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Abstract. Cl− apically enters the epithelium of rabbit
gallbladder by a Na+-Cl− symport, sensitive to hydro-
chlorothiazide (HCTZ). Since HCTZ also activates an
apical SITS-sensitive Cl− conductance (GCl), the sym-
port inhibition might be merely due to a short circuit of
the symport byGCl rather than to a direct action of HCTZ
on the symporter. To examine whether the symport is
directly inhibited by HCTZ and whether the symporter
belongs to the family of thiazide-sensitive cotransporters
(TSC), radiochemical measurements of the apical Cl−

uptake, electrophysiological determinations of intracel-
lular Cl− and Na+ activities (ai,Cl andai,Na) with selective
theta microelectrodes and molecular biology methods
were used. The36Cl− uptake proved to be a measure-
ment of the apical unidirectional Cl− influx (Jmc) and of
the symport only (without backflux components), with
measuring times of 45 sec under all experiment condi-
tions; its inhibition by HCTZ was unaffected byGCl

activation or abolition. After HCTZ treatment the de-
crease inai,Cl (measured as the initial rate or in 3 min)
was larger than the decrease inai,Na. The difference was
reduced to one third in a group of epithelia in which the
elicited GCl was reduced to one third; moreover it was
abolished in any case whenGCl was abolished with 10−4

M SITS. The SITS-insensitive rate ofai,Cl decrease was
equal to that of theai,Na decrease in any case. Thus the
ai,Cl decrease displays a component dependent onGCl

activation and a second component dependent on sym-
port inhibition. Using the RT-PCR technique a cDNA
fragment was obtained that was 99% identical to the
corresponding region of the rabbit renal TSC isoform.
The results indicate that in rabbit gallbladder epithelium
HCTZ displays a dual action, namelyGCl activation and

Na+-Cl− symport inhibition. This Na+-Cl− symporter is
the first TSC found to be functionally expressed in a
nonrenal or nonrenal-like epithelium.

Key words: Hydrochlorothiazide — SITS — Intracellu-
lar Cl− activity — Intracellular Na+ activity — Unidirec-
tional Cl− influx — Cl− conductance

Introduction

In the epithelium of rabbit gallbladder, the very large
transepithelial transport of NaCl is sustained at the apical
entry by two electroneutral transports: a Na+/H+,Cl−/
HCO−

3 double exchange and a Na+-Cl− symport. The
double exchange is completely dependent on exogenous
HCO−

3/CO2; it can be eliminated by inhibiting carbonic
anhydrase with acetazolamide, or by avoiding HCO−

3/
CO2 in the media and bubbling with 100% O2. The sym-
port is insensitive to K+, furosemide and bumetanide: the
corresponding transporter does not belong to the family
of the bumetanide-sensitive cotransporters (BSC) [11–
14, 26].

Conversely, this Na+-Cl− symport is inhibited by
hydrochlorothiazide (HCTZ) [16, 26]. In fact: (i) with
HCO−

3/CO2-free media, bubbled with 100% O2, all apical
Cl− entry into the cell is due to the symport, [11, 12, 14]
(ii) under these conditions HCTZ on the apical side abol-
ishes the apical Cl− uptake measured radiochemically in
45 sec [16]. Accordingly, HCTZ also reduces intracel-
lular Cl− activity towards the electrochemical equilib-
rium and inhibits transepithelial NaCl transport [16]. Al-
though uptake inhibition starts at the beginning of treat-
ment, it is complete within 10 to 15 min; during this
latter period a new Cl− influx, sensitive to bumetanide, is
homeostatically activated [16]. The HCTZ action on the
symport has also been observed on apical membraneCorrespondence to:D. Cremaschi
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vesicles [26]. However, whereas no apical Cl− conduc-
tance (GCl) is present under basal conditions [10, 12, 18,
23, 37], a substantial apical stilbene-sensitiveGCl of 2.3
× 10−3 S cm−2 is elicited by HCTZ; it is detectable in a
few tens of seconds and completely activated in 7–9 min
[18]. The36Cl− uptake throughGCl is negligible, due to
the large negative apical membrane potential (see also
Materials and Methods); conversely, the cell to lumen
Cl− efflux thoughGCl is measurable [15]. Thus, the ob-
served symport inhibition by thiazide might be due to a
symport short circuit caused by the parallelGCl rather
than to a direct HCTZ action on the symporter: the apical
36Cl− uptake may be reduced by a rapid return to the
lumen (through the activatedGCl) of the 36Cl− pushed
into the cell by the symport. Equally, the decrease in
intracellular Cl− activity may be produced by the cell to
lumen Cl− backflux throughGCl [15], with consequent
inhibition of transepithelial NaCl transport.

On this basis, the aim of this study was to ascertain
whether the Na+-Cl− symport is directly inhibited by
HCTZ or simply short circuited. In the first case HCTZ
would act directly on the symporter, which would then
be identical or similar to that found in the distal tubule
and fish urinary bladder [6, 19, 36, 38, 39] and would
belong to the family of thiazide-sensitive cotransporters
(TSC): the gallbladder epithelium would be the first ex-
tra-renal epithelium to show it working. In the second
case the symporter found would be a new symporter,
insensitive to thiazide and resistant to all the inhibitors of
double ion exchangers and known cotransporters.

To examine this alternative, radiochemical methods
(measurement of transapical Cl− uptake), electrophysi-
ological methods (determination of intracellular Cl− and
Na+ activities with selective theta microelectrodes) and
molecular biology methods were used.

Materials and Methods

Male New Zealand rabbits (body weight about 3 Kg), kept for 10 days
under constant conditions of light/dark and temperature and fed with
standard pellets, were killed by cervical dislocation. The excised gall-
bladders were washed free of bile with saline solution.

MEASUREMENTS OFTOTAL Cl− UPTAKE

The method used was very similar to that previously reported [16].
Briefly, gallbladders, opened flat, were mounted, carefully avoiding
any stretching, on a nylon mesh between two Lucite chambers, with the
luminal surface facing upwards (exposed area: 0.6 cm2). The luminal
solution (0.8 ml) was agitated by bubbling the appropriate gas mixture;
conversely, the serosal chamber was continuously perfused with gassed
saline moved by a peristaltic pump. After a 30-min preincubation pe-
riod in Krebs-Henseleit solution, the tissue was allowed to equilibrate
on both sides for 45 min in bicarbonate-free saline. Then it was washed
five times on the luminal side with the test solution and finally exposed
for 45 sec to the same saline, to which3H-sucrose (5mCi/ml) and36Cl−

(4 mCi/ml) were added. Variations in incubation and treatment on the

luminal side will be described later. At the end of the experiment the
luminal medium was withdrawn, the tissue squeezed with an ice-cold
isotonic solution of mannitol and punched off. It was then bathed in 2
ml of bidistilled water, frozen at −20°C, thawed, boiled for 15 min and
centrifuged. Samples in triplicate of the supernatant and the incubation
fluid were assayed for radioactivity by a liquid scintillation spectrom-
eter (Minaxi-TriCarb, 4000 series Packard Instruments, Zurich). The
measured influx was expressed asmmol cm−2 hr−1.

MEASUREMENT OFAPICAL AND PARACELLULAR

Cl− UPTAKE

Under control conditions the cellular fraction of the total Cl− uptake
was estimated by treating the luminal side of the tissue with 25 mM

SNC− during the 45-sec measuring time; in fact it is known that the
entire apical Cl− entry is neutrally coupled with Na+ and completely
inhibitable with SCN−; the residual fraction is insensitive to Na+ and
SCN− and is paracellular [7, 9, 11, 12, 14]. The opening of the apical
GCl by HCTZ per se should increase the lumen to cell unidirectional
flux (Jmc). SinceGCl is partially inhibited by 25 mM SCN− [18], in
principle, under treatment conditions, not of all the SCN− sensitive
fraction of Cl− uptake should be ascribed to the coupled neutral trans-
port, nor should all be the SCN−-insensitive fraction paracellular.
However, the new apical conductive unidirectional flux (JG

mc) proves
negligible compared with the unidirectional apical neutral transport and
paracellular flux. In fact, knowing that the openedGCl is 2.3 × 10−3 S
cm−2 at most [18], the corresponding permeability coefficient (PCl) can
be calculated

PCl = GCl ?
RT

CCl ? zCl
2 ? F 2

= 7.9× 10−6 cm sec−1

(symbols used with the usual meanings). Hence the apical conductive
unidirectional Cl− influx with apical membrane potential (Vm) equal to
zero (0J

G
mc) is

0J
G

mc 4 PCl ? CCl,out 4 3.6mmol cm−2 hr−1

and the apical conductive unidirectional Cl− influx in the presence of
the apical membrane potential measured under HCTZ treatment (JG

mc)
is JG

mc 4 0J
G

mc [exp (zCl FVm/RT)]−1/2 4 1.1 mmol cm−2 hr−1 (for the
eq.: ref. 34) about half of which is SCN−-sensitive. Thus, the apical
conductive SCN−-sensitive and insensitive components (about 0.5
mmol cm−2 hr−1 at most for each one) fall within the error of measure-
ment of the SCN−-sensitive and insensitive fractions. SinceGCl is
generally one-third lower than the maximal value reported above, the
conductive influx influence is even more negligible. The fact that the
HCTZ induced conductive increase of the apical Cl− uptake is actually
negligible is emphasized by the finding that within 15 min the apical
uptake is completely abolished by HCTZ (seeIntroduction). On this
basis, under all conditions the SCN−-sensitive fraction of the uptake
was considered apical and neutrally coupled to Na+, whereas the SCN−-
insensitive fraction was considered paracellular.

MEASUREMENTS OFAPICAL MEMBRANE POTENTIAL AND

INTRACELLULAR Na+
AND Cl− ACTIVITIES

To measure intracellular ion activities, Na+- or Cl−-theta microelec-
trodes (one conventional and one ion-selective channel) with tips of
0.2–0.3mm were prepared by the method previously described [27].
The Na+- and Cl−-sensitive resins (labeled I-ETH227 and 477913 re-
spectively) came from Fluka AG (CH-9740 Buchs, Switzerland) and
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Corning (NY) or were prepared in the laboratory on the basis of the
known compositions. Pyrex theta tubings (with diameter4 1.5 mm)
were purchased from World Precision Instruments (Sarasota,
FL). Na+- or Cl−-sensitive channels and their corresponding conven-
tional channels of the microelectrode were backfilled with 154 mM

NaCl or KCl and 500 or 154 mM KCl, respectively. Each electrode was
calibrated in isosmotic test solutions of NaCl-KCl for the Na+-sensitive
resin, and NaCl-sodium gluconate for the Cl−-sensitive resin; the sums
of the Na+ and K+ or Cl− and gluconate activities were kept constant at
112.4 mM (total concentration4 154 mM). When Na+ or Cl− activity
of the calibration solution was changed from 112.4 to 11.2 mM, the
voltage of the selective channel changed by about 52 mV in both cases
and that of the conventional channel (tip potential and diffusion po-
tential together) by less than 1 mV. The resistances of the Na+- and
Cl−-sensitive channels were 30–120 and 5–10 × 109 V, respectively;
after bevelling for 5 min in 40% alumina (w/v) and polishing by dip-
ping the tip in 0.5% agar, the resistance of the Na+-sensitive channels
decreased to values comparable to those of the Cl−-sensitive channels
(8–20 × 109 V). The time necessary to achieve a complete response
was about 12 sec for both Cl−- and Na+-sensitive channels. With the
Ca2+ activity of the phosphate-saline used, the Na+ resin showed a
small interference due to Ca2+. The voltage variation introduced by the
presence of Ca2+ in the saline was subtracted from the measured values;
the difference was used to determine Na+ activity on the calibration
curve. The Cl− resin did not demonstrate dependence on phosphate and
sulfate when these anions were present at the activities of the incuba-
tion solution used or at what is presumably their cell activity. More-
over, the Cl− resin was insensitive to 10−3 M HCTZ, at least for about
30 min continuous exposure; conversely, it was strongly affected by
SITS, but completely protected against it when the microelectrode tip
was in the cell.

The set up for potential recordings was that previously reported
[16] with the exception that the short pulses of direct current (20mA)
were generated by a SD5 Stimulator-Grass Instruments (Quincy, MA).
The mounted tissue separated an upper mucosal from a lower serosal
Lucite chamber (window: 0.17 cm2), both perfused (12 ml/min) by
gravity and kept inclined so as to minimize fluctuations of the fluid
level on the epithelium; the fluid was finally collected in a beaker and
sent back to the reservoir by a peristaltic pump (Minipuls 2, Gilson,
Villiers le Bel, France) so as to keep the reservoir level constant. The
time required for renewal of the fluid on the epithelium was 4–5 sec.

Intracellular activities were measured with prolonged single im-
palements (about one per gallbladder). They were generally 7 min long
with the following protocol: control (1 min), saline renewal or treat-
ment (3 min), back to control (3 min). The microelectrode response
was again checked at the end of the impalement with calibration so-
lutions. The general criteria for impalement validation were: (i) the
potential differences (PDs) measured by both electrodes shanks should
change abruptly, and the voltage deflections caused by the d.c. pulses
should increase, (ii) after the stability of the PDs was reached, signals
had to remain constant for at least 7 min (controls), (iii) finally the PDs
should rapidly return to the respective baselines on leaving the cell.
Voltage readings, after the beginning of impalement, were generally
stable within 6–7 sec with the conventional channel and within 15–30
sec with the Cl−- or Na+-selective channel. During calibration signals
from Cl−- or Na+-selective shanks were stable within about 12 sec.
Na+-sensitive microelectrodes were only used after bevelling.

REVERSE TRANSCRIPTASE(RT)-PCR

Rabbit gallbladder and ileum epithelial cells were obtained by scraping
the mucosal surface with a glass slide; heart and liver were dissected in
small pieces; immediately after that, all tissues were frozen in liquid

nitrogen for subsequent homogenization. Total RNA was isolated by
guanidine thiocyanate extraction followed by centrifugation in cesium
chloride solutions [33]. Poly(A)+ was purified from total RNA by af-
finity chromatography [33] using oligo(dT) cellulose (Amersham Phar-
macia Biotech, Little Chalfont, UK). Reverse transcription was initi-
ated by adding to each tube, containing 0.5mg of Poly(A)+ previously
boiled for 1 min, a mix of 0.25mg of hexamers (Boehringer, Mann-
heim, Germany), 120 U of M-MLV reverse transcriptase (Gibco BRL,
Gaithersburg, MD), 10 nmol of dNTPs (Boehringer, Mannheim, Ger-
many), 20 U of RNAse OUT inhibitor (Gibco BRL, Gaithersburg,
Maryland) and 1ml of 10X Taq buffer (Boehringer, Mannheim, Ger-
many); the total volume was adjusted with sterile water to 10
ml. Samples were incubated for 10 min at room temperature and then
for 1 hr at 37°C. The reaction was terminated by heating to 95°C for
5 min. Amplification was performed in the same tube, containing the
previous 10ml volume, by adding 40ml of a mix containing 4ml of
10X Taq buffer, 50 pmol of forward primer, 50 pmol of reverse primer,
1.25 U of Taq polymerase (Boehringer, Mannheim, Germany), 4 nmol
of dNTPs and 33.3ml of sterile water. The PCR reaction was per-
formed in a RoboCycler Gradient 40 (Stratagene, La Jolla, CA) for 35
cycles, each one comprising 1 min denaturation step at 94°C, 1 min
annealing phase at 50°C and 1 min of elongation at 72°C. The samples
had previously undergone a prolonged denaturation step at 94°C for 5
min. A final prolonged elongation phase of 7 min at 72°C was also
included in the protocol. We used nested TSC primer pairs (synthe-
sised by Gibco Life Technologies, Glasgow, UK), designed on the base
of the known rabbit kidney cDNA sequence (external pair: forward
58-TACTGGCTCTTCGACGACGG-38 reverse 58-ATGACAG-
GGGGTCT GAGGTC-38; region 2521–3038; product size 517 pb;
internal pair: forward 58-CACCCTCCTCATCCCCTACC-38; reverse
58-CTCCAGCCAGGCCATGTACA-38; region 2547–3007, product
size 461 bp). After a first RT-PCR performed using the external prim-
ers, the product obtained was used for a second PCR with the internal
primer pair. Aliquots of the PCR products were run on 1.5% agarose
gel in 1X TAE Buffer [33] and stained with a 0.2% ethidium bromide
solution. The PCR fragments of interest were extracted from agarose
gels (Gel Extraction Kit, Qiagen Gmbh, Hilden, Germany), ligated into
pCAPs vector (PCR Cloning Kit blunt end, Boehringer, Mannheim,
Germany) and sent to MWG-Biotech (Ebesberg, Germany) for double
strand sequencing.

SALINES

The Krebs-Henseleit saline used for the preliminary washings and the
30 min preincubation had the following composition (in mM: 142.9
Na+, 5.9 K+, 2.5 Ca2+, 1.2 Mg2+, 127.7 Cl−, 24.9 HCO−

3, 1.2 SO4
2−, 1.2

H2PO−
4; pH 7.4. The bicarbonate-free saline (phosphate saline) con-

tained (in mM): 145.3 Na+, 6.0 K+, 2.5 Ca2+, 1.2 Mg2+, 125.3 Cl−, 13.7
SO4

2−, 12.5 mannitol, 2.7 HPO4
2−, 0.6 H2PO−

4; pH 7.4. Inhibitors were
added directly to the solution (since the change in osmolality was
negligible), with the exception of SCN− (25 mM) which was substituted
for 12.5 mM SO4

2− and mannitol. HCTZ was directly dissolved in the
saline and the final concentration was checked with a spectrophotom-
eter (Lambda 5, Perkin Elmer, Norwalk, CT) at 226 nm. The salines
were bubbled with 95% O2 + 5% CO2 (Krebs-Henseleit saline) or
100% O2 (phosphate saline). The incubation temperature for all ex-
periments was 27 ± 1°C.

SITS (4-acetamido-48-isothiocyanostilbene-2,28-disulfonate) and
HCTZ were purchased from Sigma (St. Louis, MO), SCN− from Carlo
Erba Farmitalia (Milan, Italy). Alumina dry powder type B was pur-
chased from Fisher, Fair Lawn, NJ.
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STATISTICS

The results are reported as means ±SEM with the number of experi-
ments in brackets. The one-way ANOVA test was used for statistical
analysis; sometimes Student’st-test, generally with paired data analy-
sis, was also used. The program “Enzfitter”, version 1.05 (Elsevier
Biosoft, Cambridge, UK) was used to calculate the parameters of the
linear and nonlinear regressions. The BLAST protein data base search
program [2] was used for sequence similarities.

Results

ANALYSIS OF Cl− UPTAKE

As reported in the Introduction, with tissue bathed in
bicarbonate/CO2-free saline bubbled with 100% O2, the
apical Cl− uptake is all HCTZ-sensitive and slowly abol-
ished by the drug in 15 min; however, at this time a new
bumetanide-sensitive uptake arises. In agreement with
this finding, the apical Cl− uptake per hr (mmol cm−2

hr−1; measured in 45 sec, as in the past) was 10.7 ± 1.2
mmol cm−2 hr−1 (n 4 18) under control conditions, de-
creased to 2.0 ± 0.8 and then increased again to 8.7 ± 0.7
mmol cm−2 hr−1 (n 4 6 and 17, respectively) after 10 and
15 min treatments with 10−3

M HCTZ, the uptake at 15
min being completely bumetanide-sensitive. To estab-
lish whether the measured uptake per hour is the expres-
sion of an apical lumen to cell unidirectional influx (Jmc)
or also includes an apical backflux, we investigated how
long Cl− entry into the cell (expressed asmmol cm−2)
increased linearly with measuring-time duration, after
15-min treatment with HCTZ. This treatment time was
selected considering that after 15 min: (i) the HCTZ-
induced apicalGCl is maximally opened, (ii) the HCTZ-
sensitive uptake is no longer detectable, (iii) yet the up-
take is again high (because of the activation of the bu-
metanide-sensitive transport) thus allowing a significant
analysis of the linearity of uptakevs. measuring-time
length. The total, SCN−-sensitive (apical) and SCN−-
insensitive (paracellular) Cl− uptakes (mmol cm−2) were
measured, each one in 0, 30, 45 and 60 sec. Under con-
trol conditions (absence of treatment with HCTZ), a
straight-line interpolated the data points up to 60 sec for
total, apical and paracellular uptakes better than an ex-
ponential curve (Fig. 1 and Table). After 15 min treat-
ment with 10−3

M HCTZ, the paracellular uptake in-
creased linearly up to 60 sec as in the controls, which
was to be expected since HCTZ does not modify para-
cellular selectivity [15]. However, the total and apical
uptakes only increased linearly up to 45 sec (Fig. 2 and
Table). Hence the measured apical uptakes per hour are
related to unidirectional lumen-to-cell influxes (Jmc, ex-
pressed asmmol cm−2 hr−1) up to 60 sec of measuring
time under control conditions, but only up to 45 sec
under treatment; however, the flux measured in 45 sec is
unidirectional under both conditions and so always ex-

presses only apical Cl− entry into the cell without the
influence of cell-to-lumen Cl− backfluxes possibly
caused byGCl.

As a countercheck thatGCl did not interfere with the
Cl− uptake measurements performed in 45 sec, the epi-
thelium was treated with 10−3

M HCTZ for 5 min. At this
time: (i) GCl is largely, although not maximally, acti-
vated, (ii) the new bumetanide-sensitive influx is not yet
homeostatically activated. The uptake decreased from
the control value of 10.7 ± 1.2mmol cm−2 hr−1 (n 4 18)
to 6.9 ± 1.0mmol cm−2 hr−1 (n 4 26). WhenGCl was
prevented from activating by the concomitant treatment
with 10−4

M SITS, the uptake was equally reduced to
6.4 ± 1.4mmol cm−2 hr−1 (n 4 11). Thus the presence
or absence ofGCl did not interfere with uptake inhibition
by HCTZ.

INTRACELLULAR Cl− AND Na+ ACTIVITIES

The apical membrane potential (Vm) and the intracellular
Cl− or Na+ activities (ai,Cl, ai,Na) were measured con-
comitantly in the same cell by theta-microelectrodes.
The intracellular recordings were similar to those already
reported for both Cl− and Na+ measurements [16, 27].
Figures 3A and 4A show two examples. One of the two
tracings measured simultaneously refers toVm and the
second directly to the apparent chemical potential differ-

Fig. 1. Total, paracellular and cellular (apical) Cl− uptake (mmol cm−2)
on the luminal side as a function of measuring time (s): control con-
ditions. Analysis with linear and nonlinear regression to define the
measuring time until which the uptake increases linearly and corre-
sponds to the unidirectional lumen to cell influx (Jmc); n 4 11 for each
data point. Means ±SE. Uptake: total (s), paracellular (d), cellular
(h). — straight-line calculated at 0, 30, 45, 60 sec;???? straight line
calculated at 0, 30, 45 sec; --- exponential curve calculated at 0, 30, 45,
60 sec.
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ence (Dm) for Cl− or Na+, respectively, as the electrom-
eter was set to automatically subtract the membrane po-
tential, measured by the conventional channel, from the
electrochemical potential difference measured with the
ion-selective channel. On the overall number of 7 min

impalements performed, during the first min (control)Vm

was −67.0 ± 0.3 mV (n 4 174),ai,Cl 25.4 ± 0.6 mM (n
4 94),ai,Na 16.7 ± 0.8 mM (n 4 80) in accordance with
previous data [12, 13, 16];ai,Cl was 3.6 times greater
than predicted at the electrochemical equilibrium. The
variations inai,Cl andai,Na during the treatment and post-
treatment periods (3 + 3 min) were calculated by refer-
ence to the activity measured during the first min of
impalement, taken as zero.

In a first set of experiments (n 4 35) the stability of
ai,Cl and ai,Na was tested during 7 min single impale-
ments under control conditions. As shown in Fig. 5, the
mean variations inai,Cl and ai,Na were nil. Figures 3A
and B, and 4A and B report examples of theDmCl and
DmNa tracings, which were stable under control condi-
tions. The apical membrane potential was equally stable
(Figs. 3A and 4A).

In a second set of experiments (n 4 16), we inves-
tigated whether under the conditions used (HCO−

3/CO2-
free salines, bubbled with 100% O2) no residual Cl−/
HCO−

3 exchange was detectable, as predicted from pre-
vious observations [12, 14]. As shown in Fig. 5, 10−4

M

SITS did not reduceai,Cl. An example of theDmCl trac-
ing under these conditions is shown in Fig. 3D. Vm was
equally unaffected (unpublished results).

In a third set of experiments (n 4 17) the effects of
luminal 10−4

M HCTZ were tested.Vm variations due to
HCTZ were represented by small decreases (less than 1
mV), which were significant but transient, as already
described [18], so they are not reported. Bothai,Cl and
ai,Na decreased during treatment in 3 min by 1.6 ± 1.0
and 0.8 ± 0.4 mM, respectively, but the decrease was not
statistically significant. Some further impalements with

Table. Linear and nonlinear regressions of total, paracellular and cellular (apical) Cl− uptake on the luminal side against measuring time, under
control conditions (A) or treatment with 10−3 M HCTZ for 15 min (B)*

Uptake Straight-line
(on 0, 30, 45 sec)

Straight-line
(on 0, 30, 45, 60 sec)

Exponential curve
(on 0, 30, 45, 60 sec)

A
Total y 4 47.2 × 10−4x y4 45.9 × 10−4x y4 6358.4 × 10−4[1-e−89.4×10−4x]
r2 1 0.995 0.879
Paracellular y 4 17.4 × 10−4x y4 17.0 × 10−4x y4 2102.7 × 10−4[1-e−102.9×10−4x]
r2 0.983 0.986 0.916
Cellular y 4 31.9 × 10−4x y4 28.8 × 10−4x y4 4506.6 × 10−4[1-e−76.1×10−4x]
r2 0.990 0.994 0.889

B
Total y 4 43.7 × 10−4x y4 42.2 × 10−4x y4 5312.0 × 10−4[1-e−101.0×10−4x]
r2 0.934 0.858 0.864
Paracellular y 4 17.4 × 10−4x y4 18.3 × 10−4x y4 4022.7 × 10−4[1-e−51.5×10−4x]
r2 0.946 0.975 0.899
Cellular y 4 25.3 × 10−4x y4 23.9 × 10−4x y4 2705.7 × 10−4[1-e−115.4×10−4x]

r2 0.932 0.823 0.870

* Uptake (y: mmol cm−2) is shown as a function of measuring time length (x: sec). The measuring time was 0, 30, 45, 60 sec. Experimental points
and interpolations are reported in Figs. 1 and 2; the corresponding equations andr2 are reported in the Table. Under control conditions a straight
line interpolates the data points up to a measuring time of 60 sec better than an exponential curve for total, paracellular and cellular uptake (higher
r2). Under treatment, the cellular uptake data points are better interpolated by a straight line only up to 45 sec.

Fig. 2. Total, paracellular and cellular (apical) Cl− uptake (mmol cm−2)
on the luminal side as a function of measuring time (s): HCTZ treat-
ment. Analysis with linear and nonlinear regression to define the mea-
suring time until which the uptake increases linearly and corresponds to
the unidirectional lumen to cell influx (Jmc), after 10−3 M HCTZ treat-
ment for 15 min;n 4 14 for each data point. Means ±SE. Uptake: total
(s), paracellular (d), cellular (h). — straight line calculated at 0, 30,
45, 60 sec;???? straight line calculated at 0, 30, 45 sec; --- exponential
curve calculated at 0, 30, 45, 60 sec.
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Cl−-selective theta microelectrodes (n 4 4) were pro-
longed for more than 15 min; treatment started after 1
min and lasted for 15 min. The Cl− activity progres-
sively decreased by 4.0 ± 2.0 mM in 15 min, but the
decrease was only marginally significant. Thus with
10−4

M HCTZ, Vm undergoes an initial significant de-
crease which, however, is transient, whereasai,Cl and

ai,Na undergo only slow, marginally significant de-
creases.

More clear-cut results were obtained by treating the
tissue with 2.5 × 10−4

M HCTZ on the luminal side (n 4
24).

Vm started to decrease within 10 sec after the begin-
ning of the treatment; the extent of the decrease and the
time course were in agreement with those previously
measured at the same HCTZ concentration [18], so they
are not reported again. Figures 3C and 4C show ex-
amples of theDmCl andDmNa tracings recorded before,
during and after treatment with 2.5 × 10−4

M HCTZ. As
shown in Fig. 6, bothai,Cl andai,Na started to decrease
within 20 sec after beginning of the treatment; this delay
may have been related to the saline renewal in the cham-
ber (4–5 sec), the unstirred apical layers, the response
time of the selective microelectrode and the time lag
between membrane and intracellular changes. After 3
min of treatment,ai,Cl was reduced significantly by 4 mM
andai,Na by about 2 mM; the effect was reversible and, 3
min after the end of the treatment, the values were again
at control level. During treatment theai,Cl decrease was
larger than that ofai,Na at P < 0.05 level until 1 min, and
at P < 0.01 level at 2 and 3 min. In the used range of the
calibration curve, 1 mV corresponded to about 1 mM for
Cl− and 0.5 mM for Na+; hence the observed decrease of
4 mM for Cl− and 2 mM for Na+ corresponded to a re-
duction of 4 mV in both cases and the error was similar.
Moreover, since after bevelling the response time was
not significantly different for Cl−- and Na+-selective mi-
croelectrodes, this possible explanation of the discrepan-
cies between the decrease in intracellular Cl− and Na+

activities was also ruled out.
Knowing thatGCl, activated by 2.5 × 10−4

M HCTZ,
is abolished by SITS, the treatment was repeated with
HCTZ and 10−4 SITS present together (n 4 15). Figure
3E and 4D show examples of the corresponding effects
on the DmCl and DmNa tracings. Figure 6 reports that
under these conditions the decrease inai,Na, elicited by

<

Fig. 3. Examples of tracings recorded in the same cell with theta
microelectrodes, with a Cl−-selective channel and a conventional chan-
nel to measureVm. Since the electrometer was set to automatically
subtract the membrane potentialVm, measured by the conventional
channel, from the electrochemical potential difference, measured by the
ion-selective channel, the voltage change tracing, recorded by the latter,
represents the apparent chemical potential difference for Cl− (DmCl).
(A) complete recordings ofVm andDmCl during an impalement lasting
7 min after stability was obtained. (B) DmCl tracing under control
conditions. (C) DmCl tracing under control conditions (1 min), 10−4 M

SITS (3 min), control conditions again (last 3 min). (D) DmCl tracing
under control conditions (1 min), 2.5 × 10−4 M HCTZ (3 min), control
conditions again (last 3 min). (E) DmCl tracing under control conditions
(1 min), 2.5 × 10−4 M HCTZ +10−4 M SITS (3 min), control conditions
again (last 3 min). The bars indicate the period of solution renewal
(control) or the treatment period.
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HCTZ, was not significantly affected by SITS at any
time. By contrast,ai,Cl activity decreased significantly
less at every time than with HCTZ alone (P at least <
0.05 at each data point); the maximal effect was a de-

crease of about 2 mM in 3 min. Under these conditions
theai,Cl decrease was not significantly different from that
of ai,Na at any time. Hence, althoughGCl was abolished,
ai,Cl andai,Na still decreased, but now with a 1:1 rate, as
predicted for the inhibition of electroneutral symport.
Activity decreases are better quantified as initial rates of
decrease per min (IRDs), measured on the basis of the
linear activity drop observed between 20 and 30 sec after

Fig. 6. Decrease in intracellular Cl− and Na+ activities (Dai,Cl, Dai,Na)
after luminal treatment with HCTZ or HCTZ and SITS concomitantly.
The variations, reported as means ±SE were measured during single
impalements prolonged for 7 min. The control values (1st min) before
treatment are taken as reference zero; they also are reference for the
control values in the final 3 min. Number of impalements under the two
treatment conditions: 13 and 9 forDai,Cl, 11 and 6 forDai,Na. *, **: P
< 0.05 for 0.01 compared with control before treatment. : Dai,Cl,
??? ???: Dai,Na.

Fig. 4. Examples of tracings recorded in the same cell with theta
microelectrodes, with a channel selective to Na+ and a conventional
channel to measureVm. Since the electrometer was set to automatically
subtract the membrane potentialVm, measured by the conventional
channel, from the electrochemical potential difference, measured by the
ion-selective channel, the voltage change tracing, recorded by the latter,
represents the apparent chemical potential difference for Na+ (DmNa).
(A) complete recordings ofVm andDmNa during an impalement lasting
7 min after stability was obtained. (B) DmNa tracing under control
conditions. (C) DmNa tracing under control conditions (1 min), 2.5 ×
10−4 M HCTZ (3 min), control conditions again (last 3 min. (D) DmNa

tracing under control conditions (1 min), 2.5 × 10−4 M HCTZ +10−4 M

SITS (3 min), control conditions again (last 3 min). The bars indicate
the period of solution renewal (control) or the treatment period.

Fig. 5. Intracellular Cl− and Na+ activities under control conditions or
treatment with 10−4 M SITS. Values are reported as means ±SE of the
variations in Cl− and Na+ activities (Dai,Cl, Dai,Na) measured during
single 7 min impalements; the control values during the first min,
before saline renewal (control) or treatment with SITS, are taken as
reference zero; they also are reference for the control values in the final
3 min. Number of impalements: 15 (control), 16 (SITS). NoDai,Cl or
Dai,Na was significant. : Dai,Cl; ??? ???: Dai,Na.
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the beginning of the treatment, so as to detect intracel-
lular changes only due to modifications at the apical
membrane. Under HCTZ treatment, the IRD for Cl− was
larger than for Na+ (9.6 ± 1.8 and 4.4 ± 0.4 mM/min, n 4
13 and 11, respectively;P < 0.05). Under HCTZ and
SITS treatment IRDCl decreased significantly (P < 0.05)
to 3.3 ± 0.8 mM/min (n 4 9), and became not signifi-
cantly different from IRDNa which, conversely, did not
change (4.8 ± 1.8 mM/min, n 4 6). These results con-
firm that a component of the HCTZ-inducedai,Cl de-
crease is SITS-sensitive, whereas the second component
is SITS-insensitive and equal to the HCTZ-inducedai,Na

decrease.
In another group of gallbladders the total depolar-

ization caused by 2.5 × 10−4
M HCTZ within 3 min was

much less than normal, and theGCl about one-third (for
this evaluationseeref. 18). This fact offered the oppor-
tunity of observing the effect of a naturally reducedGCl

on theai,Cl andai,Na decreases. Figure 7 shows theDai,Cl

andDai,Na elicited by HCTZ under these conditions:ai,Cl

decreased by 2.5 mM andai,Na by 1.9 mM within 3 min
(P < 0.01 for both variations,n 4 16 and 20, respec-
tively). The discrepancy between theai,Cl and ai,Na

variations was only significant after 1 min of treatment
(P < 0.05). It was reduced to about 0.6 mM (namely to
less than one third) compared with 2.0 mM in the previ-
ous group of gallbladders with normalGCl (P < 0.05).
As in the previous group, the discrepancy between the
ai,Cl and ai,Na decreases was abolished by treating con-
comitantly with 10−4

M SITS to eliminateGCl (Fig. 7).

Dai,Na was unaffected at each data point (Dai,Na 4 2.0
mM after 3 min of treatment,n 4 20); it was theai,Cl

variation which decreased to overlap with that ofai,Na

(n 4 17).
In conclusion, the rate ofai,Na decrease was inde-

pendent of the extent ofGCl and only dependent on
HCTZ concentration. Conversely, the rate ofai,Cl de-
crease displayed two components; the first was not sig-
nificantly different from the rate ofai,Na decrease and
was independent ofGCl; the second was related to the
presence and extent ofGCl.

RT-PCR ANALYSIS

To ascertain whether the NaCl cotransporter demon-
strated in rabbit gallbladder is similar to the kidney thi-
azide sensitive isoform (TSC), we performed an RT-PCR
analysis on the mRNA of gallbladder epithelium. The
same analysis was performed on mRNA of kidney cor-
tex, ileum, heart and liver to get information on the rela-
tive level of expression of the cotransporter. Nested
primers were designed on the basis of the known cDNA
sequence of rabbit kidney TSC, in order to amplify a
fragment which was expected to be in the presumed cy-
toplasmic C terminal region, one of the most conserved
and representative of the subfamily, distinguishing it
from the other members of the Cation Chloride Cotrans-
porter family. To obtain information on tissue distribu-
tion and level of expression of TSC mRNA, RT-PCR
experiments were performed by using external primers
and same amounts of poly(A)+ obtained from kidney
cortex (used as positive control), gallbladder epithelium,
ileum epithelium, heart and liver (used as negative con-
trols). To rule out possible contaminations in the RT-
PCR experiments, controls with water instead of
poly(A)+ in the RT reaction were performed in parallel.
Moreover, in order to exclude contamination by genomic
DNA, as no genomic sequence is available for rabbit
TSC, although the analysis of the reported sequence for
the human TSC gene [35] indicates that the chosen
primer pair might possibly span more than one intron, an
additional negative control with RNA was also set up,
but without reverse transcriptase in the RT reactions.
In all the RT-PCR experiments (n 4 4) no bands were
detectable in either of the negative controls. RT-PCR
products from all tissues (10ml each) were run on gel
electrophoresis; staining with ethidium bromide allowed
detection of two bands for kidney, gallbladder and intes-
tine tissues, one of them of the expected size (517 bp,
Fig. 8, PanelA). No band of the same size was detected
for heart and liver (Fig. 8, PanelB). Densitometric
analysis of the bands of the expected size, assuming kid-
ney cortex as 100% reference, was 58 and 36% for gall-
bladder and intestine, respectively. Products obtained
with the external primer pair were reamplified by PCR

Fig. 7. Gallbladders with low HCTZ-elicitedGCl: decrease in intra-
cellular Cl− and Na+ activities (Dai,Cl, Dai,Na) after luminal treatment
with HCTZ or HCTZ and SITS concomitantly. The variations, reported
as means ±SE, were measured during single impalements prolonged for
7 min. The control values (1st min) before treatment are taken as
reference zero; they also are reference for the control values in the final
3 min. Number of impalements under the two treatment conditions: 16
and 17 forDai,Cl, 20 in both cases forDai,Na. *, **: P < 0.05 or 0.01
compared with control before treatment. : Dai,Cl; ??? ???: Dai,Na.
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using the internal primers. Gel electrophoresis of prod-
ucts from kidney, intestine and gallbladder evidenced
one product which resulted of the expected size. No
products were observed when internal nesting was done
on RT-PCR products from heart and liver. To assess
product specificity, the gallbladder cDNA was subcloned
in the pCAPs vector (seeMaterials and Methods section)
and sequenced. The sequence showed a very high ho-
mology with the corresponding region of the kidney iso-
form (99%).

Alignment (Fig. 9) of the derived amino acid se-
quence with the corresponding region of cloned NaCl
cotransporters shows an identity ranging from 91% (rat
kidney) to 99% (rabbit kidney) with the other mamma-
lian isoforms. Considering positivities between amino
acids as well as identities, the percentage is 98% on
average. As for the rabbit kidney isoform, the only dif-
ference is the amino acid sequence compared with the
corresponding segment of rabbit gallbladder TSC is in
position 995 (position 155 of the rabbit gallbladder frag-
ment), which presents a serine instead of a threonine due

to a change in the first base of the codon (TCC instead of
ACC).

Discussion

All the results reported here are in agreement in showing
that HCTZ directly inhibits apical Na+-Cl− symport, al-
though it concomitantly opens the apical Cl− leak.

ANALYSIS OF Cl− UPTAKE

Apical Cl− uptake, measured with36Cl− and expressed as
mmol cm−2, is predicted to increase exponentially with
length of measuring time to a final steady-state value,
which is reached when the influx is equal to the apical
and basolateral effluxes. With short measuring time
lengths (owing to cell volume: some tens of seconds) the
apical Cl− uptake must increase linearly as long as36Cl−

losses through the apical and basolateral membranes re-

Fig. 8. PCR amplification of TSC mRNA in
various rabbit tissues. RT-PCR was performed
injecting 0.5mg of poly(A)+ isolated from
different rabbit tissues. The amplified PCR
products (external primers) were detected on 1.5%
agarose gel, stained with ethidium bromide. In
panelA a band of the expected size (517 bp,
indicated by the arrow) was detected in lanes 1
(kidney cortex), 5 (gallbladder epithelium) and 9
(ileum epithelium). Lanes 2, 6 and 10 show the
negative controls: same RT-PCR mix without
reverse transcriptase. Lane 11 shows some
RT-PCR mix without poly(A)+. The double strand
DNA molecular weight marker is in lane 3 and 7;
mass ladder marker is in lane 12. In panelB no
band of the expected size (indicated by the arrow)
was detected. Lanes 2 and 6 show products
obtained starting from heart and liver poly(A)+.
Lanes 3 and 7 show negative controls without
reverse transcriptase. Molecular weight marker (1
Kb DNA ladder, Gibco BRL, Gaithersburg, MD)
is in lane 4 and 8. Mass ladder marker (Low DNA
Mass™, Ladder, Gibco BRL, Gaithersburg, MD)
is in lane 10.
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main negligible. Until this time, the measured uptake
per hour (mmol cm−2 hr−1) expresses the unidirectional
influx Jmc, whereas after this time it expresses a net flux.
Under control conditions noGCl is apically present (see
Introduction), so that36Cl− losses only start to be sig-
nificant when the36Cl− accumulated intracellularly is
sufficient to cause a significant basolateral36Cl− exit, as
well as the very limited apical backflux through the Na+-
Cl− symporter [15]. The results reported show that under
these conditions36Cl− loss is not significant, at least up
to a 60-sec measuring time, in agreement with previous
observations [9]. Under treatment with HCTZ, theGCl

opening increases the apical Cl− leaks, and with a 60-sec
measuring time the36Cl− loss becomes significant. In
any event, with a 45-sec measuring time the determined
uptake corresponds to the unidirectional influxJmc under
both control and treatment conditions. Thus its inhibi-
tion by HCTZ is inhibition of the Cl− entry into the cell
only, without interference by a conductive backflux.
Moreover, under treatment conditions, even with a 60-
sec measuring time, the deviation from linearity of the
uptake against measuring time length, though present, is
minimal, and could only account for the disappearance of
an uptake of 1.4 and not 10mmol cm−2 hr−1, as required
to account for the disappearance of the total HCTZ-

sensitive uptake. As a countercheck, the concomitant
GCl abolition with SITS does not affect the extent of the
uptake inhibition by HCTZ. The necessary conclusion
of all these observations is that HCTZ directly inhibited
the symport, as well as opening the parallelGCl.

INTRACELLULAR Cl− AND Na+ ACTIVITIES

In the absence of Na+/H+,Cl−/HCO−
3 double exchange,

the apical NaCl entry is roughly halved. Under these
conditions about 97% of the apical Na+ entry is neutrally
coupled to Cl− on the Na+-Cl− symporter; the remaining
3% occurs through a conductive Na+ pathway [13]. All
the Cl− entry takes place by the symport with Na+ [7, 11,
12, 14, 23]. After HCTZ treatment, the opening of the
SITS-sensitive apical Cl− conductance should favor the
apical exit of Cl− accumulated intracellularly by the sym-
port above the value predicted for the Cl− electrochemi-
cal equilibrium. If this were the only action exerted by
HCTZ and the symport were hypothetically unaffected,
intracellular Cl− activity should decrease at a rate com-
pletely blockable by SITS; meanwhile, Na+ should con-
tinue to enter the cell by the unaffected symport, so its
intracellular activity should not decrease. The reduction

Fig. 9. Alignment of the deduced partial amino acid sequences of the Na+-Cl− cotransporter TSC. The animal organ, Data Bank with accession
number and identity percentage with the deduced partial sequence of rabbit gallbladder are as follows: Rabbit kidney, GenBank AF028241, 99%;
Man kidney, GenBank U44128, 93%; Rat kidney, GenBank U10097, 91%; Mouse kidney, GenBank U61085, 91%; Flounder urinary bladder,
GenBank L11615, 53%. The shadowed amino acids indicate differences between rabbit kidney and gallbladder sequences.
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of intracellular Cl− activity should inhibit basolateral Cl−

exit, which occurs through a neutral pathway [7, 13, 23]
identified inNecturusgallbladder with a KCl symport [5,
31, 32]. This would indirectly reduce Na+ pumping,
with consequent: (i) inhibition of transepithelial NaCl
transport, (ii) increases in cytoplasmic Na+ activity.
Clearly this is not what happens. In fact, only part of the
rate ofai,Cl decrease is SITS-blockable, and intracellular
Na+ activity decreases in parallel with Cl− at a rate equal
to that of the SITS-insensitive Cl− fraction. These ob-
servations are in line with a dual action of HCTZ, con-
sisting of bothai,Cl activation and Na+-Cl− symport in-
hibition.

This conclusion is strengthened by the results ob-
tained on the set of gallbladders in which HCTZ only
elicited a lowGCl, equal to about one-third of that ob-
served in the first set (and normally observed previ-
ously). In this case the SITS-sensitive fraction of the rate
of ai,Cl decrease was reduced to about one-third of the
corresponding fraction of the first set. Conversely, the
SITS-insensitive fraction remained equal in both groups
and maintained a 1:1 ratio with the rate ofai,Na decrease,
as predicted for direct inhibition of the symport.

Equally, the corresponding initial rates ofai,Na and
SITS-insensitiveai,Cl decreases were not significantly
different, thus indicating simultaneous inhibition of Na+

and Cl− influxes, again in agreement with symport inhi-
bition. These rates proved much lower than those pre-
viously measured under conditions of instantaneous
complete block of symport [12]. This is in agreement
with the slow development of symport inhibition by
HCTZ [16].

An apparent contradiction deserves some com-
ments. Radiochemical measurements showed that, when
GCl is maximally opened, Cl− backflux is negligible for
at least 45 sec; on the other hand intracellular Cl− activity
measurements showed that, whenGCl is only starting to
open, a significant Cl− backflux occurs in 10 sec, as a
significant SITS-sensitive decrease of intracellular Cl−

activity is already detected after this time. The contra-
diction is only apparent since in the former case the
backflux concerns36Cl− and the Cl− labeled by it (for at
least 45 sec the36Cl− accumulated in the cell is negli-
gible in order to generate a substantial backflux); in the
latter case the backflux concerns Cl− (in the cell, Cl−

activity is about 25 mM, so that on activation ofGCl the
backflux depending on it can immediately be generated).

Finally, it should be emphasized that on treatment
the rates ofai,Cl andai,Na decreases were initially high,
but after 10 sec always slower, in line with the fact that,
at the beginning, intracellular ion reductions are only
related to modifications at the apical membrane (see
IRD), but subsequently the substantial decreases reached
in intracellular activities reduce the rates of basolateral
exits; ai,Cl was shown to decrease towards the electro-

chemical equilibrium value, though at a slower rate ow-
ing to this cause, with a minimum reached 15–30 min
after treatment [16].

MOLECULAR IDENTIFICATION OF THE

Na+-Cl− COTRANSPORTER

Thiazide sensitive Na+-Cl− cotransporters belong to a
subfamily which is part of the major family of the Cat-
ion-Chloride Cotransporters (CCC), which includes the
Na+-K+-2Cl− and K+-Cl− cotransporters [28]. Selective
inhibition with thiazides has been a primary tool for their
functional identification for many years. Since the first
cloning of a TSC member from winter flounder urinary
bladder [22], other isoforms have been cloned, all lo-
cated at the distal convoluted tubule of mammalian kid-
ney. They are in the apical membrane of the cell, where
they represent the main Na+ and Cl− entry pathway and
are the target of thiazide diuretics [35]. Though usually
referred to as “kidney specific” [25, 29], there are indi-
cations of the presence of low levels of TSC transcripts
in non renal tissues, though the relationship between ex-
pression and physiological role has not been elucidated
in any of these tissues [4, 21, 22], with the exceptions of
a human osteoblast like cell line [3] and human periph-
eral blood mononuclear cells [1]. As for the isoform we
identified in rabbit gallbladder, we performed a semi
quantitative analysis of the corresponding mRNA pres-
ence in different tissues. Kidney cortex showed the
highest expression while the presence of the TSC mRNA
in liver and heart could not be detected as already found
in man and rat [4, 21, 25]. The 58% expression found for
gallbladder epithelium relative to kidney is consistent
with a functional expression of TSC in this tissue; also
the amount of mRNA found in the ileum (36% relative to
the kidney) is a suggestion that the cotransporter might
play a functional role in this tract of intestine. The ques-
tion deserves investigation since indications of TSC
presence in intestine, but not of its role, has already been
reported for man and rat [4, 21, 22]. Thus perhaps, the
original suggestions concerning the presence of a ternary
complex (Na+, Cl−, carrier) in rabbit ileum, presented by
Nellans, Frizzell and Schultz (1973) [30], should be re-
considered.

In rabbit gallbladder, the high similarity of the
cDNA sequence of the fragment obtained by PCR with
the corresponding sequences of the cloned TSC trans-
porters is a clear indication that it belongs to the same
subfamily. In particular, it is practically identical to the
corresponding region of the rabbit kidney isoform, with
only 3 different bases (fragment length: 519 bp). The
only base change resulting in an amino acid difference is
at position 465 of our sequence (A in the gallbladder
sequence, T in the kidney sequence). Anyway the dif-
ferent residues (threonine in gallbladder sequence sub-
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stituting for serine, due to the mutation of the first base
in the corresponding condon) are positively correlated
(BLAST analysis). Moreover, a serine residue is also
present in the corresponding position of the flounder se-
quence and is codified by the same codon present in
rabbit gallbladder cDNA fragment. Yet considering the
fact that splicing isoforms with still unknown functional
implications are reported for other animals [21, 24],
complete identity with the kidney isoform could only be
established by analyzing the whole cDNA, including the
38 untranslated region.

Conclusions

To sum up, although HCTZ activates an apicalGCl,
through which a cell-to-lumen apical Cl− backflux oc-
curs, thus contributing to a reduction inai,Cl, HCTZ also
directly inhibits the Na+-Cl− symporter present in rabbit
gallbladder epithelium; moreover, molecular data con-
firm the presence of a TSC. This is the first evidence of
the functional expression of a TSC in a nonrenal or non-
renal-like epithelium. Rabbit gallbladder epithelium was
one of the first two tissues in which passive (or second-
ary active) electroneutral NaCl transport was demon-
strated; moreover, it was the first one for which the ter-
nary complex model (symport model) was proposed to
account for the functioning of electroneutral transport [7,
8, 20, 23], later confirmed by experimental evidence [11,
12, 14]. It is now clear that this symport belongs to the
TSC subfamily, which has meanwhile been studied ex-
tensively in renal and renal-like epithelia.

Conversely, with the present data, it cannot be as-
certained whether the isoform shown here is identical or
only similar to the renal isoform. Some physiological
observations seem to indicate a number of differences.
The HCTZ concentration necessary to obtain complete
inhibition is apparently 6–7 times higher [16]; however,
many uncertainties in the determination of the dose-
response curve (rapid homeostatic activation of a bu-
metanide sensitive Na+-K+-2Cl− cotransport; depen-
dence of the HCTZ action on the bivalent anions present
in the incubation saline) make this point still unclear [16,
17]. The time required to complete the inhibition also
seems to be longer in gallbladder (10–15 minvs.3 min
at most [26, 36]); however, under certain conditions it
seems that it can be considerably shortened [17, 26].
Thus further information is required to clarify this point.
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