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Abstract. Gallbladder Na+ absorption is linked to gall-
stone formation in prairie dogs. Na+/H+ exchange
(NHE) is one of the major Na+ absorptive pathways in
gallbladder. In this study, we measured gallbladder Na+/
H+ exchange and characterized the NHE isoforms ex-
pressed in prairie dogs. Na+/H+ exchange activity was
assessed by measuring amiloride-inhibitable transepithe-
lial Na+ flux and apical22Na+ uptake using dimethyl-
amiloride (DMA). HOE-694 was used to determine
NHE2 and NHE3 contributions. BasalJNa

ms was higher
thanJNa

sm with JNa
net absorption. Mucosal DMA inhib-

ited transepithelial Na+ flux in a dose-dependent fashion,
causingJNa

ms equal toJNa
sm and blockingJNa

net absorp-
tion at 100mM. Basal22Na+ uptake rate was 10.9 ± 1.0
mmol ? cm−2 ? hr−1 which was inhibited by∼43% by mu-
cosal DMA and∼30% by mucosal HOE-694 at 100mM.
RT-PCR and Northern blot analysis demonstrated ex-
pression of mRNAs encoding NHE1, NHE2 and NHE3
in the gallbladder. Expression of NHE1, NHE2 and
NHE3 polypeptides was confirmed using isoform-
specific anti-NHE antibodies. These data suggest that
Na+/H+ exchange accounts for a substantial fraction of
gallbladder apical Na+ entry and most of net Na+ absorp-
tion in prairie dogs. The NHE2 and NHE3 isoforms, but
not NHE1, are involved in gallbladder apical Na+ uptake
and transepithelial Na+ absorption.

Key words: Sodium proton exchanger — Epithelial so-
dium transport — Prairie dogs — Gallstones.

Introduction

The prairie dog has emerged as an important animal
model for the study of human cholesterol gallstone dis-

ease. Gallbladder and hepatic bile compositions of prai-
rie dogs are similar to those of humans [8]. Moreover,
prairie dogs fed cholesterol-enriched diet develop cho-
lesterol gallstones in a manner that recapitulates events
known to occur in humans with cholelithiasis [23, 25].
Our Ussing-chamber studies suggest that prairie dog
gallbladder exhibits a prominent transepithelial short-
circuit current (Isc) and lumen negative potential differ-
ence (Vt), and thus the ion transport across this tissue is
said to be electrogenic [44], resembling porcine [40] and
human [43]. This is in contrast to the gallbladders of
most other species, such asNecturus[42], rabbit [15,
16], and guinea pig [62], which exhibitVt less than 2 mV
and no significantIsc, and thus NaCl transport in these
tissues is nearly electroneutral. The short-circuit current
observed in prairie dog gallbladder originates from a
combination of net Na+ absorption and net Cl− secretion
and not from amiloride sensitive apical Na+ channels as
reported in other electrogenic epithelia [2]. Nonetheless,
the prairie dog is unique as a model of human cholesterol
gallstone disease in having an electrically prominent
gallbladder that closely resembles human, and thus pro-
vides an advantage to study the effects of luminal and
pharmacological factors on gallbladder ion transport dur-
ing gallstone formation.

Alterations in gallbladder ion (and H2O) transport
may have a pathogenic role in cholesterol gallstone for-
mation [55]. In fact, gallbladder Na+ and water absorp-
tion are increased prior to gallstone formation in prairie
dogs and may promote cholesterol nucleation [13, 20].
The mechanisms by which gallbladder Na+ and water
transport are altered during gallstone formation are not
clearly understood. It is believed that the Na+ transport
processes present in gallbladder epithelium must play a
key role in regulating gallbladder absorption. Nonethe-
less, our ability to understand the observed alterations in
gallbladder Na+ and water transport during gallstone for-
mation has been hampered by the paucity of data on theCorrespondence to:M.Z. Abedin
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molecular mechanisms of ion transport in this animal
model under physiological conditions. Although several
studies from various animal species suggest that gall-
bladder Na+ transport is mostly mediated through api-
cally restricted Na+/H+ exchange [1, 15, 42], the iso-
forms of the Na+/H+ exchanger involved in Na+ transport
in gallbladder epithelium have not been fully character-
ized.

Recent molecular cloning experiments have identi-
fied several distinct isoforms of NHE, designated as
NHE1–NHE5, in various animal species and in humans
[7, 30, 41, 56, 57, 60]. These isoforms are tissue-specific
and have multiple physiological functions and different
regulatory mechanisms. NHE1 is a housekeeper iso-
form, expressed ubiquitously and localized at the baso-
lateral membrane in epithelial cells, which helps main-
tain intracellular pH and cell volume [4, 47, 58]. Unlike
NHE1, expression of other NHE isoforms exhibits tissue
specificity. Current data show that NHE2 is expressed
predominantly in kidney, intestine, and adrenal glands
[57]; NHE3 is expressed in the kidney, gastrointestinal
tract [3, 5, 56], and gallbladder [52, 53]; NHE4 is ex-
pressed in stomach, kidney medulla, and brain [6, 41];
and NHE5 is expressed in brain, testis, spleen and skel-
etal muscle [30]. Immunocytochemical studies indicate
that NHE2 and NHE3 reside at the apical membrane of
the intestine and renal proximal tubule, where they are
involved in vectorial Na+ transport [3, 5, 51, 57]. More-
over, apical NHEs are more resistant to amiloride and
ethylisopropylamiloride (EIPA) inhibition than basolat-
eral isoforms [24, 32, 57].

The objective of the present study was to investigate
NHE-mediated Na+ absorption and to characterize
NHE1, NHE2, and NHE3 isoform expression in prairie
dog gallbladders using combination of electrophysi-
ologic, molecular biological, and immunochemical tech-
niques. Relative distribution of these NHE isoforms may
play an important role in regulating gallbladder basal
Na+ absorption, and alterations in their expression and/or
regulation may alter gallbladder absorption inducing
gallstone formation.

Materials and Methods

MATERIALS

22Na+ and 3H-mannitol were purchased from New England Nuclear
(Boston, MA). HOE-694 (3-methylsulfonyl-4-piperidinobenzoyl gua-
nidine) was a gift of Dr. H.J. Lang (Hoechst, Frankfurt, Germany) and
dimethylamiloride (DMA) was from Sigma (St Louis, MO). Electro-
phoretic 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 (Prince-
ton, NJ). Avian Myelomablastosis Virus reverse transcriptase (RT),
Taq DNA polymerase, and polymerase chain reaction (PCR) reagents
were purchased from Perkin-Elmer (Norwalk, CT). One hun-

dred-base pair DNA size ladder was purchased from GIBCO (Grand
Island, NY). Rabbit polyclonal anti-NHE3 antibody [5, 38] was a gift
from Dr. Eugene B. Chang (University of Chicago, IL). Rabbit poly-
clonal anti-NHE2 antibody and mouse monoclonal anti-NHE1 anti-
body were obtained from Chemicon (Temecula, CA).

GALLBLADDER TISSUE

Adult male prairie dogs (Cynomys ludovicianus), trapped in the wild
and obtained from Otto Marten Locke (New Braunfels, 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-hour
fast with waterad libitum, animals were anesthetized with ketamine
(100 mg/kg body weight) and xylazine (1.5 mg/kg intramuscularly),
and cholecystectomy was performed via a midline laparotomy. Gall-
bladders were incised longitudinally and rinsed free of bile with stan-
dard Ringer’s solution.

TRANSEPITHELIAL Na+ FLUX MEASUREMENT

Unidirectional Na+ fluxes were measured under control conditions and
after the mucosal addition of dimethylamiloride according to the meth-
ods previously described [44]. To assess the paracellular permeability
of prairie dog gallbladder, we simultaneously measured unidirectional
fluxes of Na+ and mannitol under short-circuit conditions. Mannitol, a
paracellular marker previously used by other investigators [18, 29], was
chosen as a representative small, uncharged, hydrophilic solute that
would be expected to diffuse only through the extracellular pathways of
the prairie dog gallbladder, as was observed in other epithelia [18].
Briefly, gallbladders were mounted in a two-piece Lucite Ussing cham-
ber with a 0.67 cm2 circular aperture similar to that described by
Schultz and Zalusky [50]. In order to minimize edge damage, chamber
contact and seal were achieved with high vacuum silicone grease (Dow
Corning, Midland, MI) [21]. Mucosal and serosal surfaces were per-
fused with equal volumes (10 ml) of modified Ringers’ solution of the
following composition (in mM): 140 Na+, 124 Cl−, 21 HCO3

−, 5.4 K+,
1.3 Ca2+, 1.2 Mg2+, 2.4 HPO4

2−, 0.6 H2PO4
−, 5 HEPES (N-2-

Hydroxyethyl-piperazine-N8-2-ethanesulfonic acid), and 10 glucose,
adjusted to pH 7.4. The chamber was maintained at 37°C and gassed
with 95% O2-5% CO2. After stabilization for 30 min, 1.5mCi each of
22Na and3H-mannitol was added to the mucosal side, and unidirec-
tional mucosa to serosa fluxes of Na+ (JNa

ms) and mannitol (JMan
ms)

were measured for three 10-min flux periods by withdrawing 1 ml
sample from the serosal side under basal conditions and following the
mucosal addition of various doses of dimethylamiloride. Both surfaces
of the tissue were then simultaneously washed with 500 ml warm
Ringer’s solution to remove traces of isotope from the chambers, and
unidirectional serosa to mucosa of fluxes of Na+ (JNa

sm) and mannitol
(JMan

sm) were measured in an identical fashion. Background counts
were determined in 1 ml aliquots obtained from the serosal or mucosal
chambers before the addition of radioisotopes. The directionality of the
flux was randomized (in some cases mucosa to serosa first and in others
serosa to mucosa first) to determine if the tissues were becoming leaky
over time, or not responding well. The directionality had no significant
effect on unidirectional flux. All flux measurements were performed
under short-circuit conditions. Radioisotopes were counted in a Beck-
man liquid scintillation counter (Beckman Instruments, Fullerton, CA)
using dual isotope technique for22Na and3H. 22Na counts were cor-
rected for the fraction of the3H spectrum that was counted in the22Na
window (3.9% of the total3H cpm). The22Na-counting efficiency in
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the 3H window was 1.1%. Unidirectional Na+ and mannitol fluxes
were calculated by a previously reported standard formula [50].

TISSUE VIABILITY

Tissue viability in the present experiment was assessed according to the
following criteria established earlier for this model [48]: (1) the ability
of the tissue to maintain active ion transport as indicated by stable
electrophysiologic parameters such as short circuit current (Isc) and
transepithelial potential difference (Vt); (2) recovery of tissueIsc andVt

after chamber wash following exposures to transport inhibitors; (3)
stimulation ofIsc andVt after bilateral exposure to 10 mM/l theophyline
at the conclusion of individual experiments. Previous studies indicate
that 10 mM/l theophylline elicits a maximal stimulus to ion transport in
this tissue [48].

APICAL
22Na+ UPTAKE

Apical 22Na+ uptake from the mucosal solution across the mucosal
membrane into the epithelium (Jme) was measured using a method
similar to that described by others [19, 49, 61]. Classical Ussing cham-
bers were modified in such a way that the bathing solution could
circulate through the mucosal chamber only, while the serosal chamber
served as a base without any bathing solution. Gallbladder tissues were
mounted in the modified Ussing chambers, which permitted exposure
of the mucosal surface alone to the solutions of desired compositions.
The serosal surface of the tissues rested on filter paper wetted with
Ringer’s, and was supported by the base of the Ussing chamber. The
volume used for bathing mucosal surface of the tissues was 5 ml and
could be easily removed by suction through the drain at the bottom of
the chamber. After mounting, tissues were preincubated at 37°C with
Ringer’s solution of the same composition used in transepithelial flux
measurements, and gassed with humidified 95% O2 5% CO2. After
preincubation for 30 min, the mucosal solution was replaced with the
Ringer’s solution containing∼1mCi/ml of 22NaCl and 3H-mannitol.
After a timed interval (1–2 min), the bathing solution was removed by
suction, and the tissue was rinsed by washing 3 times with 5 ml ice-cold
isotonic sucrose solution (0.3M). The gallbladder was then removed
from the chamber, blotted gently and transferred to a scintillation vial.
The tissue was digested by incubation at 65°C for 1 hr with 200ml
HClO4 (70%), and 20ml H2O2 (30%) [35]. After digestion and cool-
ing, 8 ml of Bio-Safe II (Research Products International, Mount Pros-
pect, IL) was added, and the sample was counted in a Beckman liquid
scintillation counter (Beckman Instruments) using dual isotope tech-

nique for 22Na and3H, as described above in unidirectional Na+ flux
measurement.22Na influx was corrected for the22Na present in the
extracellular fluid contamination as estimated by the distribution of
[3H] mannitol, which was∼7% of the total22Na counts. Uptake rates
were determined from 1-min exposures. When the effects of amiloride
analogs, DMA and HOE-694, on22Na uptake were tested, the tissue
was preincubated as described and exposed mucosally to drug-
containing solution for 5 min prior to exposure to the drug-containing
radioactive tracer solution.

RNA ISOLATION

RNA was extracted from prairie dog tissues using a commercially
available RNA isolation kit (Stratagene), according to the method of
Chomczynski and Sacchi [11] (for RT-PCR), or by using Trizol reagent
(Gibco-BRL) (for Northern blot analysis). RNA concentration and pu-
rity were assessed by spectrophotometry at 260nm/280nm. Samples
not used immediately were suspended in either 0.25M sodium acetate/
ethanol (for RT-PCR) or DEPC treated water (for Northern blot analy-
sis) prior to storage at −70°C.

RT-PCR ANALYSIS OF NHE ISOFORMEXPRESSION

Approximately 200 ng of total RNA isolated from gallbladder tissue
was used for reverse transcriptase (RT)-PCR assay following the manu-
facturer’s protocol (Perkin-Elmer). The RT reaction was performed in
a 20ml volume containing 1 mM deoxynucleotide triphosphate, 50 mM

KCl, 50 mg/ml actinomycin D, 4mM antisense primer (oligo dT), RT
buffer (100 mM Tris-HCl, pH 8.3, 10 mM MgCl2 and 10 mM dithio-
threitol), and 10 U Avian Myelomablastosis Virus RT. After 1 hr of
incubation at 42°C, samples were precipitated with ethanol. Amplifi-
cation of complementary DNA (cDNA) was performed withTaqpoly-
merase and reagents from Perkin-Elmer. Isoform-specific primers of
NHE1, NHE2, NHE3 and NHE4 were designed for prairie dogs on the
basis of maximum homology among published nucleotide sequences
for rats, rabbits, and humans, described in Table 1. Briefly, all of the
cDNA products were used for PCR reaction with the protocol recom-
mended by the manufacturer. All of the 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). The 30-cycle
amplification profile involved denaturation 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 sec per cycle. Aliquots of the
PCR products were analyzed by electrophoresis on 1.5% agarose gels

Table 1. Isoform-specific NHE primers for RT-PCR analysis

NHE isoform Primers Product
size

Region Accession Species

NHE-1 Sense: 58-TGG CCT GCC TCA TGA AGA TAG G-38 383 909–930 gb/S686616 Human
Antisense: 58-GTC GTA GTA GAG CCG GCA CCT G-38 1270–1291 gb/S686618 Human

NHE-2 Sense: 58-GAT CAC GTG AAG ACT GGG ATT GA(A/G) GA(T/C) GT-38 415 1636–1664 gb/L13733 Rabbit
Antisense: 58-CT GCG CTC TCG AGG CAA GCT GTT (A/G)TC (T/C)TT-38 2062–2090 gb/L13733 Rabbit

NHE-3 Sense: 58-ATC TTC ATG TTC CTG GGC ATC TCG GC-38 683 1127–1152 gb/M85300 Rat
Antisense: 58-GTG CTG AAG TCC ACA TTG ACC AT-38 1778–1800 gb/M85300 Rat

NHE-4 Sense: 58-CTT CTC CAT CAA GGA CCA GC-38 759 1711–1730 gb/M85301 Rat
Antisense: 58-GGC TGA GGA TTG CTG TAA GG-38 2450–2469 gb/M85301 Rat

Isoform-specific NHE primers for prairie dogs were designed based on the high homology of nucleotide sequence for rats, rabbits and humans.
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in 1× Tris-borate/EDTA buffer with 0.05% ethidium bromide for vi-
sualization. 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 trans-
formedE. 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 am-
plified regions were determined.

NORTHERN BLOT ANALYSIS

Twentymg of total RNA from each tissue was denatured at 65°C for 15
min in 50% formamide and 6% formaldehyde [in 22.5 mM 3-(N-
Morpholine) propanesulfonic acid (MOPS) with 1.2 mM EDTA], elec-
trophoresed through 1.2% agarose-8% formaldehyde gels (in 20 mM

MOPS, 5 mM sodium acetate, 1 mM EDTA, pH. 7.0) and blotted to
Nytran membranes (0.45mm, Schleicher and Schuel, Keene, NH) with
20 × SSC (1 × SSC4 150 mM NaCl, 15 mM sodium citrate, pH. 7.0).
RNA was crosslinked to the membranes by ultraviolet radiation in a
Hoefer UVC 500 UV Crosslinker (Amersham Pharmacia Biotech, Pis-
cataway, NJ). The membranes were prehybridized in Ultrahyb buffer
(Ambion, Austin, TX) at 42°C for 30 min and then hybridized over-
night in the same buffer at 42°C containing32P-labeled NHE2, NHE3
or 18S cDNA probes (106 cpm/ml). The blots were washed twice in 2×
SSC, 0.1% SDS at 42°C (5 min/wash) and twice in 0.1× SSC, 0.1%
SDS at 60°C (15 min/wash). Blots were exposed to x-ray film (Bio-
Max MR film, Eastman Kodak, Rochester, NY) at −70°C, and films
were developed at varying times. Individual blots were stripped and
sequentially hybridized with NHE2- and NHE3-specific cDNA probes.

The 18S cDNA probe (18S DECA template) was obtained from
Ambion. The NHE2 and NHE3 isoform specific cDNA probes
(NHE2: Pvu II fragment encompassing nt 849–1590; NHE3:Pst I
fragment encompassing nt 1241–2522) [27] were digested from their
respective full-length rat NHE2 and NHE3 cDNAs, generously pro-
vided by Dr. Crescence Bookstein, University of Chicago. The di-
gested products were separated by agarose gel electrophoresis, and
fragments corresponding to the expected sizes were recovered from the
gel using a gel extraction kit (Qiagen). The recovered NHE fragments
and the 18S probe were subsequently labeled with32P-dCTP by ran-
dom hexamer priming (Promega, Madison, WI) to a specific activity of
>1 × 109 dpm/mg DNA.

IMMUNOBLOTTING

Gallbladders were homogenized in an ice cold buffer that contained
300 mM mannitol, 175mg/ml phenylmethylsulfonylfluoride (PMSF),
complete EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany), (5 mM ethyleneglycol-bis(b-aminoethyl ether)-
N,N,N8,N’-tetra-acetic acid, and 12 mM HEPES/Tris, pH 7.4, with a
High Speed Homogenizer (Fisher Scientific, Pittsburgh, PA), followed
by centrifugation in a refrigerated centrifuge at 2500 × g for 15 min.
The pellet was discarded. The supernatant was collected and centri-
fuged at 40,000 × g for 1 hr. The resulting pellet was resuspended in
ice cold buffer containing 150 mM NaH2PO4, 10 mM 3-[(-3-
cholamidopropyl)dimethylammino]-1-propanesulfonate, 175mg/ml
PMSF and complete EDTA free protease inhibitor cocktail for 1 hr at
4°C. The protein concentration of this crude microsomal fraction was
determined with the Bio-Rad detergent compatible protein assay kit
following the reactions of Lowry et al. [34]. Proteins (∼30 mg/lane)
were separated by 7.5% SDS-PAGE, transferred to polyvinylidine fluo-

ride membrane (PVDF) (Immobilon, Millipore, Bedford, MA) and
probed with anti-NHE1, anti-NHE2, or anti-NHE3 antibodies followed
by the appropriate secondary antibody coupled to alkaline phosphatase.
The mouse monoclonal anti-NHE1 antibody (clone 4E9; Chemicon,
Catalog number MAB3140; 1:1000 dilution) was generated against a
maltose binding protein (MBP) fusion protein containing amino acids
514-818 of the C-terminal domain of porcine NHE1 [46]. The affinity-
purified rabbit anti-NHE2 antibody (Chemicon, Catalog number
3083;1:1000 dilution) was generated against a 20-amino-acid synthetic
peptide corresponding to the C-terminus of rat NHE2. The rabbit anti-
NHE3 antibody (gift of Dr. E.B. Chang; 1:200 dilution) was generated
against a GST fusion protein containing amino acids 528–648 in the
C-terminus of rat NHE3 (4, 34). Bound antibodies were detected using
a Western-Lite chemiluminescent detection system (Tropix, Bedford,
MA). Controls consisted of substitution of an appropriate concentra-
tion of nonimmune IgG for the immune IgG.

STATISTICAL ANALYSIS

Data are presented as means ±SEM as needed. Statistical comparisons
between groups were made by analysis of variance (ANOVA) followed
by Fisher’s exact test. Student’s pairedt-test was also used when ap-
propriate.

Results

TRANSEPITHELIAL Na+ FLUX DEMONSTRATING

DMA-I NHIBITABLE APICAL Na+/H+ EXCHANGE

Measurement of unidirectional Na+ flux across gallblad-
der epithelium mounted in Ussing chambers showed
similar mucosa to serosa flux and a net Na+ absorption
under basal conditions as previously reported [44]. Mu-
cosal exposure to a lower concentration (1mM) of di-
methylamiloride (DMA), a potent analog of amiloride
and inhibitor of Na+/H+ exchanger, had no significant
effect on transepithelial Na+ flux measured under steady-
state conditions in the presence of 140 mM Na+ in the
transport buffer. OnemM DMA inhibited JNa

ms only by
∼4% (NS) andJNa

net by ∼9% (NS). However, at higher
concentrations, mucosal DMA caused dose-dependent
inhibition of JNa

ms without a significant change inJNa
sm

(Table 2).JNa
ms was inhibited by 18% at 10mM, 27% at

100 mM, and 41% at 250mM of mucosal DMA, respec-
tively. Net Na+ absorption was inhibited by 50% at 10
mM, 85% at 100mM, and was completely blocked at 250
mM mucosal DMA. Serosal addition of 1–100mM DMA
had no effect on unidirectional Na+ flux consistent with
our previous studies using 1 mM amiloride [44].

To assess the paracellular permeability of prairie
dog gallbladder, we simultaneously measured unidirec-
tional fluxes of Na+ and mannitol under short-circuit
conditions. Under basal conditions,JMan

sm was higher
than theJMan

ms resulting inJMan
net secretion (Table 2).

In contrast,JNa
ms was higher than theJNa

sm resulting in
JNa

net absorption of 5.4 ± 1.2mEq ? cm−2 ? hr−1. The
mannitol flux in mucosa to serosa direction was∼200
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times less in magnitude compared to Na+ flux and DMA
had no effect on the mucosa to serosa mannitol flux.
Mannitol secretions under short-circuit conditions have
been reported in other leaky epithelia, such as rat proxi-
mal intestine [29]. The net mannitol secretion in prairie
dog gallbladder (−53 ± 11 nmol? cm−2 ? hr−1) is compa-
rable with the values reported in rat duodenum (−26.3 ±
8.3 nmol? cm−2 ? hr−1) and jejunum (−76.0 ± 29.6
nmol ? cm−2 ? hr−1). Although exact mechanisms for
mannitol secretions in prairie dog gallbladder under
short-circuit conditions are not forthcoming from the
present study, “anomalous solvent drag effect” [59] may
be a possible explanation for favoring mannitol flux in
the S→M direction resulting in mannitol secretion.

APICAL
22Na+ UPTAKE SHOWING DMA-I NHIBITABLE

AND HOE-SENSITIVE Na+/H+ EXCHANGE

The transepithelial fluxes were measured under steady-
state conditions and thus DMA-inhibitable mucosa-to-
serosa Na+ flux might not give a true estimate of the
magnitude of Na+/H+ exchange involved in gallbladder
apical Na+ entry. Therefore, we measured DMA-
inhibitable apical Na+ uptake to further demonstrate that
Na+/H+ exchange plays a major role in gallbladder apical
Na+ entry. DMA-inhibitable Na+/H+ exchange activity
was determined by the difference in basal rate of apical
Na+ uptake minus the uptake in the presence of mucosal
100 mM DMA (DMA Ki for NHE2, 0.7mM; for NHE3,
11 mM, as determined in NHE-deficient PS 120 fibro-
blasts stably transfected with isoform-specific NHE
cDNAs) [14]. The basal rate of apical Na+ uptake mea-
sured at 37°C in a bathing solution containing 140 mM

Na+ was 10.9 ± 1.0mmol ? cm−2 ? hr−1 (Fig. 1, PanelA).
In the presence of 100mM mucosal DMA, Na+ uptake
was reduced by∼57% (6.2 ± 0.7mmol ? cm−2 ? hr−1)
representing∼43% inhibition, which is comparable with
∼27% and∼41% inhibition of unidirectionalJNa

msat 100

and 250mM DMA, respectively. These values are in
good quantitative agreement with the 40% inhibition by
1 mM amiloride of gallbladder apical Na+ entry in Nec-
turus [61]. These results suggest that Na+/H+ exchange
mediates a sizable fraction of gallbladder apical Na+ up-
take in prairie dogs.

The contribution of NHE2 and NHE3 to gallbladder
apical Na+/H+ exchange was determined by use of dif-
ferential sensitivity to mucosal exposure to HOE-694
(HOE-694 Ki for NHE2, 5 mM; for NHE3, 650 mM)
[14,63]. HOE-sensitive NHE activity was defined as the
difference in basal Na+ uptake minus the uptake in the
presence of 100mM mucosal HOE-694. Under basal
conditions,∼70% of gallbladder total DMA-inhibitable
Na+/H+ exchange (4.7 ± 0.4mmol ? cm−2 ? hr−1) was
contributed by HOE-sensitive NHE2 (3.3 ± 0.3
mmol ? cm−2 ? hr−1) and ∼30% by HOE-insensitive
NHE3 (1.4 ± 0.1mmol ? cm−2 ? hr−1) (Fig.1, PanelB).

NHE MESSENGERRNA EXPRESSION IN

GALLBLADDER EPITHELIUM

The expression of NHE messenger RNA was examined
in gallbladder epithelium by RT-PCR analysis using
NHE isoform-specific primers described in Table 1. Fig-
ure 2 shows an ethidium bromide-stained 1.5% agarose
gel of amplified cDNA products of NHE1 through
NHE-3 isoforms (PanelsA & B). The sizes of the RT-
PCR products observed matched with those predicted
and listed in Table 1. No expression of NHE4 mRNA
was observed in gallbladder epithelium (data not shown).
To eliminate the possibility of amplification of contami-
nating genomic DNA in gallbladder samples, PCR reac-
tions were run with RNA that had not been reverse-
transcribed. No PCR product was observed (Fig. 2,
PanelA, lane2). The NHE1, NHE2, and NHE3 RT-PCR
products were sequenced to confirm their authenticity,
and the corresponding amino acid sequences were de-

Table 2. Effects of mucosal exposure to dimethylamiloride (DMA) on Na+ and mannitol
fluxes in gallbladder epithelium

DMA
(mM)

n Flux

Na+ (mEq ? cm−2 ? hr−1) Mannitol (nmol ? cm−2 ? hr−1)

M→S S→M Net M→S S→M Net

0 9 21.8 ± 2.5 16.4 ± 4.1 +5.4 ± 1.2 116 ± 15 170 ± 29 −53 ± 11
1 4 20.9 ± 2.0 16.0 ± 3.9 +4.9 ± 1.6 115 ± 11 161 ± 11 −46 ± 10

10 5 17.9 ± 1.8b 15.2 ± 3.8 +2.7 ± 1.5 103 ± 8 152 ± 28 −49 ± 11a

100 5 15.9 ± 2.2b 15.1 ± 3.7 +0.8 ± 1.4a 117 ± 17 131 ± 32b −14 ± 11a

250 5 12.9 ± 2.1b 13.3 ± 3.1 −0.4 ± 2.7a 115 ± 14 121 ± 31b −7 ± 14b

Results are means ±SEM; n 4 number of experiments.
aP < 0.05,bP < 0.01vs.corresponding baseline (pairedt-Test)
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duced. The results are summarized in Table 3. The par-
tial nucleotide- and deduced amino-acid sequences of the
prairie dog NHE2 and NHE3 have been deposited to the
GenBank and their accession numbers are AF012894
and U75940, respectively.

NORTHERN BLOT ANALYSIS

Northern blot analysis was used to corroborate the RT-
PCR data demonstrating expression of NHE2 and NHE3
mRNA in the prairie dog gallbladder (Fig. 3). To confirm
that the rat NHE2 and NHE3 cDNA probes specifically
hybridized to NHE2 and NHE 3 mRNAs in prairie dog,
a multiple tissue blot was probed. The NHE2 cDNA
probe was observed to hybridize to an∼4.4 kb transcript
in urinary bladder, distal colon, large intestine, duode-
num, ileum, jejunum, stomach, and skeletal muscle (Fig.
3A). A faint ∼6.5 kb transcript was also observed in
some tissues. This larger-size NHE2 mRNA has been
reported to be expressed in human tissue [36]. The 4.4
kb transcript was detected in gallbladder and kidney fol-
lowing long autoradiographic exposures (Fig.
3B). NHE2 abundance in the gallbladder, however, ap-
pears to be low when compared to other regions of the
gastrointestinal tract. The NHE3 cDNA probe was ob-
served to hybridize to an∼5.4 kb transcript in distal
colon, large intestine, kidney and gallbladder (Fig. 3C).
A weak signal was also present in skin and stomach.
The sizes of the NHE2 and NHE3 transcripts and their
tissue distributions are in agreement with those previ-
ously reported for NHE2 and NHE3 isoform mRNAs [5,
12, 27].

NHE PROTEIN EXPRESSION INGALLBLADDER EPITHELIUM

The expression of NHE protein in prairie dog gallbladder
was examined by immunoblot analysis with anti-NHE1,
anti-NHE2 or anti-NHE3 isoform-specific antibodies.
The anti-NHE1 monoclonal antibody recognized an
∼100 kDa polypeptide, whereas the anti-NHE2 and anti-
NHE3 affinity-purified polyclonal antibodies both rec-
ognized polypeptides of∼85 kDa (Fig. 4, PanelsA–C).
The Mrs of these polypeptides are in good agreement
with the reportedMr for NHE1 [5], NHE2 [26] and
NHE3 [3]. When nonimmune serum was substituted for
the NHE isoform-specific antibodies, none of these poly-
peptides were recognized (Fig. 4, PanelsA–C). We have
not been able to immunolocalize NHE1, NHE2, or
NHE3 in the prairie dog gallbladder using these antibod-
ies.

Discussion

The prairie dog is widely used as a model for human
cholesterol gallstone research [23, 25]. Recent observa-
tions have linked alterations in gallbladder Na+ and water
absorption to the pathogenesis of cholesterol gallstones
[13, 20]. Although several studies from various animal
species suggest that gallbladder Na+ transport is pre-
dominantly mediated through apically restricted Na+/H+

exchange [1, 15, 42], the molecular isoforms of the Na+/

Fig. 1. 22Na+ uptake demonstrating DMA-inhibitable and HOE-694-
sensitive gallbladder apical Na+/H+ exchange. The influx of22Na+ from
the mucosal solution into the epithelium was measured for 1 min in the
presence or absence of either 100mM mucosal DMA or HOE-694 using
modified Ussing chambers with only mucosal side exposed to the Ring-
er’s containing 140 mM Na+. The tissue was pre-incubated with Ring-
er’s for 30 min before addition of radioisotope-containing solution. To
measure the effect of the drug on apical uptake, the tissue was exposed
mucosally to drug-containing solution for 5 min prior to the addition of
drug-containing radioisotope solution. (PanelA) Basal rate of apical
22Na+ uptake was 10.9 ± 1.0mmol ? cm−2 ? hr−2 (white bar), which was
reduced by∼57% in the presence of 100mM DMA (forward hatched
bar), and∼70% in 100mM HOE-694 (backward hatched bar). (Panel
B). DMA-inhibitable Na+/H+ exchange activity (NHE-total) was deter-
mined by the difference in basal rate of apical Na+ uptake minus the
uptake in the presence of mucosal 100mM DMA and represents a
sizeable component (∼43%) of gallbladder apical Na+ entry (white bar).
HOE-sensitive NHE activity was defined as the difference in basal Na+

uptake minus the uptake in the presence of 100mM mucosal HOE-694
and represents∼70% of gallbladder total DMA-inhibitable Na+/H+ ex-
change and may be contributed by HOE-sensitive NHE2 (forward
hatched bar). Contribution by NHE3 is determined by the difference
between the DMA-inhibitable NHE and the HOE-sensitive NHE and
represents∼30% of total NHE (backward hatched bar).
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H+ exchanger involved in Na+ transport in gallbladder
epithelium have not been fully characterized. In the
present study, we have combined physiologic, molecular
biological, and immunochemical techniques to identify
and characterize the Na+/H+ exchanger isoforms in-

volved in Na+ transport in the prairie dog gallbladder.
With classic Ussing chambers studies, we have shown
that Na+/H+ exchange accounts for a substantial fraction
of gallbladder apical Na+ entry, and most of the trans-
epithelial Na+ absorption in prairie dogs. Reverse tran-
scriptase-polymerase chain reaction and Northern blot
analysis demonstrate that prairie dog gallbladder epithe-
lium expresses mRNAs encoding for the NHE1, NHE2,
and NHE3 Na+/H+ exchanger isoforms. In addition, we
have used isoform-specific anti-NHE antibodies to dem-
onstrate expression of the NHE1, NHE2, and NHE3 iso-
forms at the protein level.

The proposal that Na+/H+ exchange is involved in
Na+ transport in prairie dog gallbladder epithelium is
based upon the demonstration of amiloride-inhibitable
transepithelial Na+ flux and apical22Na+ uptake in the
presence of 140 mM NaCl in Ringer’s bathing the tissues.
Under basal conditions, prairie dog gallbladder exhibits a
higher rate ofJNa

ms (21.8 ± 2.5mEq ? cm−2 ? hr−1) than
JNa

sm (16.4 ± 4.1mEq ? cm−2 ? hr−1) with a net Na+ ab-
sorption (+5.4 ± 1.2mEq ? cm−2 ? hr−1) consistent with
our previous results [20, 44]. Mucosal exposure to a

Fig. 2. RT-PCR analysis of prairie dog gallbladder epithelium. RNA isolated from gallbladder was reverse-transcribed with isoform-specific NHE
primers designed for prairie dogs on the basis of high homology of nucleotide sequence between rats, rabbits, and humans (seeTable 1). Ethidium
bromide-stained 1.5% agarose gels of amplified cDNAs are shown. (PanelA) Lane 1: 100-bp DNA ladder; lane 2: PCR product without RT using
b-actin primer; lane 3: NHE1 (383 bp, prairie dog cDNA); lane 4: NHE1 (383 bp, rabbit gallbladder cDNA); lane 5:b-actin (600 bp). (PanelB)
Lane 1: 100-bp DNA ladder; lane 2: NHE3 (683 bp); lane 3: NHE2 (415 bp); and lane 4:b-actin (600 bp).

Table 3. Comparison of nucleotide sequence and deduced amino acid
residues of cDNA fragments of NHE isoforms among prairie dog and
other species

NHE-1 NHE-2 NHE-3

Nucleotide base pairs 383 415 683

% homology to rats 91 87 88
rabbits 98 90 88
humans 94 84 87

Amino acid residues 127 138 227

% homology to rats 95 97 96
rabbits 98 98 91
humans 98 92 91

129M.Z. Abedin et al.: Gallbladder Na+/H+ Exchangers



lower concentration (1mM) of dimethylamiloride
(DMA), a potent analog of amiloride and inhibitor of
Na+/H+ exchange, had no effect on transepithelial Na+

flux. However, at higher concentrations DMA caused
dose-dependent inhibition ofJNa

ms without a signifi-
cant change inJNa

sm (Table 2). JNa
net absorption was

inhibited by 50% at 10mM, 85% at 100mM, and was
completely prevented at 250mM mucosal DMA. Serosal
addition of 1–100mM DMA had no effect on unidirec-
tional Na+ flux, consistent with our previous results
using 1 mM amiloride [44]. The rate of Na+ entry from
the mucosal solution across the apical membrane into
the epithelium was inhibited by 43% with 100mM DMA
compared to the basal rate (6.2 ± 0.7vs. 10.9 ± 1.0
mmol ? cm−2 ? hr−1, P < 0.005). This magnitude of inhi-
bition of 22Na+ uptake by 100mM mucosal DMA is
comparable to the 40% inhibition of apical Na+ entry by
1 mM mucosal amiloride inNecturusgallbladder using
similar techniques [61]. These data demonstrate that
Na+/H+ exchange accounts for a significant fraction of
apical Na+ entry and is involved in transepithelial Na+

transport in prairie dog gallbladder. Furthermore, they

are consistent with data from studies examining Na+

transport acrossNecturusand rabbit gallbladder epithelia
[1, 15, 42].

Recent studies by Silviani and coworkers using rab-
bit and human gallbladders have suggested that only
NHE1 and NHE3 are expressed by gallbladder epithe-
lium, as NHE2 expression could not be detected by RT-
PCR [52, 53]. However, NHE2 expression has been de-
tected by RT-PCR in rat bile duct epithelial cells [37].
In this study we have documented by RT-PCR and
Northern blot analysis the expression of mRNAs encod-
ing for NHE2 and NHE3, as well as for NHE1, in the
prairie dog gallbladder epithelium. Sequence analysis of
the RT-PCR products indicate that the nucleotide and
deduced amino acid sequences of the amplified regions
of prairie dog NHE1, NHE2, and NHE3 isoforms are
highly homologous to the comparable regions of rat, rab-
bit, and human NHE1, NHE2 and NHE3. We have also
demonstrated, using anti-NHE isoform-specific antibod-
ies, the expression of NHE1, NHE2, and NHE3 poly-
peptides in prairie dog gallbladder epithelium. At pres-
ent, the prairie dog appears to be unique in its expression

Fig. 3. Expression of NHE2 and NHE3 isoform
mRNAs in prairie dog tissues. 20mg of total RNA
isolated from prairie dog tissues were analyzed by
Northern blot analysis using NHE2 and NHE3
specific cDNA probes. (A andB). Blot was
hybridized with NHE 2 isoform-specific cDNA
probe followed by autoradiographic exposure for
24 (A) and 72 (B) hours. (C) Blot shown inA and
B was stripped and hybridized with NHE3-specific
cDNA probe. (D) Blot shown inA, B, andC, was
stripped and hybridized with 18S probe. Arrows
indicate predominant NHE2 and NHE3 transcripts.
Lanes: 1, atria; 2, urinary bladder; 3, brain; 4,
distal colon; 5, duodenum; 6, ileum; 7, intestine;
8, gallbladder; 9, kidney; 10, liver; 11, skeletal
muscle; 12, jejunum; 13, skin; 14, stomach; 15,
ventricle.
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of both NHE2 and NHE3 in the gallbladder epithelium,
and it may underscore the relative contributions of these
isoforms in gallbladder Na+ absorption under physiologi-
cal conditions, and specifically during gallstone forma-
tion in this organism.

We have assessed the functional roles of Na+/H+

exchanges in the prairie dog gallbladder by measuring
amiloride-inhibitable transepithelial Na+ flux and apical
22Na+ uptake using DMA. DMA is a potent amiloride
analog that displays 12-fold greater activity against Na+/
H+ exchange than amiloride [31]. In addition, pharma-
cological studies in the PS120 fibroblast cell line stably
expressing NHE1, NHE2, or NHE3 have demonstrated
that DMA has more affinity for NHE1 (Ki of 0.1 mM)
compared to NHE2 (Ki of 0.7 mM) and NHE3 (Ki of 11
mM) [14]. In prairie dog gallbladder, mucosal exposure
to DMA had no effect on transepithelial Na+ flux at
lower concentrations, but it had significant inhibitory ef-
fects on transepithelial Na+ flux and apical22Na+ uptake
at higher concentrations. The finding that low concen-
tration of DMA (1 mM) had no effect on transepithelial
Na+ flux suggests that the DMA-sensitive NHE1 isoform
is not involved in gallbladder vectorial Na+ absorption.
This observation is consistent with basolateral distribu-
tion of NHE1 in epithelia and its role in cell “housekeep-
ing” functions, activated only under conditions such as
increased acid loads, cell volume changes and growth
factor activation [22, 45].

The observations that higher concentrations of mu-

cosal DMA inhibited transepithelial Na+ flux in a dose-
dependent fashion, causingJNa

ms to almost equalJNa
sm

with 85% reduction in net Na+ absorption at 100mM,
suggest that the apically restricted Na+/H+ exchanger iso-
forms NHE2 and NHE3, which are relatively resistant to
amiloride, may be involved in vectorial Na+ transport in
gallbladder epithelia. The magnitude of Na+/H+ ex-
change involved in gallbladder apical Na+ entry and the
contribution of NHE2 and NHE3 were further demon-
strated by22Na+ uptake studies using mucosal exposure
to DMA and HOE-694 (HOE-694Ki for NHE2, 5 mM;
for NHE3, 650mM) [14, 63]. The concentration of Na+

in the transport buffer used to determine22Na+ uptake
was 140 mM, identical to the concentrations used in our
transepithelial Na+ flux measurements. 100mM DMA
completely inhibited transepithelial net Na+ absorption,
and was used to inhibit both NHE2 and NHE3 in22Na+

uptake studies. We used 100mM HOE-694 in22Na+ up-
take studies to determine the contribution of NHE2. This
dose is higher than the published values for HOE-694
used with transport buffers containing lower concentra-
tions of Na+. Indeed, there is a wide variation in the Na+

concentration of the transport buffer that has been used
to determine the contribution of HOE-sensitive compo-
nent of NHE (NHE2) in various epithelial preparations.
In general, Na+ concentrations in the transport buffer for
22Na+ uptake varied from 0.1–20 mM, and the dose of
HOE-694 used to define the contribution of NHE2 lies
between 25 and 30mM [10, 27, 63]. In our present study,

Fig. 4. Immunoblot analysis of NHE-isoform expression in prairie dog gallbladder epithelium. Approximately 30mg of crude microsomal proteins
isolated from prairie dog gallbladder prepared as described in Materials and Methods were subjected to 10% SDS-polyacrylamide gel electropho-
resis (PAGE) and transferred to PVDF membrane. Membranes were probed with mouse monoclonal anti-NHE1 antibody (A), rabbit polyclonal
anti-NHE2 antibody (B), or rabbit polyclonal anti-NHE3 antibody (C), and bound antibody was detected by chemiluminescence. (A) As shown in
lane1, the anti-NHE1 monoclonal antibody recognized a polypeptide of∼100–110 kDa (arrow) corresponding inMr to NHE1. This polypeptide
was not recognized when nonimmune mouse IgG was substituted for the anti-NHE1 antibody (lane2). An ∼75–80 kDa polypeptide, which may
represent immature NHE1, was also recognized by the anti-NHE1 antibody. (B) The anti-NHE2 antibody specifically recognized a polypeptide of
∼85 kDa (arrow) which corresponds to NHE2 (lane1). This polypeptide was not detected when nonimmune rabbit IgG was substituted for the
anti-NHE2 antibody (lane 2). (C). The anti-NHE3 antibody recognized an∼85 kDa polypeptide (arrow), corresponding to the reportedMr of NHE3
(lane1). This polypeptide was not observed when nonimmune rabbit IgG was substituted for the anti-NHE 3 antibody (lane2).
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the basal rate of gallbladder apical Na+ uptake measured
at 37°C was 10.9 ± 1.0mmol ? cm−2 ? hr−1 (Fig. 1, Panel
A). In the presence of 100mM mucosal DMA, the uptake
was reduced to 43%, which is in good quantitative agree-
ment with the reduction to 40% by 1 mM amiloride of
gallbladder apical Na+ entry inNecturus[61]. These re-
sults suggest that Na+/H+ exchange mediates a sizable
component of gallbladder apical Na+ uptake in prairie
dogs. Data from our HOE-694 experiments demonstrate
that both NHE2 and NHE3 contribute to gallbladder api-
cal Na+/H+ exchange under basal conditions (Fig. 1,
PanelB). The presence of the NHE2 and NHE3 iso-
forms in prairie dog gallbladder raises the possibility of
cooperation between these exchangers in transepithelial
Na+ absorption. This potential cooperation between
NHE2 and NHE3 has been demonstrated in other ab-
sorptive epithelia where NHE2 is coexpressed with
NHE3 and is involved in Na+ absorption [17, 38]. The
hypothesis of exchanger cooperation underscores the po-
tential importance of differential regulation of NHE2 and
NHE3 by external signals and second messengers [28,
33, 54], which have been shown to be involved in regu-
lating gallbladder ion transport in prairie dogs [9, 39].

In conclusion, we have demonstrated that Na+/H+

exchange mediates a substantial fraction of apical Na+

entry and accounts for most of transepithelial Na+ ab-
sorption in prairie dog gallbladder. Furthermore, we
have demonstrated that in addition to NHE1, the gall-
bladder epithelium expresses the mRNA transcripts and
polypeptides for the apically restricted NHE isoforms
NHE2 and NHE3. Both NHE2 and NHE3 contribute to
gallbladder apical Na+ uptake under basal conditions.
The presence of NHE2 and NHE3 is consistent with the
hypothesis that apically restricted NHE isoforms play an
important role in vectorial Na+ transport by absorptive
epithelia. The presence of the two apical isoforms in
prairie dog gallbladder epithelia raises the potential for
cooperation between the exchangers in regulating Na+

absorption under physiologic conditions, and especially
during gallstone formation. Further studies are war-
ranted to determine the relative expression and differen-
tial regulation of NHE2 and NHE3 in prairie dog gall-
bladder epithelium and whether their expression is al-
tered causing changes in Na+ absorption associated with
cholesterol gallstone formation.

The authors thank Dr. Eugene B. Chang, Dr. Crescence M. Bookstein,
and Dr. Mark W. Musch, University of Chicago, IL for the gift of the
anti-NHE3 antibody, NHE cDNAs, and for their critical consultation.
This work was supported by National Institute of Health grants DK
51585 (M.Z. Adedin), DK 56596 (P.R. Smith), and DK 51381 (T.R.
Kleyman and P.R. Smith). P.R. Smith is the recipient of an Established
Investigator Award from the American Heart Association.

This work is dedicated to the memory of Joel J. Roslyn, M.D., who
devoted a good part of his life to understanding the mechanisms of

cholelithiasis by linking gallbladder Na+ absorption to gallstone for-
mation in the prairie dog model.

References

1. Baerentsen, H., Giraldez, F., Zeuthen, T. 1983. Influx mechanism
for Na+ and Cl− across the brush border membrane of leaky epi-
thelia: a model and microelectrode study.J. Membrane Biol.
75:205–218

2. Benos, D.J., Awayda, M.S., Ismailov, I.I., Johnson, J.P. 1995.
Structure and function of amiloride-sensitive Na+ channels.J.
Membrane Biol.143:1–18

3. Biemesderfer, D., Pizzonia, J., Abu-Alfa, A., Exner, M., Reilly, R.,
Igarashi, P., Aronson, P.S. 1993. NHE3: a Na+/H+ exchanger iso-
form of renal brush border membrane.Am. J. Physiol.265:F736–
F742

4. Biemesderfer, D., Reilly, R.F., Exner, M., Igarashi, P., Aronson,
P.S. 1992. Immunocytochemical characterization of Na+-H+ ex-
changer isoform NHE-1 in rabbit kidney.Am. J. Physiol.
263:F833–840

5. Bookstein, C., DePaoli, A.M., Xie, Y., Niu, P., Musch, M.W., Rao,
M.C., Chang, E.B. 1994. Na+/H+ exchangers, NHE-1 and NHE-3,
of rat intestine. Expression and localization.J. Clin. Invest.
93:106–113

6. Bookstein, C., Musch, M.W., DePaoli, A., Xie, Y., Villereal, M.,
Rao, M.C., Chang, E.B. 1994. A unique sodium-hydrogen ex-
change isoform (NHE-4) of the inner medulla of the rat kidney is
induced by hyperosmolarity.J. Biol. Chem.269:29704–29709

7. Brant, S.R., ChrisYun, C.H., Donowitz, M., Tse, C.M. 1995. Clon-
ing, tissue distribution and functional analysis of the human Na+/
H+ exchanger isoform NHE3.Am. J. Physiol.269:C198–C206

8. Brenneman, D.E., Connor, W.E., Forker, E.L., DenBesten, L.
1972. The formation of abnormal bile and cholesterol gallstones
from dietary cholesterol in the prairie dog.J. Clin. Invest.
51:1495–1503

9. Cates, J.A., Abedin, M.Z., Saunders-Kirkwood, K.D., Moser, A.J.,
Giurgiu, D.I., Roslyn, J.J. 1995. Protein kinase C regulates prairie
dog gallbladder ion transport.Surgery117:206–212

10. Cho, J.H., Musch, M.W., Bookstein, C.M., McSwine, R.L., Ra-
benau, R., Chang, E.B. 1998. Aldosterone stimulates intestinal Na+

absorption in rats by increasing NHE3 expression of the proximal
colon.Am. J. Physiol.274:C586–C584

11. Chomczynski, P., Sacchi, N. 1987. Single-step method of RNA
isolation by acid guanidinium thiocyanante-phenol-chloroform ex-
traction.Anal. Biochem.162:156–159

12. Collins, J.F., Xu, H., Kiela, P.R., Zeng, J., Ghishan, F.K. 1998.
Ontogeny of basolateral membrane sodium-hydrogen exchange
(NHE) activity and mRNA expression of NHE1 and NHE4 in rat
kidney and jejunum.Biochim. Biophys. Acta1369:247–258

13. Conter, R.L., Roslyn, J.J., Porter-Fink, V., DenBesten, L. 1986.
Gallbladder absorption increases during early cholesterol gallstone
formation.Am. J. Surg.151:184–191

14. Counillon, L., Scholz, W., Lang, H.J., Pouyssegur, J. 1993. Phar-
macological characterization of stably transfected Na+/H+ anti-
porter isoforms using amiloride analogs and a new inhibitor ex-
hibiting anti-ischemic properties.Mol. Pharmacol.44:1041–1045

15. Cremaschi, D., Meyer, G., Rosetti, C., Botta, G., Palestini, P. 1987.
The nature of the neutral Na+-Cl−-coupled entry at the apical mem-
brane of rabbit gallbladder epithelium. I. Na+/H+, Cl−/HCO3

−

double exchange and Na+-Cl− symport. J. Membrane Biol.
95:209–218

16. Diamond, J.M. 1964. Transport of salt and water in rabbit and
guinea pig gallbladder.J. Gen. Physiol.48:1–14

132 M.Z. Abedin et al.: Gallbladder Na+/H+ Exchangers



17. Dudeja, P.K., Rao, D.D., Syed, I., Joshi, V., Dahdal, R.Y., Gard-
ner, C., Risk, M.C., Schmidt, L., Bavishi, D., Kim, K.E., Harig,
J.M., Goldstein, J.L., Layden, T., Ramaswamy, K. 1996. Intestinal
distribution of human Na+/H+ exchanger isoforms NHE-1, NHE-2,
and NHE-3 mRNA.Am. J. Physiol.271:G483–G493

18. Freel, R.W., Hatch, M., Earnest, D.L., Goldner, A.M. 1983. Role
of tight-junctional pathways in bile salt-induced increase in colonic
permeability.Am. J. Physiol.245:G816–G823

19. Frizzell, R.A., Dugas, M.C., Schultz, S.G. 1975. Sodium chloride
transport by rabbit gallbladder: Direct evidence for a coupled NaCl
influx process.J. Gen. Physiol.65:769–795

20. Giurgiu, D.I., Saunders-Kirkwood, K.D., Roslyn, J.J., Abedin,
M.Z. 1997. Sequential changes in biliary lipids and gallbladder ion
transport during gallstone formation.Ann. Surg.25:457–465

21. Gordon, L.G.M., Kottra, G., Fromter, E.J. 1990. Methods to detect,
quantify and minimize edge leaks in Ussing chambers.Meth. En-
zymol.192:697–710

22. Grinstein, S., Rotin, D., Mason, M.J. 1989. Na/H exchange and
growth factor-induced cytosolic pH changes. Role in cellular pro-
liferation. Biochim. Biophys. Acta988:73–79

23. Gurll, N., DenBesten, L. 1978. Animal models of human choles-
terol gallstone disease: a review.Lab. Animal Sci.28:428–432

24. Haggerty, J.G., Agarwal, N., Reilly, R.F., Adelberg, E.A., Slay-
man, C.W. 1988. Pharmacologically different Na+/H+ antiporters
on the apical and basolateral surfaces of cultured porcine kidney
cells (LLC-PK1).Proc. Natl. Acad. Sci. USA85:6797–6801

25. Holzbach, R.T. 1984. Animal models of cholesterol gallstone dis-
ease.Hepatology4:191S–198S

26. Hoogerwerf, W.A., Tsa, S.C., Devuyst, O., Levine, S.A., Yun
Chris, C.H., Yip, J.W., Cohen, M.E., Wilson, P.D., Lazenby, A.J.,
Tse, C.M., Donowitz, M. 1996. NHE2 and NHE3 are human and
rabbit intestinal brush border proteins.Am. J. Physiol.270:G29–
G41

27. Ikuma, M., Kashgarian, M., Binder, H.J., Rajendran, V.M. 1999.
Differential regulation of NHE isoforms by sodium depletion in
proximal and distal segments of rat colon.Am. J. Physiol.
39:G539–G549

28. Kandasamy, R.A., Yu, F.H., Harris, R., Boucher, A., Hanrahan,
J.W., Orlowski, J. 1995. Plasma membrane Na+-H+ exchanger iso-
forms (NHE-1,-2,-3) are differentially responsive to second mes-
senger agonists of the protein kinase A and C pathways.J. Biol.
Chem.270:29209–29216

29. Karbach, U. 1991. Segmental heterogeneity of cellular and para-
cellular calcium transport across the rat duodenum and jejunum.
Gastroenterology100:47–58

30. Klanke, C.A., Su, Y.R., Callen, D.F., Wang, Z., Meneton, N.,
Baird, N., Kandasamy, R.A., Orlowsky, J., Otterud, B.E., Leppet,
M., Shull, G.E., Menon, A.G. 1995. Molecular-cloning and physi-
cal and genetic-mapping of a novel human Na+/H+ exchanger
(NHE5/SLC9A5) to chromosome 16q22.1.Genomics25:615–622

31. Kleyman, R.T., Cragoe, E.J.J. 1988. Amiloride and its analogs as
tools in the study of ion transport.J. Membrane Biol.105:1–21

32. Knickelbein, R.G., Aronson, P.S., Dobbins, J.W. 1990. Character-
ization of Na+/H+ exchangers on villus cells in rabbit ileum.Am. J.
Physiol.259:G802–G806

33. Levine, S.A., Montrose, M.H., Tse, C.M., Donowitz, M. 1993.
Kinetics and regulation of three cloned mammalian Na+/H+ ex-
changers stably expressed in a fibroblast cell line.J. Biol. Chem.
268:25527–25535

34. Lowry, O.H., Osenbrough, N.J., Farr, A.L., Randall, R.J. 1951.
Protein measurement with Folin phenol reagent.J. Biol. Chem.
193:265–275

35. Mahin, D.T., Lofberg, R.T. 1966. A simplified method of sample
preparation for determination of tritium, carbon-14, or sulfur-35 in

blood or tissue by liquid scintillation counting.Anal. Biochem.
16:500–509

36. Malakooti, J., Dahdal, R.Y., Schmidt, L., Layden, T.J., Dudeja,
P.K., Ramaswamy, K. 1999. Molecular cloning, tissue distribution,
and functional expression of the human Na+/H+ exchanger.Am. J.
Physiol.277:G383–G390

37. Marti, U., Elsing, C., Renner, E.L., Liechti-Gallati, S., Reichen, J.
1996. Differential expression of Na+/H+ antiporter mRNA in bil-
iary epithelial cells and hepatocytes.J. Hepatol.24:489–502

38. McSwine, R.L., Musch, M.W., Bookstein, C., Xie, Y., Rao, M.,
Chang, E.B. 1998. Regulation of apical membrane Na+/H+ ex-
changers NHE2 and NHE3 in intestinal epithelial cell line C2/bbe.
Am. J. Physiol.275:C693–C701

39. Moser, A.J., Abedin, M.Z., Abedin, Z.R., Roslyn, J.J. 1993. Ca2+

calmodulin regulates basal gallbladder absorption.Surgery
114:300–307

40. O’Grady, S.M., Wolters, P.J. 1989. Sodium and chloride transport
across the isolated porcine gallbladder.Am. J. Physiol.257:C45–
C51

41. Orlowski, J., Kandasamy, R.A., Shull, G.E. 1992. Molecular clon-
ing and putative members of the NHE exchanger gene familiy.
cDNA cloning deduced amino acid sequence and mRNA tissue
expression of the rat NHE exchanger NHE-1 and two structurally
related proteins.J. Biol. Chem.267:9331–9339

42. Reuss, L. 1984. Independence of apical membrane Na+ and Cl−

entry inNecturusgallbladder epithelium.J. Gen. Physiol.84:423–
445

43. Rose, R.C., Gelarden, R.T., Narhwold, D.L. 1973. Electrical prop-
erties of isolated human gallbladder.Am. J. Physiol.224:1320–
1326

44. Roslyn, J.J., Abedin, M.Z., Saunders, K.D., Cates, J.A., Strichartz,
S.D., Alperin, M., Fromm, M., Palant, C.E. 1991. Uncoupled basal
sodium absorption and chloride secretion in prairie dog (Cynomys
ludovicianus) gallbladder.Comp. Biochem. Physiol.100A:335–
341

45. Rothstein, A. 1989. The Na+/H+ exchange system in cell pH and
volume control.Rev. Physiol. Biochem. Pharmacol.112:235–257

46. Rutherford, P.A., Pizzonia, R.H., Biemsderfer, D., Abu-Alfa, A.,
Reilly, R., Aronson, P.S. 1997. Expression of Na+/H+ exchanger
isoforms NHE1 and NHE3 in the kidney and blood cells of rabbit
and rat.Exp. Nephrol.5:490–497

47. Sardet, C., Franchi, A., Pouyssegur, J. 1989. Molecular cloning,
primary structure and expression of the growth factor-activatable
Na+/H+ antiporter.Cell 56:271–280

48. Saunders, K.D., Cates, J.A., Abedin, M.Z., Kleinman, R., Roslyn,
J.J. 1990. Ca2+ channel blockade inhibits gallbladder ion transport.
J. Surg. Res.49:306–310

49. Schultz, S.G., Curran, P.F., Chez, R.A., Fuisz, R.E. 1967. Alanine
and sodium fluxes across the mucosal border of rabbit ileum.J.
Gen. Physiol.50:1241–1260

50. Schultz, S.G., Zalusky, R. 1964. Ion transport in isolated rabbit
ileum. I. Short-circuit current and Na+ fluxes. J. Gen. Physiol.
47:567–584

51. Shallat, S., Schmidt, L., Reaka, A., Rao, D., Chang, E.B., Rao,
M.C. 1995. NHE-1 isoform of the Na+/H+ antiport is expressed in
the rat, and rabbit esophagus.Gastroenterology109:1421–1428

52. Silviani, V., Colombani, V., Heyries, L., Gerolami, A., Cartouzou,
G., Marteau, C. 1996. Role of the NHE3 isoform of the Na+/H+ by
the rabbit gallbladder.Pfluegers Arch.432:791–796

53. Silviani, V., Gastaldi, M., Planells, R., Marteau, C., Massacrier, A.,
Cohen, P., Cau, P., Gerolami, A. 1997. NHE-3 isoform of the
Na+/H+ exchanger in human gallbladder: Localization of specific
mRNA by in situ hybridization.J. Hepatol.26:1281–1286

54. Soleimani, M., Singh, G., Bizal, G.L., Gullans, S.R., McAteer, J.A.

133M.Z. Abedin et al.: Gallbladder Na+/H+ Exchangers



1994. Na+/H+ exchanger isoforms NHE2 and NHE1 in inner med-
ullary collecting duct cells : expression, functional localization and
differential regulation.J. Biol. Chem.269:27937–27978

55. Strichartz, S.D., Abedin, M.Z., Abdou, M.S., Roslyn, J.J. 1989.
The effects of amiloride on biliary calcium and cholesterol gall-
stone formation.Ann. Surg.209:152–156

56. Tse, C.M., Brant, S.R., Walker, M.S., Pouyssegur, J., Donowitz,
M. 1992. Cloning and sequencing of a rabbit cDNA encoding an
intestinal and kidney-specific Na+/H+ exchanger isoform (NHE-3).
J. Biol. Chem.267:9340–9346

57. Tse, C.M., Levine, S.A., Yun, C.H., Montrose, M.H., Little, P.J.,
Pouyssegur, J., Donowitz, M. 1993. Cloning and expression of a
rabbit cDNA encoding a serum-activated ethylisopropylamiloride-
resistant epithelial Na+/H+ exchanger isoform (NHE-2).J. Biol.
Chem.268:11917–11924

58. Tse, C.M., Ma, A.I., Yang, V.W., Watson, A.J., Levine, S., Mon-
trose, M.H., Potter, J., Sardet, C., Pouyssegur, J., Donowitz, M.
1991. Molecular cloning and expression of a cDNA encoding the

rabbit ileal villus cell basolateral membrane Na+/H+ exchanger.
EMBO J.10:1957–1967

59. Ussing, H.H., Johansen, B. 1969. Anomalous transport of sucrose
and urea in toad skin.Nephron6:317–328

60. Wang, Z., Orlowski, J., E., S.S. 1993. Primary structure and func-
tional expression of a novel gastrointestinal isoform of the rat Na/H
exchanger.J. Biol. Chem.268:11925–11928

61. Weinman, S.A., Reuss, L. 1984. Na+/H+ exchange and Na+ entry
across the apical membrane ofNecturusgallbladder.J. Gen. Phys-
iol. 83:57–74

62. Winterhager, J.M., Stewart, C.P., Heintze, K., Petersen, K.-U.
1986. Electroneutral secretion of bicarbonate by guinea pig gall-
bladder epithelium.Am. J. Physiol.250:C617–C628

63. Wormmeester, L., De Medina, F.S., Kokke, F., Tse, C.M.,
Khurana, S., Bowser, J., Cohen, M.E., Donowitz, M. 1998. Quan-
titative contribution of NHE2 and NHE3 to rabbit ileal brush-
border Na+/H+ exchange.Am. J. Physiol.274:C1261–C1272

134 M.Z. Abedin et al.: Gallbladder Na+/H+ Exchangers


