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Abstract. Hydrochlorothiazide (HCTZ) was shown to
inhibit the transepithelial NaCl transport and the apical
Na*-Cl~ symport and to depolarize the apical mem-
brane potential in the rabbit gallbladder epithelium.
The depolarization was likely related to the opening of
a CI” conductance. To better understand whether an
apical C1™ leak is involved in the mechanism of action
of HCTZ, the transapical C1~ backflux was measured ra-
diochemically by the washout technique. The gall-
bladder wall, pretreated with pronase on the serosal
side to homogenize the subepithelium, was loaded with
3C1~ on the luminal side; mucosal and serosal 3°C1~ ef-
fluxes (J,, J.) were then measured every 2 min. The
pretreatment with pronase did not alter the membrane
potentials and the selectivity of the epithelium. Under
control conditions and the tissue in steady-state, J, and
J, time courses were each described by two exponential
decays (A, B); the rate constants, k4 and k%, were 0.71
+ 0.03 and 0.16 = 0.01 min~!, respectively, and cor-
respondingly the half-times (¢ f}z, tﬁz) were 1.01 = 0.05
and 5.00 = 0.44 min (n = 10); these parameters were
not significantly different for J, and J, time courses. J,
was always greater than J_ M, = 2.02 = 0.22 and
1.43 = 0.17 for A and B decays). Under SCN™ treat-
ment in steady-state conditions, both J, and J_ time
courses were described by only one exponential decay,
the component B being abolished. Moreover 1), was
similar to that predictable for the subepithelium. It fol-
lows that it is the component B which exits the epithe-
lial compartment. Based on the intracellular specific ac-
tivity and **C1~ J2 at 0 min time of the washout ex-
periment, the cell-lumen C1™ backflux in steady-state
was calculated to be equal to about 2 pmol cm~2hr~!,
in agreement with the value indirectly computable by
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other techniques. The experimental model was well re-
sponsive to different external challenges (increases in
media osmolalities; luminal treatment with nystatin).
HCTZ (2.5 - 107* m) largely increased *C1~ JB. The
increase was abolished by luminal treatment with 1074
M SITS, which not only brought back the efflux time
courses to the ones observed under control conditions
but even increased J /J  of the cellular component, an
indication of a reduced J yf . It is concluded that HCTZ
opens an apical, SITS-sensitive Cl~ leak, which con-
tributes to dissipate the intracellular C1~ accumulation
and to inhibit the NaCl transepithelial transport. More-
over, the drug is likely to reduce the basal electroneu-
tral C1™ backflux supported by Na*-Cl~ cotransport, in
agreement with the inhibition of the cotransport itself.

Key words: Na™-ClI~ cotransport — Cl~ pathways —
SITS — SCN™ — Nystatin — Washout technique

Introduction

In the epithelium of rabbit gallbladder the neutral entry
of NaCl through the apical membrane is sustained by a
Na*/H*,CI"/HCO,~ double exchange and a hy-
drochlorothiazide (HCTZ)-sensitive Na*-Cl~ symport,
which are likely to operate in parallel (Cremaschi et al.,
1983, 19874, b, 1992; Meyer et al., 1990). In the ab-
sence of exogenous bicarbonate, with the endogenous
bicarbonate made negligible by bubbling 100% 0, in
the bathing salines and possibly, but not necessarily, in
the presence of acetazolamide, only the symport is ac-
tive (Cremaschi et al., 19874, b). It can be inhibited by
HCTZ, but not by stilbenes, furosemide or bumetanide,
and is insensitive to K* (Cremaschi et al., 19874, b,
1992; Meyer et al., 1990); thereby it is similar to the
symport detected in fish urinary bladder and mammal
distal tubule rather than to the one observed in the thick
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ascending limb of the Henle loop (Costanzo & Wind-
hager, 1978; Duffey & Frizzell, 1984; Stokes, 1984; Ve-
lasquez, Good & Wright, 1984; Eveloff & Warnock,
1987).

In the fish urinary bladder HCTZ inhibits the net
transepithelial flux of NaCl and both the transcellular
unidirectional fluxes (mucosa-serosa, serosa-mucosa)
(Stokes, 1984, 1988). In the rabbit gallbladder on
HCTZ treatment the net transepithelial flux of NaCl
and the transapical lumen-cell C1™ influx, sustained by
the symport, are both inhibited. Moreover, intracellu-
lar CI™ activity and accumulation are largely reduced
(Cremaschi et al., 1992). In parallel, an apical depo-
larization is elicited which preliminary experiments
have shown to be related to the opening of an apical
conductive Cl~ leak (Cremaschi et al., 1992, 1993);
this side action, absent in the fish urinary bladder, may
contribute to dissipating the intracellular C1~ accumu-
lation in the gallbladder with an electrodiffusive C1™
backflux to the lumen. To gain a better understanding
of the mechanism of action of HCTZ in this epithelium,
it is then important to measure the overall transapical
unidirectional Cl1~ backflux (cell-lumen). This flux is
likely to be inhibited in its component sustained by the
symport (like in the urinary bladder), but on the whole
may be enhanced by the opening of the apical C1~ leak.

The C1™ backflux was measured radiochemically by
the washout technique, after luminal loading of the iso-
lated tissue with 3*C1~. The epithelial component of the
luminal efflux was discriminated from the subepithelial
component by compartment analysis under steady-state
conditions. All the experiments have been conducted
in the absence of bicarbonate in the bathing salines so
as to eliminate transports due to the double ion ex-
change component.

Materials and Methods

New Zealand male rabbits (body weight 3-3.5 Kg), kept for 15 days
at constant conditions of light/dark and temperature and fed with
standard pellets, were killed by cervical dislocation. The excised gail-
bladders were washed free of bile with saline.

WASHOUT EXPERIMENTS

The organ was everted, cannulated, filled with 0.2 ml Krebs-Hense-
leit saline, containing 0.1 mg/ml pronase (type XIV, no. P5147, Sig-
ma Chemical, St. Louis, MO), and dipped in Krebs-Henseleit saline,
bubbled with 95% O, + 5% CO,; incubation was prolonged for 20
min at 37°C (temperature chosen to optimize the enzyme action). Fi-
nally, the pronase-containing saline was removed, the preparation
washed and opened lengthwise; the gallbladder sheet was mounted be-
tween two Lucite frames (window: 0.67 cm?) and clamped between
two Lucite chambers with volumes equal to 1 ml (mucosal chamber)
and 10 ml (serosal chamber). The tissue was allowed to recover func-
tionality for 30 min at 27°C in phosphate saline. The saline was then
renewed and the tissue loaded with 36C1™ on the mucosal side (12
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puCi/ml) for 15 min. The large serosal fluid volume allowed ra-
dioactivity to remain very low on this side, so as to minimize load-
ing of the subepithelial layers with *°C1~. Finally, the two bathing
salines were withdrawn, the tissue was washed three times on both
sides with phosphate saline, and the two frames were rapidly re-
moved with the tissue and clamped between new Lucite chambers of
equal volume. The chambers were both filled with 2.5 ml phosphate
saline which was renewed 10 times every 2 min with the aid of a saline
dispenser and a vacuum pump. The dead-time for all the operations
occurring between the end of the loading and the washout start was
about 30 sec. During the loading and washout period, salines were
kept at 27°C, a temperature that allowed the tissue to remain in
steady-state for a long time. Samples obtained for each 2 min peri-
od were counted for radioactivity with a Minaxi-Tricarb/counter
(Packard Instr., Zurich, Switzerland).

MEASUREMENT OF THE PARACELLULAR Cl~ UPTAKE

The general procedure was the one previously reported (Cremaschi
et al., 1992) and the protocol similar to that described for washout de-
terminations: (i) serosal incubation of everted sacs without the enzyme
(controls) or with pronase (Krebs-Henseleit bathing saline, at 37°C for
20 min); (ii) incubation of the opened gallbladders for 60 min at
27°C (phosphate saline); (iii) measurement of C1™ uptake for 45 sec,
with 3%Cl1~, 3H-sucrose and 25 mM SCN~ in the luminal phosphate
saline. SCN~ was added to abolish the cellular component of the up-
take (Cremaschi et al., 1992), so as to measure only the paracellular
fraction.

TRANSMURAL C1™ FLUX DETERMINATIONS

The everted gallbladder was treated with pronase at 37°C for 20 min
(Krebs-Henseleit saline); then washed, opened lengthwise and mount-
ed (window: 0.67 cm?) between two Lucite chambers, each filled with
5 ml phosphate saline at 27 = 1°C, with 36Cl™ present (0.5 pCi/ml)
in the serosal chamber. After 15 min, the mucosal fluid was re-
newed and the procedure was repeated every 15 min for 10 experi-
ment periods. Samples of the serosal fluid (0.1 ml), taken every 30
min, allowed the time course of the serosal activity to be checked: it
remained constant throughout the experiment.

ELECTROPHYSIOLOGICAL MEASUREMENTS

The set-up procedures for cell membrane potential recordings were
similar to those previously described (Cremaschi et al., 1992). Briefly,
the shank of the microelectrode, filled with 0.5 M KCl, was connect-
ed through a high impedance electrometer (model FD223, World
Precision Instruments, New Haven, CT) to a strip chart recorder (PM
8262 Xt Recorder, Philips, Eindhoven, The Netherlands). Short puls-
es of direct current (20 pLA, 200 msec) were passed through the ex-
posed tissue (0.17 cm?) to check the microelectrode entrance into the
cell from the voltage deflections. Criteria for impalement validation
were those previously reported (Cremaschi et al., 1992).

Transmural diffusion potentials were measured in phosphate
saline by substituting mannitol for all the luminal NaClL

HISTOLOGICAL PREPARATIONS

Control tissues and tissues treated with pronase on the serosal side
were fixed in Bouin saline, included in paraffin, cut into 10 um thick
sections and stained with hematoxylin-eosine.
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SALINES

The composition of the Krebs-Henseleit saline was as follows (mm):
142.9 Na*, 5.9 K*, 127.7 C17, 24.9 HCO;, 1.2 Mg*", 1.2 S0%7, 1.2
H,PO, 2.5 Ca’*; pH 7.4. The phosphate saline contained (mm): 145.3
Na*, 6.1 K*, 2.5 Ca?*, 1.2 Mg?*, 125.3 C17, 13.7 SO} ~, 12.5 man-
nitol, 2.7 HPOi’, 0.7 H,POy; pH 7.4. Inhibitors were added direct-
ly to the solution (since the change in osmolality was negligible) with
the exception of SCN™ (25 mM) which was substituted for 12.5 mm
SO%’ and mannitol. HCTZ was dissolved directly in the saline by
stirring for 150 min at 24 = 1°C; the final concentration was checked
with a spectrophotometer (Lambda 5, Perkin Elmer, Norwalk, CT) at
the wavelength of 226 nm. The salines were bubbled with 95% O,
+ 5% CO, (Krebs-Henseleit saline) or 100% O, (phosphate saline).

MATERIALS

SITS, HCTZ and nystatin were purchased from Sigma (St. Louis,
MO), SCN~ from C. Erba (Milan, Italy).

DATA HANDLING AND STATISTICS

The 2 min effluxes smaller than 26 of the background (<(6 cpm) were
discarded as unreliable. Effluxes were then expressed as mean rate
during each 2 min measurement period (cpm min~!). The time-
courses of the tissue-lumen (J, ) and tissue-serosa (J,) effluxes were
analyzed in each experiment looking at the best fits for an exponen-
tial decay in the forms:

y = A-exp(—kx) or y = A exp(—kx) + B - exp(—k%x) or for a
mixed exponential y = A - exp(—kx) + B - [1 — exp(—k’x)]

(goodness of fit assessed using relative distances). The parameters
calculated in this way, experiment by experiment, were then averaged
and statistically compared. When possible, paired-data ¢-test (one tail
or two tails) was used; otherwise, we used the unpaired data #-test. In
the figures, the logarithms of the mean effluxes of many experiments
are plotted against time to show indicatively the result obtained in each
experimental condition. The straight lines in Figs. 2b and 3 were cal-
culated from the exponential curves obtained from the best fit of the
corresponding mean efflux time courses. No statistical analysis was
performed on these averaged time courses.

THEORETICAL CONSIDERATIONS

To appreciate the experimental approach and the results obtained, two
main points must be emphasized first. (i) If the tissue is in steady-
state, on loading with 3¢C1~ from the lumen, the equations that de-
scribe the subsequent mucosal and serosal **C1~ unloadings represent
more or less complex exponential decays. This is independent of the
transport mechanisms involved and their driving forces, inasmuch as
the concentration in the tissue and the fluxes of the nonradioactive C1~
are constant. It is only the labeling of the tissue pools, transport sites
and fluxes which decreases, driven only by the differences in specif-
ic activity between the tissue and the external media. Moreover, the
two 36C1~ effluxes toward the serosal and mucosal medium at any mo-
ment continue to label and represent the corresponding steady non-
radioactive effluxes, although with specific activity decreasing with
time (Kotyk & Janacek, 1970; Jacquez, 1972). (ii) If the tissue is
made by a single compartment facing both the mucosal and serosal
medium, the same pool of 26Cl~ feeds both exits. In this case the time
courses of the two effluxes are predicted to be described by two sim-
ple exponential decays with equal rate constants:
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J, = JM —exp(kt) (1)
g, =, , —exp(ks) (2)

where J, and J, are the tissue-serosal and the tissue-mucosal medi-
um effluxes, respectively; 7 is time; k is the rate constant of unload-
ing from the compartment; J_ and J,  are the two effluxes at = 0
min (see Appendix).

Consequently, the time courses of the Briggsian logarithms of
the two effluxes are described by two parallel straight lines. More-
over, the efflux ratio J JJ,isequal to J, /J, and constant through-

5,0 Y mo

out the washout experiment. It is independent of the 3°Cl1~ loading
in the compartment.

Results

THE TREATMENT WITH PRONASE

The epithelium of the rabbit gallbladder (25-30 wm
tall, highly folded) lies on a subepithelium (about 550
pum thick), made by a corion, two layers of smooth
muscle cells (with an interposed connective layer con-
taining large capillaries) and a mesothelium (Fig. 1a).
The organization of the epithelium was apparently not
affected by the serosal treatment with pronase (0.1
mg/ml), whereas all the subepithelial structures were
dissegregated and any clear distinction in orderly lay-
ers disappeared (Fig. 1b).

The apical membrane potential of the epithelial
cells (V, ) can be taken as an index of the viability de-
gree and of the steady-state of the epithelium, as it ap-
peared stable for at least 90 min after tissue isolation
(Cremaschi et al., 1992). With the tissue incubated for
50 min in phosphate saline (control), V, was —66.1 *
0.5 mV (127 cells). On treatment with pronase for 20
min and incubation in phosphate saline for 30 min, V,,
was not significantly different (—64.8 = 0.8 mV, 51
cells).

The epithelium also seemed to maintain its viabil-
ity as a diffusional barrier. In fact, the serosal specific
activity, at the end of the 15 min luminal loading with
36C17, was only 0.6 * 0.1% of the mucosal activity in
spite of the previous exposure to pronase (n = 12).
This point was better investigated by measuring para-
cellular C1™ uptakes. They turned out to be 2.7 * 0.6
and 3.2 *+ 0.8 wmol cm™?hr~! under control conditions
and on treatment with pronase, respectively (n = 9 in
either condition). The difference is not significant;
moreover, both values are even lower than those we
have generally measured under control conditions (5-6
pmol cm~?hr !, Cremaschi et al., 1992). Finally, the
transmural serosa-mucosa 3°Cl~ fluxes on treatment
with pronase were steady within 15 min after 3°C1~ ad-
dition, for at least 135 min (data not shown).

All these data demonstrate that the epithelium (celis
and junctions) are viable and steady for a long time af-
ter isolation and treatment with the enzyme.
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Fig. 1. Histological sections of rabbit gallbladder (magnification: 200X). (a) Control, (b) after treatment with pronase.

THE °Cl~ BErLUXES (TISSUE IN STEADY-STATE)

The serosal and mucosal effluxes of **C1~, (J, J, ; cpm
min~!), obtained by time-averaged means of 10 exper-
iments, were plotted against time in a semilogarithmic
scale (Fig. 2a) to exemplify the result. At first sight, it
is evident that the data points are not interpolated by two
parallel straight lines, but by two curves, with the result
that more than one compartment seems to be involved
(see Theoretical Considerations). Moreover, the two
curves, roughly parallel for about 10 min, then tend to
approach. Actually, the measured J/J  ratios, averaged
during each experiment period, progressively decrease
(decrease highly significant 12 min after the washout
start, Table 1). The ratio is significantly greater than 1
at any period.

If the time courses of the two effluxes are analyzed
in each experiment, the best fit is obtained with two ex-
ponential decays, each one in the following form

Jo=J% -exp(—kin + B - exp(—kBr) (3)
J,=JA - exp(—kAn) + JB - exp(—kB1) )

with the corresponding rate constants nearly equal in the

two equations (k2 = k% | k8 = kB) and JA and J®
larger than J4 and J? respectively; r* = 1 in each fit.
The results reported in Table 2 are obtained by averag-
ing the parameter values calculated from the analysis of
each experiment. Actually, they show that the corre-
sponding rate constants are not significantly different in
the two equations so that it is possible to average kn’;,
k! into only k* (=0.71 min~!) and £, k2 into only &®
(0.16 min™!). The corresponding averaged half-times
are: 11, = 1.01 min and #%, = 5.00 min. Based on these
data, the following equations can be set up to express
the time courses of the two effluxes:

J, = 1,966 - exp(—0.717) + 103 - exp(—0.16)  (5)
= 998 - exp(—0.71¢) + 66 - exp(—0.167) (6)

m
Thus, each time course displays two phases (A, B)

in the exponential decay, the first faster than the second
(different rate constants and half-times, P < 0.01).
Since each phase has equal rate constants for Jg and I
in semilogarithmic scale (Fig. 2b), two parallel straight
lines describe J_ and J, time courses during the slow
phase (main figure) and, equally, during the fast phase
(inset). The calculated J/J  ratio is different (P <
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Fig. 2. (a) Time courses of the effluxes from the tissue to the mucosal or serosal medium (J,, J)) under control conditions (tissue in steady-
state conditions; n = 10). Effluxes measured every 2 min and expressed as cpm min™'. (O) J,; (X) J.. (b) Analysis of the time courses of the
effluxes reported in a. The best fitting of the mean data points of the 10 experiments is obtained with the sum of two exponential decays for
each time course (nonlogarithmic scale; r> = 1 for each timecourse). The two straight lines corresponding in semi-logarithmic scale to the pair
of exponential curves with slower decay (main figure) or with faster decay (inset) are parallel. The data points reported in the inset, well in-
terpolated by the straight lines, are calculated from the difference between the experimental points in the main figure and the corresponding ex-
trapolated points lying on the two straight lines representing the slow decay.

0.05) in the fast and the slow phase, the former (2.03)
being greater than the latter (1.43), though both signif-
icantly greater than 1 (Table 2). This accounts for the
decrease in the experimental ratio with time (Table 1).

All these findings indicate that two parallel com-
partments, A and B unload 3*Cl™, each one into both the
serosal and the mucosal medium, the A compartment
with higher rates; for both compartments, unloading to
the serosal side is greater.

Based on the integration of the exponential decays
reported above for J, and J,, defined between time
equal to O and 50 min, it is possible to calculate the
36C1™ initial loading for the A and B compartments.
Table 3 shows that A loading is significantly larger, B
loading being about 17% of the total. However, it is al-
so easy to calculate that 4 min after the beginning of un-
loading, compartment A has lost 94.3% of its load,
whereas compartment B only 47.7% with the result that
residunal loading of B now dominates (70% of the total).

TREATMENT WITH SCN™ (TISSUE IN STEADY-STATE)

To check whether one of the two components of the ef-
fluxes is related to epithelium, both tissue sides were
maintained treated with 25 mM SCN™ during the load-
ing and washout periods. It is known that in a few sec-
onds SCN™ totally abolishes the apical Ci~ entry into
the gallbladder epithelial cells (Cremaschi, Hénin &
Meyer, 1979; Cremaschi et al., 1983, 19875). This
should largely reduce or even eliminate loading of the
epithelial compartment and modify the efflux time
course. Figure 3 exemplifies the result by reporting the
mean effluxes obtained (n = 11): actually, under these
conditions the two efflux time courses are singled out
by only one pair of parallel straight lines; accordingly,
the experimental J/J ratio is not significantly differ-
ent at any period (Table 1). Thus, only one of the two
compartments observed under control conditions re-
mains effective on treatment with SCN ™.
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Table 1. Efflux ratios (I /] ). averaged every four minutes, measured under different conditions

Experimental conditions n JiJ,, (min)
0-4 4-8 8-12 12-16 1620
Control 10 1.93 = 0.10 1.84 = 0.14 1.68 = 0.15 1.43 = 0.10
H¥ T EE ] TS
NS MS FAEH
SCN™ il 2.57 = 0.18 2.62 = 0.15 225 £0.14
*¥% sk L3
NS NS
Sucrose {mucosal side) 5 1.67 = 0.28 142 =0.29 0.98 = 0.14 0.84 = 0.12 1.01 = 0.10
* NS NS NS NS
NS HooksRok Feskesksk EX 33
Sucrose (serosal side) 3 1.73 £ 0.26 247 £ 0.21 2.04 £ 0.38 1.80 = 0.35
® ET ] * *
ek NS NS
Nystatin 6 1.82 = 0.13 0.95 = 0.13 1.03 = 0.16 1.04 = 0.12
o NS NS NS
EES T3 oofesdesk EX L33
HCTZ 5 1.72 = 0.08 1.17 = 0.10 1.10 + 0.17 0.87 = 0.14 0.86 = 0.16
*E NS NS NS NS
ke kK ok sesfskosk ey sk
HCTZ + SITS 4 1.82 = 0.08 1.86 = 0.17 1.71 = 0.10 1.74 = 0.22
Kok k3 F% Fok
NS NS NS

* P < 0.05. %%P < 0.01 (compared with 1). ***P < 0.05. ****P < 0.01 (compared with J/J , at 0—4 min). NS, not significant; MS, marginally

significant (P < 0.07).

Table 2. Time course analysis of the 3°C1~ effluxes from the tissue to the mucosal or serosal medium (J,» J,), under control conditions or con-

ditions of treatment with SCN™

Control SCN™ treatment P

A B vs. A vs. B
J .o (CPTM min~ 1) 998 * 146 66 *+21 404 + 36 ok sk
J, (cpm min~1!) 1,966 = 318% 103 =+ 139 1,071 * 150 otk Aok ok
k, (min™") 0.73 = 004 0.16 = 0.02 046 = 0.04 Hekdk otk
k, (min~Y) 0.69 = 0.05 0.16 = 0.02 047 = 0.04 Hekokk oK
k (min~") 071 = 0.03 0.16 = 0.01 046 = 0.03 sk stk
fij, (min 1) 1.01 = 0.05 5.00 = 0.44 1.57 = 0.07 ook ek
J4, 2.03 £ (0.22%%* 1.43 = 0.17% 270 £ 0.29%** NS Fokokok

Effluxes at 0 min time (/,, . J; ). rate constants (k,, k), averaged k, and k_(k), averaged half-times (2,,,) and efflux ratio (J,/J,)) for the appar-
ent compartments A and B. Controls: 7 = 10. SCN™ treatment: n = 11. *P < 0.01 (compared to the corresponding m parameter). **P < 0.05.
w#%p < (0,01 (compared to 1). #¥*%P < 0.05. *****P < 0,01 (compared to controls A or B).

Correspondingly, the analysis on single experi-
ments gives better fittings with only one exponential for
each time course (+* = 1 in any case; parameters re-
ported in Table 2). Since in this case too k, and k_ are
not significantly different, a sole k (0.46 min~!) can be
calculated as equal for the two efflux time courses.
Based on this, the following two exponential equations
can be set up to express J_ and J, against time ():

J

5

J

m

1

1,071 - exp(—0.461) (7)
404 - exp(—0.461) ()

i

The k value and the corresponding #1,, (1.57 min) are
intermediate between the corresponding values calcu-
lated for the A and B components in control conditions
and significantly different from both of them. Howev-
er, ti, is much more similar to the A component (1.57
vs. 1.01, compared to 5.00 min). The J/J, ratio (2.70)
is not significantly different from that of component A,
but is significantly higher than that of B. The loading
(Table 3) is significantly reduced compared to the total
loading measured under control conditions, as expect-
ed if only one of the two compartments has been loaded.
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Table 3. C1- loading (cpm) in the whole tissue (T) or in the parallel A and B compartments

Control (B/T) - 100 SCN~ treatment (cpm)
T (cpm) A (cpm) B (cpm)
Loading 5,439 = 914 4,535 + 776%* 904 = 216%** 16.6 = 3 2%%x 3,278 = 435%, ns, F¥Ex

* P < 0.05, **P < 0.01 (compared to the T loading). ***P < 0.01 (compared to 0). ****P < (.01 (compared to control B). NS, not signifi-

cantly different (compared to control A).

10%¢

103}

=
=
=
=
= 102}
2 ;
= L
101}
100 I 1 ) t ) 1 1 I
0 2 4 b6 8 1012 14 16 18 20

time (min)

Fig. 3. Time courses of the effluxes from the tissue to the mucosal
or serosal medium (J,, J) under SCN™ treatment (tissue in steady-
state conditions; n = 11). The straight lines shown represent the best
fitting of the mean data points. The tissue was treated with 25 mM
SCN~ on both sides during the loading and washout periods. (O) L
Xy J.

It is not significantly different from that of compartment
A, but nearly four times larger than that of B.

These results indicate that it is compartment B
which has been kept unloaded in the presence of SCN™
and which thus corresponds to the epithelial cells.!

! The similar but significantly higher 71 1> Observed under SCN™ treat-
ment, compared to the ¢1,, of compartment A measured under control
conditions, cannot be simply explained by the closure of the cell
pathway operated by SCN™. In fact, the backflux from the subep-
ithelial layer to the mucosal medium does not cross the cells even un-
der control conditions (Cremaschi & Hénin, 1975). It is due to a re-
duction in permeability of the leaky-junction pathway, elicited in a few
minutes by SCN™ and lasting for at least half an hour, that is for the
whole loading and unloading period (unpublished results).

PERTURBATION OF TISSUE STEADY-STATE

Since HCTZ should challenge the tissue steady-state by
operating on the mucosal side, we checked the J,, and
J, responsiveness by increasing the luminal osmolality
or treating luminally with nystatin, a polyene antibiot-
ic forming pores in the plasma membranes.

By adding 100 mm sucrose to the luminal medium
4 min after the washout start (when cellular load is
dominant), the sweeping away effect, so caused to-
wards the lumen, should decrease the J/J_ratio. As ex-
pected, the efflux asymmetry is rapidly reduced and
even tends to be inverted (Fig. 4@, n = 5); the J/J, ra-
tio (Table 1), from a value significantly higher than 1
(1.67) during the control period, decreases to values
even tending to be lower than 1 (0.84). The significant
(£ < 0.01) final increase to 1.01 is probably due to a
time-dependent decrease of the osmolality gradient, re-
lated to the asymmetric subepithelial unstirred layer
(Wright, Smulders & Tormey, 1972).

As a countercheck, in three experiments 100 mMm su-
crose was added to the serosal medium. In this case, the
osmotic gradient should increase the J/J, ratio by a
sweeping away effect toward the serosa. Figure 4b
shows that the efflux asymmetry is rapidly enhanced.
J/J, ratio (Table 1) increases significantly from 1.73
to 2.47; then, although decreasing with time, probably
due to the progressive dissipation of the osmotic gradi-
ent (see above), it always remains significantly higher
than 1.

In six experiments, again 4 min after the washout
start, nystatin was added to the luminal medium (30
tg/ml = 169.2 U/ml). Figure 5 shows J_ to increase
rapidly to such an extent that the efflux asymmetry is
abolished and even inverted. The efflux ratio (Table 1)
decreases significantly from the value of 1.82 (control
period) to values of around 1 for all the following pe-
riods.

THE EFFECTS OF HYDROCHLOROTHIAZIDE

Figure 6 reports the mean J, and J_ time courses ob-
tained before and after luminal treatment with 2.5 - 10
M HCTZ (n = 5). The mucosal efflux increases and in
2 min becomes nearly equal to the serosal one to over-
come it after 810 min of treatment. The efflux ratio,
significantly different from 1 during the control period
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the beginning of the washout experiment (tissue in nonsteady-state conditions) by addition of 100 mm sucrose to the mucosal (a) or the sero-
sal (b) medium. Each point value represents the mean of 5 (@) or 3 (b) experiments. (0) J,; (X) J,.

(1.72), drops significantly to 1.17 in the first 4 min of
treatment and then tends to decline with time to below
1 (Table 1). The result is roughly similar to that ob-
tained with nystatin, although maximal effects seem to
be reached more slowly. By integrating the apical ef-
fluxes from 4 to 20 min with radioactivity, which has
exited the tissue apically after HCTZ treatment, proves
on the whole to be 2.3 times higher compared to that of
the control.

Conversely, if the tissue is concomitantly treated
with HCTZ (2.5 - 107* M) and SITS (10™* m), the ef-
fect is completely eliminated (Fig. 7, n = 4): the time
courses and the efflux ratios for the entire washout pe-
riod are not significantly different from those observed
in control conditions (Figs. 24, 7, Table 1). However,
it is noteworthy that the efflux ratio at 12-16 min is not
significantly different from its inner control at 0—4 min,
whereas in the control experiments a significant de-
crease is observed (Table 1). Thus, HCTZ-SITS treat-
ment seems to maintain a higher efflux asymmetry at the
end of the unloading.

The transmural serosa to mucosa >°Cl™~ flux was in

steady-state in 15 min and remained so under con-
trol conditions until the end of the experiment. By lu-
minal treatment with HCTZ (60 min after the experi-
ment start) not only was the efflux not enhanced, but it
even decreased by 10.2 = 1.2% (n = 4) in 15 min (P
< 0.01) and remained so throughout the whole experi-
ment.

The transmural diffusion potential, measured in
phosphate saline by substituting mannitol for all the lu-
minal NaCl, was unaffected by 2.5 - 1074 M HCTZ
(—16.0 £ 0.6, ~16.3 £ 0.6, —16.9 £ 0.7 mV, before,
during and after treatment; n = 10).

Discussion

ANALYSIS OF THE RESULTS UNDER
STEADY-STATE CONDITIONS

The rabbit gallbladder wall apparently can be schemat-
ically represented by two compartments in series, the ep-
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ithelium and the subepithelium, if the adherent unstirred
layers of fluid are reduced to a minimum by stirring the
bathing salines. Under the conditions, used in this case,
of treating the connective tissue with pronase and load-
ing with *C1~ only on the mucosal side, with a negli-
gible concentration of the isotope achieved in the large
serosal medium during the incubation, the subepitheli-
um should be largely dissegregated and homogenized
(as in fact occurs) and should be loaded to a minimum.
On the other hand, its volume is more than five times
larger than that of the epithelium, also taking into ac-
count that large foldings increase the epithelial area by
3.8 times (Cremaschi et al., 1987a). Moreover, Cl~ ac-
tivity in the epithelial cell is at least three times lower
than that of the external media and less labeled with
38CI™ (lower specific activity achieved) than the load-
ing medium, due to the basolateral 3°CI~ leak, even if
a steady-state has been reached. Finally, the subep-
ithelial layer receives 3CI~ both from the epithelial
cells and through the paracellular pathways. There-
fore, loading of the subepithelium can be high in spite
of the experimental precautions taken.

We can summarize the results obtained with the tis-
sue in steady-state as follows. (i) The time course of
each *C]~ efflux is described by the sum of two expo-
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nential decays (a fast one and a slow one). (ii) In the
fast decays, k,, and k_ are equal to each other; the same
for the slow decays. Thus,J, and J_ must be fed by the
same single compartment during each phase, but in the
two phases by two different and independent compart-
ments, both facing the mucosal and serosal media and
thereby paralleling each other. (iii) One (compartment
A) is larger than the other (compartment B), with an
about 5 times greater loading capacity and a 4-5 times
higher unloading rate constant. It has already lost about
94% of its load in the 4 min after the washout start and
the loading of the second smaller compartment becomes
dominant after this period. (iv) Both compartments
display a higher efflux to the serosal medium, but with
different J/J,. (v) Treatment with SCN~ (tissue in
steady-state) allows identification of the epithelial cell
compartment in compartment B, with less loading ca-
pacity and slower unloading rate. Therefore, the parallel
compartment A must correspond to the subepithelial
layer or part of it.

At first sight, the subepithelial layer seems to be in
series and not in parallel with the epithelial cells; thus,
the last point deserves some comments.

It is well known that the intercellular route in this
epithelium is leaky (Fromter & Diamond, 1972; Hénin
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et al., 1977); moreover, 3°C1~ does not enter the ep-
ithelial cell on the subepithelial side through the baso-
lateral membrane, at least in the absence of bicarbon-
ate in the incubation media (Cremaschi & Hénin, 1975),
as occurs in our experimental conditions. Thus, the
subepithelial compartment not only unloads directly in-
to the serosal medium which it faces, but also actually
unloads directly into the mucosal medium, through a
pathway parallel to the epithelial cells (Fig. 8).

The epithelial cells discharge 36Cl1™ into the lumen
through the apical membrane; a second component of
the luminal efflux takes place through the lateral mem-
brane into the intercellular channel from where it es-
capes back into the lumen through the leaky junction,
overlapping the efflux coming from the subepithelial
compartment. Thus, the epithelial and the subepithelial
J,,’s are clearly parallel.

The epithelial cells also unload **C1~ into the seros-
al medium through the basolateral membranes and, in
this case, the unloaded ¢Cl~ must first cross the subep-
ithelial layer. However, this is generally considered as
an unstirred layer rather than a stirred compartment. As
such, it behaves like a thick diffusional barrier (and
with greater reason on treatment with pronase) which di-
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rectly interconnects the epithelial cells and the serosal
medium (Diamond, 1966; Wedner & Diamond, 1969;
Wright et al., 1972). By contrast, for the *C1~ amount
trapped in the subepithelium at the loading period end,
this layer behaves as a reservoir which then directly un-
loads **Cl1™ into the serosal and mucosal media as dis-
cussed above (Fig. 8).

In conclusion, the epithelial cells and the subep-
ithelial layers behave like two parallel and independent
compartments. Some further observations have to be
made.

For a compartment open to the serosal medium,
but with a diffusional exit to the mucosal side restrict-
ed to the leaky junction pathway, the J/J ratio (=2)
of the subepithelial tissue seems rather low. However,
if the subepithelium is actually a diffusional barrier, its
3CI1~ concentration decreases with the distance from the
epithelium. About 90% of 3°Ci™, at the most, is then
trapped in the 370 pm thick layer just beneath the ep-
ithelium.? Tt is essentially this layer which behaves as
compartment A and the remaining layer (at least 180 pm
thick) behaves as a diffusional barrier which limits J_ ex-
it towards the serosal side. This can account for the low
J /T, ratio.

Finally, **C1~ J should correctly label and repre-
sent the actual, constant C1~ backflux from the cells. In
fact, the progressive decay of 3°Cl~ efflux corresponds
to a proportional decay of the specific activity in the
cell. Moreover, the mucosal barrier is only a few um
thick, being set-up (Fig. 8) by the apical plasma mem-
brane, in parallel with the lateral membrane/part of lat-
eral channel length/leaky junction—all in series with the
thin, unstirred luminal layer (which can be estimated
with *H-sucrose, a marker of the extracellular apical
space, to be about 3 um, see Materials and Methods).
Since the mucosal barrier is so thin, the delay between
the entry of the efflux into the barrier and its exit to the
lumen is negligible, compared to the measuring time of

2 Let us suppose that, at the end of the loading period, not only the
tissue and the nonradioactive fluxes, but also the transmural 30C1~
fluxes and the 36Cl~ distribution in the tissue are in steady-state.
Then, at time = 0 min of the washout experiment 3C1~ concentra-
tion in the subepithelial layer should decay spatially with a linear pro-
file, the maximal concentration being near the epithelium (x = 0 pm)
and the minimal at the boundary with the stirred serosal saline (x =
Ax). If the latter concentration, equal to that in the serosal medium
(0.6% compared to that of the mucosal medium), is considered neg-
ligible and if Ax = 550 pm, then about 90% of the 3¢Cl~ amount, pre-
sent in the subepithelium at the end of loading, should be in the 370
um thick layer, closer to the epithelium, independently of the 6Ci~
concentration at x = 0 wm. If, by contrast, at the end of the loading
period the 36C1~ distribution has not achieved steady-state, the *6C1~
concentration profile in the subepithelial layer should display a spa-
tial exponential decay and, thereby, 90% of the °Cl~ present should
be contained in a layer even thinner than 370 um.
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Fig. 8. Schematic layout of the tissue compartments and their un-
loadings. (a) Subepithelial layer (compartment A). (b) Epithelial cells
(compartment B). J4, J4: Mucosal and serosal effluxes from com-
partment A. J,ﬁ, Jf: Mucosal and serosal effluxes from compart-
ment B.

2 min, so that the measured efflux to the lumen corre-
sponds well to the efflux leaving the cytoplasm.

By contrast, the very thick, unstirred subepithelial
layer, which forms the largest part of the serosal barri-
er for compartment B, leads to a non-negligible delay
between the 3°C1~ efflux entry into the barrier from the
cytoplasm and its exit into the serosal medium. This can
involve an underestimation of the actual serosal Cl1~ ef-
flux in steady-state.

The last observation does not impair the compart-
ment analysis reported here and its conclusions. How-
ever, it entails that: (i) the actual serosal Cl~ efflux in
steady-state cannot be calculated, based on 36C1~ J, (ii)
the 3C1~ J /J ratio for compartment B is proportlon—
al in each period, but underestimated, compared to the
actual C1™ J/J, ratio in steady-state.

VALIDATION OF THE MODEL

Based on the model reported above, some predictions
can be made. First, the steady-state C1~ backflux )
can be calculated, as defined above and in Fig. 8. By
knowing the loading of the cellular compartment at
time = 0 min (904 cpm, Table 3), the intracellular C1~
activity (30 mm, Cremaschi et al., 1992), the cell vol-
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ume (apparently exposed area = 0.67 cm?; correction
factor for the actual area = 3.8; cell height = 28 pm;
see Cremaschi et al., 19874), the mucosal 3C1~ efflux
at 0 min time J2 (=66 cpm min~1, Table 2), a steady-
state C1~ backflux equal to about 2 umol cm~2hr~!can
be calculated. This value fits well with the one which
can be calculated knowing that the apical C1~ influx is
about 11 umol cm~2 hr™! (Cremaschi et al., 1992) and
the net transepithelial C1~ flux is about 9 umol cm~*hr ™!
(measured on an equivalent flat sheet of gallbladder by
an electrical method: Riccardi, Porta, Cremaschi, 1993);
thereby, the backflux is clearly equal to about 2 pmol
cm2hr~!. Based on the same data, the C1~ J/J_ ratio
should be 9/2 = 4.5 against the value of 1.43 reported
in Table 2, which is clearly underestimated as predict-
ed (see above).

Secondly, it is possible to estimate roughly the
half-time of the subepithelial unloading from the for-
mula (Diamond, 1966): #;,, = 0.38 - 12/D (where 1 is the
thickness of the subepithelial layer and D the C1~ dif-
fusion coefficient in this space). If 1 = 550 um and D
= 1.56 - 1075 cm?sec ™! (equal to the free diffusion co-
efficient reduced by 23% for a tortuosity factor in the
connective tissue; see Diamond, 1966 and Barry & Di-
amond, 1970}, the half-time is found to be about 75 sec,
in good agreement with #,,, of compartment A, under
control conditions (61 sec) or of the sole compartment
remaining under SCN™ treatment (94 sec). Converse-
ly, it is quite different from #,,, of compartment B (5
min).

Third, the sweeping away effects, caused by 100
mM sucrose in the mucosal or in the serosal medium,
should involve a decrease or an increase in the 3°C1~
J/J, ratio, respectively, as actually occurs. This is ev-
idence that the experimental model is correctly respon-
sive to external challenges.

Finally, the luminal addition of nystatin should
mainly enhance 3°C1~ J_ from the cellular compart-
ment. Actually, J_ increases and the increased efflux
should be of cellular origin, as nystatin has been added
4 min after the washout start, when the measured efflux
is dominated by the cellular component. The observa-
tion of the effects caused by nystatin is particularly
noteworthy, as this drug, e.g., in thin lipid membranes,
induces the formation of pores through which ions
(mainly anions), water and small nonelectrolytes can
permeate (Cass, Finkelstein & Crespi, 1970; Holz &
Finkelstein, 1970). Thus, its effects should be taken as
a reference when observing the 36C1~ J,, modified by
HCTZ, if it is true that HCTZ opens an apical C1~ leak.

THE HCTZ EFrECTS oON Cl™ BACKFLUX

HCTZ (1073 M) was shown to depolarize the apical
membrane potential of the rabbit gallbladder epithelium
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by about 3 mV (Cremaschi et al., 1992). Preliminary
results indicate that the depolarization, elicited in a few
seconds, reaches a maximum of 3 mV in 10 min, even
with 2.5 - 107 M HCTZ; it seems to be related to the
opening of an apical, SITS-sensitive, C1~ conductance
(Cremaschi et al., 1993). Thus, 2.5 - 1074 M HCTZ
has been used in the present study to examine the drug
effects on the apical C1~ efflux.

36C1~ J_ increases on treatment and this directly re-
flects the action of HCTZ. However, based on the trac-
er flux alterations, the nonradioactive C1~ backflux can-
not be quantified exactly, inasmuch as the tissue steady-
state has been perturbed. It is only possible to calculate
that the total radioactivity, which has exited apically
from the tissue, is 2.3 times higher upon treatment com-
pared to that of the control.

The increase in 3°C1~ J,» elicited by HCTZ, may be
ascribed to the cell-lumen (rather than to the subep-
ithelium-lumen) 3¢Cl~ efflux. In fact, 4 min after the
start of the washout, when treatment begins, the ra-
dioactivity remaining in the tissue is dominated by the
cellular component (70%) and the dominance increas-
es with time to 100%. Moreover, the serosa-mucosa
flux, which follows the same route of the subepitheli-
um-lumen efflux, does not increase like J,, but even de-
creases. Finally, the transepithelial diffusion poten-
tials, which measure the ion selectivity of the paracel-
lular pathway, are not affected by the drug. Thus, the
paracellular conductance should decrease in a nonse-
lective way, whereas 2°C1~ J,, increases, and the in-
crease is selective and SITS sensitive.

It is noteworthy that, compared to the control,
HCTZ-SITS treatment maintains a higher efflux asym-
metry at the end of the unloading when the epithelial
component of J,_ is the sole component remaining. This
probably indicates that, after the closure of the HCTZ-
elicited apical leak by SITS, the electroneutral C1~
efflux to the lumen is unmasked and even reduced com-
pared to the control. Such an observation is in agree-
ment with inhibition by HCTZ, not only of the elec-
troneutral influx (Cremaschi et al., 1992) but also of the
electroneutral backflux, both mediated by the Na™-Cl1~
symporter, similarly to what was found by Stokes (1984,
1988) in the fish urinary bladder.?

As to why the SITS-sensitive C1~ backflux is elicit-
ed by HCTZ in rabbit gallbladder but not in fish urinary

3 A hypothetical, basal and electroneutral, C1~ backflux, occurring
through the silent CI"/HCO; exchange and inhibited by SITS, can be
discarded as no SITS-sensitive component of C1~ influx has been ob-
served in phosphate saline (Cremaschi et al., 1987b). Likewise, no
basal conductive C1~ backflux inhibited by SITS can be hypothesized,
inasmuch as no basal SITS-sensitive Cl~ conductance is present
(Hénin & Cremaschi, 1975; Cremaschi & Meyer, 1982; Cremaschi et
al., 1987a).
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bladder, only speculations are possible. First, SITS-sen-
sitive C1~ channels, opened by HCTZ, might be present
in the gallbladder but not in the urinary bladder. Sec-
ondly, no C17/HCO; exchange has been observed in
the urinary bladder (Stokes, 1984); by contrast, the ex-
changer is present in rabbit gallbladder, even if it is
silent in the experimental conditions used in this work
{Cremaschi et al., 1983, 19870). It has been suggested
by several authors that HCTZ is also able to inhibit the
exchanger (Cousin & Motais, 1976; Ferriola, Acara &
Duffey, 1986; Karnisky & Aronson, 1987; Stanton,
1988; Porta & Cremaschi, 1993). We can hypothesize
that this inhibition is due to a large increase in the well-
known inner basal C1~ conductance present in the ex-
changer (Knauf, 1979; Rothstein & Ramjeesingh, 1980;
Knauf, Law & Marchant, 1983; Froélich, Leibson &
Gunn, 1983); this is in accordance with the SITS de-
pendence of both the C1™ backflux and conductance
elicited by HCTZ.
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APPENDIX

Let us suppose that a tissue in steady-state, loaded with *C1~, is made
by only one compartment facing equal mucosal and serosal chambers.
With the total 36C1~ efflux —dg/dt and g the quantity of labeled sub-
stance in the compartment, the differential equation describing this ef-
flux in relation to g is as follows (Lippe et al., 1965; Kotyk & Janacek,
1970):

d
~7f = AP, + PS)% (Al)
where A is the total area useful for the efflux, P, and P, are the un-
loading constants at the mucosal and serosal faces of the compartment,
Vis the compartment volume. P, and P are equal to @ /C and ®/C
(that is to the nonradioactive steady fluxes from the compartment to
the mucosal or serosal medium per area unity, divided by the nonra-
dioactive CI~ concentration in the compartment: Kotyk & Janacek,
1970); they are equivalent to permeability constants if the nonra-
dioactive flux is described by Fick’s law. Therefore, g at any instant
tis:

q =4, exp (A2)

AP, + P) '
_——_~V t

where ¢, is the quantity of the labeled substance in the compartment
after loading at the beginning of the washout experiment (0 min
time). By substituting ¢ in Eq. (A1), the efflux becomes:

dq

AP, +P)
- I E—— 1
dr

1%

(A3)

= AP, + P)C, - exp

where C is the concentration of the labeled substance at O min time.
The single unidirectional effluxes exiting the compartment toward the
mucosal or the serosal medium, expressed as rates of increase in ra-
dioactivity in the respective medium, per unity of the corresponding
membrane area (o J,); are:

AP, +P)

=P C -exp ——""V £y (Ad)
AP+ P)

J =PC, - exp —v’”T—S—z (A5)
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Since P, C_ and P C_are the two effluxes at = 0 min (i.e., J'm and
JM) and A(P,, + P )/V is the rate constant of unloading from the com-
partment (i.e., k), one can write:

Sy T o XD (kD) (A6)
J = szoexp(~kt) (AT)

which, in semilogarithmic form, give the equations of two parallel
straight lines

logJ, = logl, , — ki/2.3 (A8)
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logd, = IOng,(; — kt/2.3 (A9)

Moreover, from Eqs. (A4—-A9) it is evident that k is predicted as be-
ing equal for the two effluxes so that
JH, =/ (A10)

5,0 "m0 = PJPWL = ¢.S’/(Dm
at any instant. Therefore, the ratio is constant throughout the un-
loading period and equal to the ratio of the corresponding nonra-
dioactive fluxes in steady-state.



