

donkey or goat serum for 30 min at room temperature. GBECs

were then incubated for 1 h at 37�C in the dark with the appro-

priate TRITC-conjugated secondary antibody (1:800 dilution),

washed with PBS three times for 15 min, counter-stained with bis-

benzamide at 10 lg/ml in PBS for 3–5 min, and quickly rinsed twice

with PBS. Following a quick rinse with distilled water, all slides

were mounted with an aqueous mounting medium (DAKO). Slides

were viewed on a Nikon E800 fluorescent microscope, and images

captured with a Spot RT camera (40·) for analysis with Image Pro

Plus 4.5 imaging software.

MEASUREMENT OF
22Na+ UPTAKE

Na+/H+ exchange activity was measured in GBECs grown on

both, 24-well plastic plates and permeable Snapwells. Briefly, the

MEM was aspirated and the cells were acidified by incubation for 1

h in NH4Cl buffer containing (in mM) 50 NH4Cl, 90 TMA chloride,

5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 15 HEPES, adjusted to

pH 6.4. After 1 h, the NH4Cl buffer was aspirated and replaced

with Na+-free buffer containing (in mM) 140 TMA chloride, 5 KCl,

2 CaCl2, 1 MgCl2, 10 glucose, and 15 HEPES, adjusted to pH 7.4,

with 1 mM ouabain and 0.1 mM bumetanide, either alone or con-

taining selected inhibitors of ion transport, including dimethyla-

miloride (DMA; 1–1000 lM), HOE-694 (HOE; 1–1000 lM),

hydrochlorothiazide (100 lM), or dichlorobenzamil (100 lM), for 5

min at 37�C. The Na+-free buffer was then replaced with transport

buffer containing (in mM) 20 NaCl, 120 TMA chloride, 5 KCl, 2

CaCl2, 1 MgCl2, 10 glucose, and 15 HEPES, adjusted to pH 7.4,

with 1 mM ouabain, 0.1 mM bumetanide, and �1 lCi/ml 22NaCl,

either alone or with the selected inhibitors at the concentrations

utilized during the pre-incubation step. In all inhibitor studies, 100

lM bumetanide was included in both the Na+-free and transport

buffers. Assessment of the specific contribution of the Na+-K+-

2Cl� co-transporter to 22Na+ uptake was examined in parallel

experiments that compared uptake in the presence of bumetanide

with uptake in GBECs exposed to Na+-free and transport buffers

without bumetanide. Uptake of 22Na from the transport buffer was

conducted for exactly 3 min at 37�C, after which the buffer was

aspirated and wells were quickly rinsed 3 times over 30 s with 1 ml

ice-cold wash buffer, containing (in mM, pH 7.4) 140 NaCl, 5 KCl,

1 Na2HPO4, and 15 HEPES. The cells were then lysed in 1 ml 1N

NaOH for 30 min at room temperature, and a 100 ll aliquot of the

lysates was used to determine the protein concentration. The re-

maining lysates were neutralized with 1 ml of 1N HCl and assessed

for radioisotope activity in a Beckman liquid scintillation counter

(LS 600 TA, Beckman Instruments, Fullerton, CA). DMA-inhibi-

table NHE activity was determined as the difference in Na+ uptake

at baseline minus the Na+ uptake in the presence of 100 lM DMA

(IC50 of DMA for NHE1, NHE2 and NHE3 is 0.1 lM, 0.7 lM, and

11 lM, respectively). The relative contribution of NHE1, NHE2

and NHE3 to total NHE activity was determined by their differ-

ential sensitivity to HOE-694 (IC50 of HOE-694 for NHE1, NHE2

and NHE3 is 0.16 lM, 5 lM, and 650 lM, respectively) [11, 42]. The

contributions of the coupled Na+-Cl� transporter, the Na+-K+-

2Cl� co-transporter, and Na+/Ca2+ exchangers to total Na+

uptake was determined by differential sensitivity to hydrochloro-

thiazide, bumetanide and dichlorobenzamil, respectively. Addi-

tional experiments were performed to assess the functional

polarization of GBECs, in which 22Na+ uptake was measured by

addition of tracer 22Na+ to the basolateral surfaces of GBECs

plated in Snapwells.

TRANSEPITHELIAL ELECTRICAL PARAMETERS

GBECs grown on Snapwells for 7 days were mounted in a two-

piece Lucite Ussing chamber (Diffusion chambers, Costar). Mu-

cosal and serosal surfaces were perfused with equal volumes (5 ml)

of modified Ringer’s solution of the following composition (in

mM): 140 Na+, 124 Cl�, 21 HCO�
3 , 5.4 K+, 1.3 Ca2+, 1.2 Mg2+,

2.4 HPO2�
4 , 0.6 H2PO�

4 , 5 HEPES, and 10 glucose, adjusted to pH

7.4. The chamber was maintained at 37�C and gassed with 95% O2/

5% CO2. Open-circuit transepithelial voltage (Vt) and short-circuit

current (Isc) were measured following standard 4-electrode tech-

niques using an automatic voltage current clamp (VCC 600,

Physiologic Instruments, San Diego, CA), as previously described

[36]. Transepithelial resistance (Rt) was determined by recording

the potential deflections in response to a bipolar current of ±10 lA
passed across the monolayers by a pulse generator via Ag-AgCl

electrodes. Compensations for fluid resistance and voltage elec-

trode asymmetry were made prior to mounting monolayers in the

chamber, using a blank Snapwell. Direct current was continually

passed through the monolayers by means of Ag-AgCl electrodes in

order to nullify the spontaneous Vt. Measurements of Rt and Isc
were normalized to chamber surface area.

PROTEIN ASSAY

Protein concentration in the cell lysates was measured by the

Bradford method [3], using Bio-Rad dye reagent (Bio-Rad Labs,

Hercules, CA).
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RNA ISOLATION

Total RNA was extracted from GBECs grown to confluence on 24-

well plates using a commercially available RNA isolation kit

(Stratagene, San Diego, CA), according to the method of Chom-

czynski and Sacchi [9]. RNA concentration and purity were as-

sessed by spectrophotometry at 260 nm/280 nm. Samples not used

immediately were suspended in either 0.25 M sodium acetate/eth-

anol or DEPC-treated water prior to storage at �70�C.

RT-PCR ANALYSIS OF NHE ISOFORM EXPRESSION

Approximately 200 ng of total RNA isolated from GBECs was

used for reverse transcriptase (RT)-PCR assay following the

manufacturer’s protocol (Perkin-Elmer). The RT reaction was

performed in a 20 ll volume containing 1 mM deoxynucleotide

triphosphate, 50 mM KCl, 50 lg/ml actinomycin D, 4 lM antisense

primer (oligo dT), RT buffer (100 mM Tris-HCl, pH 8.3, 10 mM

MgCl2 and 10 mM dithiothreitol), and 10 U avian myelomablas-

tosis virus RT. After 1 h of incubation at 42�C, samples were

precipitated with 100% ethanol. Amplification of complementary

DNA (cDNA) was performed with Taq polymerase and reagents

from Perkin-Elmer. Isoform-specific primers of NHE1, NHE2 and

NHE3 were designed for prairie dogs on the basis of maximum

homology among published nucleotide sequence for rats, rabbits,

and humans, as described previously [1]. Briefly, all of the cDNA

products were used for PCR reaction with the protocol recom-

mended by the manufacturer. All reagents were kept on ice, and the

mixture was overlaid with mineral oil and then amplified with a

PTC-100 Programmable Thermal Cycler (MJ Research, Water-

town, MA). The 30-cycle amplification profile involved denatura-

tion for 1 min at 94�C, primer annealing for 1 min at 53�C, and

extension for 1 min at 72�C. The elongation phase was lengthened

by 1 s per cycle. Aliquots of the PCR products were analyzed by

electrophoresis on 1% agarose gels in 1 · Tris-borate/EDTA buffer

with 0.05% ethidium bromide for visualization. PCR products

corresponding to the predicted size for NHE1, NHE2 and NHE3

were ligated into the PCR 2.1 vector using the TA one-shot

Cloning Kit from Invitrogen (San Diego, CA). The transformed

E. coli cells were identified via blue/white plaque screening and

grown in LB + ampicillin medium overnight, and the plasmids

were isolated using the Qiagen miniprep kit (Chatsworth, CA). The

NHE1, NHE2 and NHE3 plasmids were subsequently sequenced

by the Sanger dideoxynucleotide method, and the amino-acid

sequences of the amplified regions were determined.

STATISTICAL ANALYSIS

Data are presented as means ± SEM as needed. Statistical com-

parisons between groups were made by analysis of variance

(ANOVA) followed by Fisher’s exact test. Student’s paired t-test

was also used when appropriate.

Results

ELECTRON MICROSCOPY

Analysis by transmission electron microscopy of thin
sections of primary cultures of GBECs demonstrated
the presence of cytological features consistent with
that of gallbladder epithelia. GBECs in culture were
observed to be predominantly cuboidal, and a rep-
resentative section through a confluent monolayer of
GBECs cultured for 7 days is shown in Fig. 1. The
figure further demonstrates the polarized nature of
cultured GBECs, with basally oriented nuclei and
numerous cytoplasmic granules that increase in

Fig. 1. Transmission electron microscopic features of primary cultures of prairie dog GBECs. GBECs demonstrate growth as confluent

monolayer of polarized cuboidal cells with basally oriented nuclei (NUC) and numerous cytoplasmic granules (CG) clustered near the apical

surfaces. The apical membrane (AM) surface is characterized by numerous microvilli (MV, white arrow) and by the presence of tight

junctional complexes (TJ, black arrows). PS, peripheral space (·18,900).
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number near the apical surfaces. Detailed examina-
tion of the apical surfaces of fixed GBECs demon-
strates the presence of prominent microvilli and tight
junctions (Fig. 1), suggesting that both functional
and structural polarity of gallbladder epithelial cells
is preserved in primary culture.

IMMUNOFLUORESCENCE

Immunolabeling using antibodies for specific cyto-
keratin (CK) species of cytoskeletal proteins was
performed to demonstrate that prairie dog GBECs in
primary culture are epithelial in nature and of gas-
trointestinal origin. An antibody to vimentin, an in-
termediate filament specific to cells of mesenchymal
lineage, such as fibroblasts, was used to determine the
extent of fibroblast cell contamination in primary
culture of prairie dog GBECs. As observed in Fig. 2,

positive labeling with antibodies to panCK-specific
(CK-22, Panel A) and gastrointestinal epithelium-
specific (CK-20, Panel B) cytokeratins demonstrated
that GBECs retained the characteristics of epithelial
cells of gastrointestinal origin. In contrast, antibodies
not specific for epithelial cells of the gastrointestinal
tract (CK-7/17, Panel C and vimentin, Panel D; Fig.
2) were non-reactive with the cell cultures, demon-
strating that contamination with other cell types, in-
cluding fibroblasts, was not present in our primary
cultures of prairie dog GBECs.

22Na+ UPTAKE IN CULTURED MONOLAYERS OF

GBECs

To first determine if 22Na+ uptake into the cells is
dependent on a H+ gradient and to establish the
duration for which 22Na+ uptake into the cells is

Fig. 2. Immunofluorescent labeling of primary culture of prairie dog GBECs. GBECs grown to confluence were immunolabeled with anti-

cytokeratin and anti-vimentin antibodies. Positive staining for pan-specific (CK-22; Panel A) and gastrointestinal epithelium-specific (CK-

20; Panel B) cytokeratins was observed. Staining was not observed for cytokeratins of extra-gastrointestinal origin (CK-7/17; Panel C) or

vimentin (Panel D). Nuclei were counter-stained with bis-benzamide (·40).
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linear, 22Na+ uptake into GBECs grown on 24-well
plates was determined using an outwardly directed
proton gradient. As shown in Fig. 3, 22Na+ uptake in
both the presence and absence of DMA was linear up
to 4 min, and it was stimulated by �48% (p < 0.01)
by the pH gradient (Fig. 4). Stimulation of Na+

uptake by an H+ gradient suggests the presence of a
carrier-mediated transport process that is dependent
on the transmembrane H+ gradient.

We have previously shown that apical 22Na+

uptake by native prairie dog gallbladder is inhibited
by DMA and HOE-694, inhibitors of Na+/H+ ex-
change. To determine if 22Na+ uptake into primary
cultures of gallbladder epithelial cells is sensitive to
both DMA and HOE-694, 22Na+ uptake was meas-
ured in cultured monolayers of GBECs grown on 24-
well plates in the presence of varying concentrations
of DMA and HOE-694. 22Na+ uptake was reduced
by �6% by treatment of cultured GBECs with 1 lM

HOE-694, at which concentration NHE1 activity is
fully blocked. As the concentrations of the inhibitors
increased, 22Na+ uptake was progressively inhibited
to a maximum of �45% at �100 lM DMA and �500
lM HOE-694, respectively (Fig. 5). These results are
consistent with our previous observations that both
HOE-sensitive NHE2 and HOE-insensitive NHE3
contribute to total NHE activity in GBECs of prairie
dogs. Hill-plot analysis of these data yielded IC50 and
Hill coefficient of 13.0 ± 4.7 lM and 0.47 ± 0.09 for
DMA and 20.2 ± 3.5 lM and �0.53 ± 0.04 for
HOE-694, respectively.

Since only �45% of H+ gradient-driven Na+

uptake was mediated through DMA-inhibitable
Na+/H+ exchange, we investigated if other Na+

transporters are involved and contribute signifi-
cantly to the H+ gradient-driven Na+ uptake in the
GBECs. As shown in Fig. 6, only DMA and HOE-
694 (an amiloride analog that inhibits NHE2 at the
present dose) significantly inhibited H+-gradient-
driven 22Na+ uptake, whereas the effects of other
inhibitors, bumetanide (Na+-K+-2Cl� cotransport
inhibitor), hydrochlorothiazide (coupled Na+-Cl�

transport inhibitor) and dichlorobenzamil (Na+

Fig. 3. Initial rates of 22Na+ uptake by cultured GBECs. 22Na+

uptake in the presence of an outwardly directed H+ gradient was

measured in the presence (m) or absence (•) of 100 lM DMA at

various time intervals starting from 0.5 to 4.0 min in cultured

GBECs grown on 24-well plates. The uptake is linear over 4 min.

Results are mean ± SEM of 3 identical experiments using 4–5 wells

at each data point.

Fig. 4. Effect of H+ gradient on 22Na+ uptake in GBECs. 22Na

uptake was measured in cultured GBECs grown on 24-well plates

for 3 min in the absence (H+ gradient (�)) or presence of an

outwardly directed H+ gradient (H+ gradient (+)). Na+ uptake

was stimulated by �48% (p < 0.01) in the presence of the H+

gradient. Results are mean ± SEM of 4 identical experiments using

4–5 wells in each experiment.

Fig. 5. DMA and HOE-694 dose-response curve in cultured

GBECs. DMA and HOE-sensitive 22Na uptake was measured in

cultured GBECs grown on 24-well plates at varying concentrations

of DMA (0.1–1000 lM) in the presence of an H+ gradient. Results

were normalized to basal 22Na+ uptake in the absence of inhibitors

(19.5 ± 1.6 nmol Æ mg prot�1 Æ min�1). 22Na+ uptake was inhibited

by �45% at 100 lM DMA and 500 lM HOE-694, respectively.

Graph represents the results of triplicate experiments using 4–5

wells at each data point.
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channel and Na+/Ca2+ exchange inhibitor), were
minimal and not significant.

KINETICS OF Na+/H+ EXCHANGE IN CULTURED

MONOLAYERS OF GBECs

22Na+ uptake into cultured monolayers of GBECs
grown on 24-well plates was measured for 3 min at
different external Na+ concentrations in the absence
or presence of 100 lM DMA. Na+/H+ exchange was
defined as DMA-inhibitable 22Na+ uptake. Maximal
rate of enzyme reactions (Vmax) and Michaelis-Men-
ten constant (KNaþ

m ) were determined by Lineweaver-
Burk transformations via computer-assisted nonlinear
regression (ENZFITTER). The 22Na+ uptake in the
cultured cells conformed to simple Michaelis-Menten
kinetics and Lineweaver-Burk analysis demonstrated
a Vmax of 9.2 ± 0.3 nmol Æ mg prot�1 Æ min�1 and an
apparent KNaþ

m of 11.4 ± 1.4 mM (Fig. 7). The ap-
parentKm value observed in theGBECs is comparable
with the values for NHE1 (10.2 mM), NHE2 (11.6 mM)
and NHE3 (16.6 mM), but the Vmax value is several-
fold lower than the corresponding values for the
NHEs in PS120 cells transfected with NHE isoform
specific cDNAs [6].

NHE mRNA EXPRESSION IN GBECs

Having established that the primary cultures dem-
onstrated 22Na+ uptake sensitive to both DMA and
HOE-694, the expression of NHE messenger RNA
was examined in cultured monolayers of GBECs

grown on 24-well plates by RT-PCR analysis, using
NHE isoform-specific primers described earlier [1].
Figure 8 shows an ethidium bromide-stained 1.5%
agarose gel of amplified cDNA products of NHE1
through NHE-3 isoforms. The sizes of the RT-PCR
products matched with the predicted sizes and were
identical to the corresponding values of NHE1,
NHE2 and NHE3 observed in native gallbladder
epithelia. The NHE1, NHE2, and NHE3 RT-PCR
products were sequenced to confirm their authentic-
ity, and the corresponding deduced amino-acid
sequences were identical to the NHE isoform values
reported in native gallbladder epithelia [1].

COMPARISON OF
22Na+ UPTAKE BY PLATE- AND

FILTER-GROWN GBECs

When the primary cultures were grown to confluency
on Snapwell filters and mounted in diffusion cham-
bers (bathed with symmetrical Ringer’s solution),
they developed a transepithelial short-circuit current
(Isc) of 11.6 ± 0.5 lA Æ cm�2, an apical negative
potential difference (Vt) of 2.1 ± 0.2 mV and a re-
sistance (Rt) of 169 ± 12 W Æ cm2 (Table 1). Although
electrical polarity of the monolayers is comparable to
the native epithelium, the numerical values of Isc and
Vt are lower and the Rt is higher in comparison to the
values observed in native gallbladder tissues of prairie
dogs [36]. The electrical parameters exhibited by the
monolayers were sensitive to amiloride. Mucosal ex-
posure to 100 lM dimethylamiloride (DMA) resulted
in �29% (p< 0.001) and 24% (p< 0.001) decrease in
Isc and Vt, respectively, and �12% (p < 0.003) in-
crease in Rt, as compared to baseline. These DMA
effects were similar to those observed in native gall-
bladder tissues of prairie dogs. Isc exhibited by native
gallbladder epithelium originates through a combi-
nation of net mucosal Na+ absorption (46% of
measured Isc) and net Cl� secretion (42% of measured
Isc). The remaining 12% of measured Isc is unac-
counted for by Na+ and Cl� flux [36].

When 22Na+ uptake by GBECs grown to con-
fluency on Snapwell filters and 24-well plates was
measured for 3 min (Fig. 3) using a proton gradient,
the values obtained in these two preparations were
almost identical (Fig. 9). The basal rate of apical
22Na+ uptake in the cultures grown on Snapwell fil-
ters was 21.8 ± 1.7 nmol Æ mg prot�1 Æ min�1 and the
apical uptake rate in the cultures on plastic wells was
21.4 ± 1.3 nmol Æ mg prot�1 Æ min�1. Approximately
45% of Na+ uptake was mediated through 100 lM

DMA-inhibitable Na+/H+ exchange. These DMA-
inhibitable Na+ uptake values measured in GBECs
are in good agreement with �43% of apical Na+

uptake mediated through Na+/H+ exchange in na-
tive gallbladder tissues of prairie dogs [1]. In parallel
experiments, the basolateral uptake rate in the

Fig. 6. Effects of Na+ transport inhibitors on 22Na+ uptake in

cultured GBECs. 22Na uptake was measured for 3 min in the

presence of an outwardly directed H+ gradient in GBECs exposed

to specific inhibitors of Na+ transporters. Basal Na+ uptake was

inhibited �48% by 100 lM 5-(N, N-dimethyl) amiloride (DMA)

and �33% by 50 lM 3-methylsulfonyl-4-piperidinobenzoyl guani-

dine (HOE). Basal Na+ uptake was not significantly inhibited by

100 lM bumetanide (BUMET), 100 lM hydrochlorothiazide (HCT)

or 100 lM dichlorobenzamil (DCB). Results are mean ± SEM of 4

identical experiments with 4–5 wells for each inhibitor in each ex-

periment.
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cultures grown on Snapwell filters was observed to be
22.13 ± 1.89 nmol Æ mg prot�1 Æ min�1. Approxi-
mately 6% of basolateral Na+ uptake was mediated
through 100 lM DMA-inhibitable Na+/H+ ex-
change, compared to 45% of apical uptake (Fig. 10).
These DMA-inhibitable Na+ uptake values suggest

that the cultured GBECs maintain functionally sep-
arate apical and basolateral membrane domains, with
NHE predominantly operational at the apical sur-
faces.

CONTRIBUTION OF NHE1, NHE2 AND NHE3 TO

TOTAL NHE ACTIVITY IN GBECs

Total NHE activity was measured by the difference in
the basal rate of Na+ uptake minus the uptake in the
presence of 100 lM DMA, and the contribution of
NHE1, NHE2 and NHE3 to total NHE activity was
determined by their differential sensitivity to HOE-
694, as previously reported [1, 11]. Total NHE ac-
tivity in GBECs grown on Snapwells was 9.5 ± 0.7
nmol Æ mg prot�1 Æ min�1 (mean ± SEM), which was
identical to the values observed in GBECs grown on
24-well plates (9.5 ± 0.7 nmol Æ mg prot�1 Æ min�1).
The contribution of NHE1 to total NHE activity,
defined as the difference in the basal rate of apical
Na+ uptake minus the uptake in the presence of 1 lM

HOE-694, was examined and was found to be �6% of
total NHE activity. HOE-sensitive NHE2 activity
was 6.3 ± 0.5 nmol Æ mg prot�1 Æ min�1 in GBECs on
Snapwells and 6.4 ± 0.5 nmol Æ mg prot�1 Æ min�1 in
GBECs on 24-well plates, respectively (Fig. 11). The
contribution of NHE2 to total NHE activity was
�66% in the GBECs grown on either Snapwells or
24-well plates. The contribution of NHE3 to total
NHE was �28% (Fig. 11). These relative contribu-
tions of NHE2 and NHE3 to the total NHE activity
are similar to the values previously reported in native
gallbladder tissues of prairie dogs [1]. These results

Fig. 7. Kinetics of Na+/H+ exchange in cul-

tured GBECs. 22Na+ uptake into cultured

monolayers of GBECs grown on 24-well plates

was measured for 3 min at different external

Na+ concentrations in the absence or presence

of 100 lM DMA. Na+/H+ exchange was de-

fined as DMA-sensitive 22Na+ uptake. Maximal

rate of enzyme reactions (Vmax) and Michaelis-

Menten constant (KNaþ

m ) were determined by

Lineweaver-Burk transformations via compu-

ter-assisted nonlinear regression (ENZFIT-

TER). Na+ uptake via NHE in cultured GBECs

conformed to simple Michaelis-Menten kinetics.

Inset: Lineweaver-Burk transformation to pre-

dict the maximal rate of enzyme reaction (Vmax)

and apparent affinity constant for external Na+

(KNaþ
m ) for NHE. Lineweaver-Burk analysis

demonstrated a Vmax of 9.2 ± 0.3 nmol Æ mg

prot�1 Æ min�1 and an apparent KNaþ

m of 11.4 ±

1.4 mM. Results are mean ± SEM of 3 identical

experiments with 4–5 wells per external Na+

concentration in each experiment.

Fig. 8. Expression of NHE isoform mRNA in cultured GBECs.

Ethidium bromide staining of 1.5% agarose gel of amplified

cDNAs obtained by RT-PCR analysis of GBEC RNA using iso-

form-specific NHE primers designed for prairie dogs on the basis of

high homology of nucleotide sequence amongst rats, rabbits and

humans. Lane 1: 100 bp DMA ladder; lane 2: NHE 1 (383 bp) lane

3: NHE2 (415 bp); lane 4: NHE 3 (683 bp). These sizes are identical

to the values observed in native gallbladder tissues.
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show that the primary cultures of gallbladder epi-
thelial cells grown to confluency exhibit Na+ trans-
port characteristics similar to native gallbladder
epithelia.

Discussion

The prairie dog is widely used as an animal model for
the study of human cholesterol gallstone disease [19,
20, 25, 27]. Previous studies have linked alterations in
gallbladder Na+ absorption to the pathogenesis of
cholesterol gallstones [10, 17, 26]. We have recently
identified the NHE isoforms involved in Na+ trans-
port in the native gallbladder tissues of prairie dogs
[1]. However, native gallbladder tissues, because of
their cellular heterogeneity, have become a limiting
factor for further studies of Na+/H+ exchange kinet-
ics and the factors that regulate its activity under
both physiological and pathological conditions. Al-
though previous investigators have established pri-
mary cultures of gallbladder epithelia from several
species [18, 24, 31–33], including prairie dogs [7], no
systematic studies to characterize Na+ transport
have been undertaken using GBECs. In the present
study, we have shown that primary cultures of prairie
dog GBECs are an appropriate model to characterize
Na+ transport. We have demonstrated that these
cells exhibit ultrastructural features consistent with
gastrointestinal epithelia and become polarized when
grown to confluency on permeable supports, as well
as exhibit mucosal negative potential difference,
short-circuit current and transepithelial resistance
responsive to amiloride, similar to intact gallbladder
tissues. Functional assessment of Na+/H+ exchange
in GBECs has demonstrated that Na+/H+ exchange
accounts for �45% of apical Na+ uptake, similar to
native gallbladder tissues. Further studies with HOE-
694 have revealed that the relative contributions of
NHE2 and NHE3 to total NHE activity in cultured
GBECs are identical to the values observed in native
gallbladder tissues. In addition, we have shown that
these GBECs exhibit saturable NHE kinetics in ap-
ical Na+ uptake with a Km for Na+ of 11.4 ± 1.4

mM and a Vmax of 9.2 ± 0.3 nmol Æ mg prot�1 Æ
min�1. Furthermore, our RT-PCR analysis has con-
firmed that the cultured cells express Na+/H+ ex-
changer isoforms NHE1, NHE2 and NHE3 similar
to native gallbladder tissues. Taken together, these
findings demonstrate that the GBECs from prairie
dogs are an important tool to study gallbladder ion
transport under physiological conditions and to ex-
amine the mechanisms of alterations in ion transport
that occur during gallstone formation.

The observation that the GBECs grown to con-
fluency on permeable supports develop mucosal-
negative potential difference, short-circuit current
and transepithelial resistance suggests that an elec-
trogenic transport system exists in the cultured cells
similar to that present in the native gallbladder tissues
of prairie dogs [36]. The component of Isc in GEBECs
has not been determined but is expected to be similar
to that of native gallbladders. Most of the Isc exhib-
ited by native gallbladder epithelium originates
through a combination of net mucosal Na+ absorp-
tion and net Cl

�
secretion. The effects of the amiloride

analog DMA on the electrical parameters of GBECs
are similar to its observed effects on these parameters
in native gallbladder tissues. This indicates that pri-
mary cultures of GBECs can be used as a model
system to examine the regulation of transepithelial
Na+ transport across gallbladder epithelial cells. This
is in good agreement with the findings of Gunter-
Smith and coworkers, who have shown that the range
of responses of primary cultures of guinea pig gall-
bladder epithelial cells to various secretagogues are

Table 1. Electrical properties of primary cultures of prairie dog

GBECS

Baseline DMA (100 lM) % change

Isc (lA Æ cm�2) 11.6 ± 0.5 8.2 ± 0.4** �29.3

Vt (mV) 2.1 ± 0.2 1.6 ± 0.2** �24.3

Rt (W Æ cm2) 169 ± 12 189 ± 14* +11.8

Results represent means ± SEM of electrical parameters measured

on 3 separate days using 4–5 Snapwells mounted in diffusion

chambers.

*p < 0.003, **p < 0.001 vs. corresponding baseline (Student’s

paired t-test).

Fig. 9. Comparison of 22Na+ uptake in GBECs cultured on 24-

well plates and permeable supports. Basal and DMA-inhibitable
22Na uptake was measured for 3 min in the presence of an out-

wardly directed H+ gradient in GBECs cultured on 24-well plates

and permeable Snapwells. There was no significant difference in

basal or DMA-inhibitable 22Na+ uptake rates in GBECs grown on

either culture support. Approximately 45% of observed 22Na+

uptake was mediated through 100 lM DMA-inhibitable Na+/H+

exchange. Results are mean ± SEM of 4–5 identical experiments

with 4–5 wells at each data point.
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similar to the values observed in the native gallblad-
der tissues [18].

The proposal that Na+/H+ exchange is involved
in Na+ transport in GBECs is based upon the find-
ings that: i) the cultured cells exhibit DMA-inhibita-
ble 22Na+ uptake; ii) 22Na+ uptake is stimulated by
an outwardly directed H+ gradient; iii) apical 22Na+

uptake demonstrates Michaelis-Menten saturable
kinetics for external Na+; and iv) the cultured cells
express the mRNAs coding for NHE isoforms
NHE1-3.

The functional role of Na+/H+ exchange was
assessed by measuring DMA-inhibitable 22Na+ up-
take in GBECs grown on both permeable supports
(Snapwells, Costar) and 24-well plastic plates. The
NHE activity was identical for both culture condi-
tions. The finding that Na+/H+ exchange mediates
�45% of basal Na+ uptake in GBECs is strikingly
similar to the �43% of apical Na+ uptake mediated
through Na+/H+ exchange observed in native gall-
bladder tissues [1]. These values are also in good
quantitative agreement with the 40% of apical Na+

entry through Na+/H+ exchange observed in
Necturus gallbladders [40]. To investigate if other
epithelial Na+ transporters are involved and con-
tribute significantly to the observed GBEC Na+ up-
take, we examined the Na+ uptake effects of other
inhibitors, bumetanide (Na+-K+-2Cl� cotransport
inhibitor), hydrochlorothiazide (coupled Na+-Cl�

transport inhibitor) and dichlorobenzamil (Na+

channel and Na+/Ca2+ exchange inhibitor), as well
as HOE-694 (an amiloride analog that selectively
inhibits NHE2). The data indicate that only DMA
and HOE-694 significantly inhibit H+-gradient-
driven Na+ uptake, whereas the other inhibitors do
not significantly affect Na+ uptake, suggesting that
Na+/H+ exchange is the major pathway for apical
Na+ uptake in GBECs similar to native gallbladder
tissues. Analysis of apical and basolateral Na+ up-
take further suggests that the cultured GBECs
maintain functionally separate apical and basolateral
membrane domains with NHE predominantly func-
tional at the apical surfaces.

Data from the HOE-694 experiments demon-
strate that both NHE2 and NHE3 are major con-
tributors to Na+/H+ exchange activity in GBECs,
similar to native gallbladder tissues. The relative
contributions of NHE2 (�66%) and NHE3 (�28%)
to total NHE activity in GBECs are identical to the
relative contributions of these isoforms to NHE ac-
tivity in native gallbladder tissues. This further sug-
gests that the cultured cells retain the Na+ transport
characteristics of native gallbladder tissues. It should
be stressed that the prairie dog appears to be unique
in the expression and involvement in Na+ transport
of both NHE2 and NHE3 in the gallbladder epithe-
lium. Previous studies by Silviani and coworkers us-
ing rabbit and human gallbladders have suggested
that only NHE1 and NHE3 are expressed by gall-
bladder epithelium, as NHE2 expression could not be

Fig. 10. Comparison of apical and basolateral 22Na+ uptake in

GBECs cultured on permeable supports. Basal and DMA-inhibi-

table 22Na uptake was measured for 3 min in the presence of an

outwardly directed H+ gradient by application of tracer to the

apical or basolateral surfaces of GBECs cultured on permeable

Snapwells. There was no significant difference in basal apical or

basolateral 22Na+ uptake rates in GBECs grown on permeable

supports. Approximately 45% of observed apical 22Na+ uptake

was mediated through 100 lM DMA-inhibitable Na+/H+ ex-

change. In contrast, only 6% of observed basolateral
22

Na+ uptake

was mediated through 100 lM DMA-inhibitable Na+/H+ ex-

change. Results are mean ± SEM of 4–5 identical experiments with

4–5 wells at each data point.

Fig. 11. Contributions of NHE isoforms to total NHE activity in

cultured GBECs. Total NHE activity in cultured GBECs was de-

termined as the difference in the basal rate of apical Na+ uptake

minus the uptake in the presence of 100 lM DMA. The contribu-

tions of NHE2 and NHE3 to total NHE activity were determined

by their differential sensitivity to 50 lM HOE-694. Total NHE

activity in GBECs was identical whether grown on 24-well plates

(9.5 ± 0.7 nmol Æ mg prot�1 Æ min�1) or permeable Snapwells (9.5

± 0.7 nmol Æ mg prot�1 Æ min�1). The relative contributions of

NHE1 (�6%), NHE2 (�66%) and NHE3 (�28%) to total NHE

activity were also not significantly different between GBECs grown

either on 24-wells or permeable Snapwells. Results are mean ± SEM

of 4–5 identical experiments with 4–5 wells of cells at each data

point.

132 S.C. Nairns et al.: Na+/H+ Exchange in Gallbladder Epithelial Cells



detected by RT-PCR [37, 38]. However, NHE2 ex-
pression has been detected by RT-PCR in rat bile
duct epithelial cells [28]. The presence of the NHE2
and NHE3 in prairie dog GBECs raises the possi-
bility of cooperation between these exchangers in
apical Na+ transport. It is possible that one isoform
may be involved in basal Na+ transport, while the
other isoform may become differentially functional in
response to external signals under physiological or
pathophysiological states. Such a potential coopera-
tion between NHE2 and NHE3 and their differential
regulation have been described in other Na+-ab-
sorptive epithelia where NHE2 is coexpressed with
NHE3 and is involved in Na+ transport [8, 15, 16,
23, 29, 42]. It also has relevance to our previous
finding that Ca2+-calmodulin and protein kinase C
are involved in regulating gallbladder Na+ transport
in prairie dogs [5, 30].

The ability to study Na+/H+ exchange kinetics in
GBECs offers an additional and important advantage
over the native gallbladder tissues to gain insight into
the possible mechanisms for alterations in Na+

transport observed during gallstone formation. We
have shown that Na+ uptake in the cultured cells
conforms to simple Michaelis-Menten kinetics with a
Vmax of 9.2 ± 0.3 nmol Æ mg prot�1 Æ min�1 and an
apparent KNaþ

m of 11.4 ± 1.4 mM. The apparent Km

for Na+ in the GBECs is comparable to the values
for NHE1 (10.2 mM), NHE2 (11.6 mM) and NHE3
(16.6 mM), but the Vmax value is several-fold lower
than the corresponding values for the NHEs in PS120
cells transfected with NHE isoform-specific cDNAs
[6]. Studies with ileal and colonic brush border
membrane vesicles in chicken [15] and colonic apical
membrane vesicles in rats [22] have shown that Vmax

and Km are differentially affected by dietary NaCl.
Sodium depletion results in a several-fold increase in
Vmax without affecting Km, resulting in a significant
increase in NHE activity in these species. Cholesterol
diet may cause similar changes in the kinetic param-
eters of gallbladder Na+/H+ exchange, which may
partly explain the mechanisms for increased Na+

absorption observed during gallstone formation in
prairie dogs.

Finally, the results of RT-PCR analysis con-
firmed the mRNA expression coding for NHE2 and
NHE3, in addition to NHE1, in the cultured cells.
The sizes of the RT-PCR products matched the pre-
dicted sizes and were identical to the corresponding
sizes of NHE1, NHE2 and NHE3 observed in native
gallbladder epithelia. The NHE2 and NHE3 RT-
PCR products were sequenced to confirm their
authenticity, and the corresponding deduced amino-
acid sequences were also identical to the NHE iso-
form values reported in native gallbladder epithelia
[1].

In conclusion, we have shown that primary cul-
tures of prairie dog gallbladder epithelium exhibit

Na+ transport characteristics similar to native gall-
bladder tissues. We have also shown that Na+/H+

exchange is the major pathway for apical Na+ uptake
in the cultured cells, and the relative contributions of
NHE2 and NHE3 to total NHE activity are identical
to the values observed in native gallbladder tissues.
Furthermore, we have demonstrated that the Na+

uptake by the cultured cells conforms to simple
Michaelis-Menten kinetics. These primary cultures of
gallbladder epithelial cells can be used as a tool for
studying the mechanisms of gallbladder ion transport
under normal physiologic conditions and during
gallstone formation.
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