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Abstract. Relationships between short-circuit current
(), cell Cl and the mechanism(s) of Cl accumulation in
toad bladder epithelial cells were investigated. In serosal
Cl-free gluconate Ringer, 80% of the cell Cl (measured
by x-ray microanalysis) was lost over 30-60 min with an
associated decrease in cell water content. Concomi-
tantly, I, fell to 20% of its initial value within 10 min but
then recovered to 45% of its initial value despite contin-
ued Cl loss. With the reintroduction of Cl, cell Cl and
I, both recovered within 10 min. Serosal SITS (4-
acetamido-4’-isothiocyano-stilbene-2,2’-disulfonate; 0.5
mM) plus bumetanide (0.1 mm), did not prevent the fall in
I or the loss of cell Cl in gluconate medium, although
they did inhibit subsequent recovery of /. in this me-
dium. They also prevented the recovery of I in CI me-
dium but not the reaccumulation of Cl by the cells.
Although SITS and bumetanide did not prevent the loss
or recovery of Cl, they modified the pattern of the ion
changes. In their absence, changes in cellular Cl were
twice that of the changes in measured cellular cations
implicating basolateral CI/HCO; exchange in CI move-
ment. With SITS plus bumetanide present, changes of
similar magnitude in CI were associated with equivalent
changes in cation, consistent with the inhibition of Cl/
HCO; exchange.

Key words: Cell C1 — CI/HCO; exchanger — Toad
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Introduction
The nature of the medium anion has important effects on

Na transport by tight absorbing epithelia such as toad
urinary bladder (Singer & Civan, 1971). For example,
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replacement of either mucosal or serosal Cl with the
impermeant anion gluconate inhibits Na transport
(Nielsen, 1984; Lewis et al., 1985). In the toad bladder,
mucosal gluconate is thought to act by reducing the api-
cal Na permeability (Lewis et al., 1985). In contrast, in
both toad bladder (Lewis et al., 1985) and frog skin
(Leibowich, DeLong & Civan, 1988), the inhibition of
Na transport with serosal gluconate appears to occur
through a volume-sensitive reduction in basolateral
membrane K conductance.

Measurements with microelectrodes in tight absorp-
tive epithelia have generally shown a cellular Cl activity
greater than that predicted for passive distribution (e.g.,
frog skin, Nagel, Garcia-Diaz & Armstrong, 1981; rabbit
colon, Wills, 1985). Direct microelectrode measure-
ments of cellular Cl activity are not available for the toad
urinary bladder. However, estimates of Cl concentration
from x-ray microanalysis (Rick et al., 1978; Bowler,
Purves & Macknight, 1991), together with recent
measurements of membrane potentials (Nagel & van
Driessche, 1989; Donaldson & Leader, 1992), indicate
that Cl must also be actively accumulated by these epi-
thelial cells. For example, Bowler et al. (1991) estimated
a cell Cl concentration of 57 mu in tissues incubated in
NaCl Ringer. Assuming that the activity coefficient for
Cl in the cells approximates that of the external solution
(0.76), an intracellular CI activity of ~43 mm is obtained.
This compares to an expected activity range of 9 to 4 mm
if Cl was distributed passively across a membrane with a
potential difference of —60 to —80 mV.

The mechanisms involved in Cl accumulation in
tight epithelia remain to be established. A range of ba-
solateral membrane Cl channels has been identified in
tight epithelia (e.g., rabbit urinary bladder, Hanrahan,
Alles & Lewis, 1985; turtle colon, Chang & Dawson,
1988). For Cl to be accumulated in the cell above equi-
librium, influx of Cl by secondary active transport must
exceed efflux through such basolateral Cl channels. In
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general, three pharmacologically distinct mechanisms
have been implicated in the accumulation of Cl in both
epithelial and nonepithelial cells; a loop diuretic-
sensitive NaK2Cl cotransporter (Geck & Heinz, 1986;
O’Grady, Palfrey & Field, 1987), a stilbene disulfonate-
sensitive CI/HCO, exchanger (Jennings, 1992), and a
thiazide-sensitive NaCl cotransporter (Stokes, 1984;
Shimizu et al., 1988). In frog skin, NaK2Cl cotransport-
ers {Dorge et al., 1985; Ussing, 1985) and/or CIHCO,
exchangers (Stoddard, Jakobsson & Helman, 1985), lo-
calized to the basolateral membrane, are thought to be
responsible for the accumulation of cellular CL

In toad urinary bladder, the apical membrane of the
epithelial cells has a very low Cl permeability (Mac-
knight, 1977). Therefore, mechanisms responsible for
the accumulation of Cl in this tissue are likely to be
located in the basolateral membrane. But attempts to
identify possible transporters have been singularly un-
successful in that none of the known inhibitors of the
putative transporters has any profound effects on short-
circuit current under steady-state conditions in tissues
bathed with Na-Ringer. For example, DIDS (4,4’-diiso-
thiocyano-stilbene-2,2’-disulfonate) or SITS, which in-
hibit CI/HCO; exchangers, and furosemide, which
blocks cation-Cl cotransporters, have only a small, pH-
sensitive inhibitory effect on baseline /. and do not in-
hibit the increase in current induced by vasopressin
(Brem et al., 1985). There are no reports of the effects of
Cl transport blockers on epithelial cell composition in
this tissue.

In the present study we have combined conventional
electrical measurements of transepithelial Na transport
(e.g., I, V, and R)) with x-ray microanalysis of cellular
composition to examine in detail the relationship be-
tween cellular Cl and transepithelial Na transport and to
investigate the mechanisms involved in the accumulation
of Cl by toad bladder epithelial cells.

The results indicate that a CYHCO; exchanger is
present in the basolateral membrane of the toad bladder
and provides an important pathway for Cl movement.
In contrast, any NaK2Cl cotransporter appears to be
highly variable from tissue to tissue. The results also
confirm that the initial inhibition of I _ by serosal Cl-free
medium is associated with loss of cell Cl and volume, but
thereafter factors other than cell volume modify the re-
lationship between cell Cl and Na transport in this tissue.
Changes in pH, associated with the activity of the Cl/
HCO; exchanger, may be important in this regard.

Materials and Methods

Toads of the species Bufo marinus, obtained from the Dominican Re-
public (National Reagents, Bridgeport, CT) were used in ali experi-
ments. For Ussing chamber studies, the serosal surface of quarter blad-
ders was glued with Loctite 454 gel (Loctite, Ireland) to a small plastic
ring that was then fitted between the two halves of the Ussing cham-
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bers. The serosa was supported on a nylon mesh and a slight excess of
mucosal medium held the tissue flat against the mesh. The final ex-
posed area of the quarter bladders was 3.14 cm?.

Initially, quarter bladders were bathed on both the mucosal and
serosal surfaces with NaCl Ringer until a steady-state /. was obtained.
The serosal solution was perfused at a constant rate (3 ml min™")
throughout the experiments, and both the mucosal and serosal solutions
were oxygenated and stirred by air bubbled through the chambers.

Tissue for x-ray microanalysis was glued to similar plastic rings
and either incubated in small beakers containing Ringer or in Ussing
chambers before being frozen. The beakers were bubbled vigorously
with air to ensure mixing and oxygenation of the solution. All exper-
iments were carried out at room temperature (15-20°C).

ELECTRICAL MEASUREMENTS

Tissues were short-circuited at all times by a computer-controlied (Ap-
ple Ile) antomatic voltage clamp. The computer recorded the I at 10
or 20 sec intervals. Transepithelial resistance was determined by im-
posing a potential difference (typically 5 or 10 mV) for 1 sec across the
tissue every 2 min, and dividing the applied potential difference by the
recorded change in current sampled at the end of the pulse.

FrREEZING AND CRYOSECTIONING

The same techniques were used as described recently (Bowler et al.,
1991). Briefly, the plastic ring with its tissue was plunged into a pro-
pane-isopentane freezing mixture either by hand or by a spring-loaded
device within 20 sec of removal from the incubation medium. Sections
were cut at —80 to —90°C. Two or more blocks from each piece of
frozen tissue were cut and several sections from each block analyzed.
Ribbons of sections on Formvar-coated 3 mm nickel slot grids were
transferred into a scanning electron microscope (JEOL JSM-840) with
a shuttle device precooled with liquid nitrogen. The microscope stage
was precooled below —180°C. Sections were freeze-dried by warming
the stage to 16-18°C under vacuum.

ANALYSIS OF SECTIONS

Sections were imaged with a transmitted electron detector. Spectra
were collected for 100 sec at 15 kV. The probe current (150-250 pA)
was measured with a Faraday cup after each spectrum.

Spectra were collected from at least two relatively large areas of
albumin above the cells. Data from these areas were pooled to provide
an average value. To obtain average cellular values, a large area within
each cell, including cytoplasm and a portion of the nucleus, was
scanped. Only one measurement was taken from each cell in any sec-
tion. The data presented come predominantly from analysis of surface
cells. In the Dominican toad the vast majority of these are granular
cells. Goblet cells are easily identified by the high sulfur peak in the
x-ray spectrum and results from these were not included in the data.
Mitochondria-rich cells are not readily identified in the unstained, un-
fixed frozen sections. Although there are relatively few of this cell type
it is likely that most of the low Cl cells in Cl medium (e.g., Fig. 3)
belong to this category. We did not make a systematic study of the
basal cells in this series of experiments.

Methods for data analysis and quantification are described in
detail by Bowler et al. (1991). Ion contents are expressed in mmol per
kg dry weight (mmol/kg dw).
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SOLUTIONS

Solutions were prepared fresh as required from analytical grade re-
agents purchased from Sigma Chemical (St Louis, MO). Sodium chlo-
ride Ringer contained (in mm): Na, 116; K, 3.5; Ca, 1.0; Mg, 1.0; Cl,
122.5; SO, 1.0; glucose 10, buffered at 7.4 by HPO,, 2 and H,PO,,
0.2. Chloride-free Ringer solutions were prepared from the gluconate
salts of Na and K and contained (in mMm): Na, 116; K, 3.5; Ca, 1.0; Mg,
1.0; gluconate, 122.5; SO,, 1.0; glucose 10, buffered at 7.4 by HPO,,
2 and H,PO,, 0.2. Sodium-free Ringer was obtained by equimolar
replacement of Na with n-methyl-D-glucamine (NMDG). Although
gluconate reduces the medium Ca activity (Christofferson & Skibsted,
1975), we did not increase Ca concentration in the media, as in previ-
ous studies when Ca was raised to 4.5 mM, no differences were found
(Navarte & Finn, 1980, 1983; Lewis et al., 1985).

Stock solutions of bumetanide (a generous gift from Leo Phar-
maceuticals) and the thiazides bendroflumethiazide and hydrochloro-
thiazide (Sigma) were prepared in NaOH, and microliter quantities
added to the serosal solution. Stock solutions of SITS, DIDS (Sigma)
and amiloride (Merck, Sharp & Dohme, New Zealand) were prepared
in distilled water, stored in the dark, and added to the appropriate bath
in microliter quantities. Stock solutions of 5-nitro-2-(3-phenylpropyl-
amino)benzoic acid (NPPB) (Research Biochemicals) were prepared in
DMSO, and added to the appropriate bath in microliter quantities.
Arginine vasopressin was obtained from Sigma.

Results

Errect oF Cl-FREE RINGER ON CELL Cl AND
Na TRANSPORT

Replacement of Mucosal or Serosal Cl

Initial experiments compared the effects of Cl-free mu-
cosal medium, Cl-free serosal medium and Cl-free mu-
cosal and serosal medium on the cellular Cl content. Tis-
sues were mounted in Ussing chambers and incubated in
the appropriate Ringer for 30—40 min before being fro-
zen for analysis.

The loss of Cl across the apical membrane was min-
imal (Cl-free mucosa, Cl = 122 + 5 mmol/kg dw [n = 66]
compared to 146 = 5 mmol/kg dw [n = 113] in NaCl
Ringer). In addition, incubation in Cl-free mucosal and
serosal Ringer for 30 to 40 min (Cl = 45 + 3 mmol/kg
dw; n = 116) resulted in no greater loss of Cl than incu-
bation in Cl-free serosa alone (Cl = 43 & 3 mmol/kg dw;
n = 135).

Time Course of Cl Loss

The time course of the Cl loss in gluconate medium was
determined by placing quarter bladders attached to small
plastic rings into beakers for set intervals. In this set of
experiments cellular Cl fell to 14 + 2 mmol/kg dw (n =
32) after 60 min (Fig. 1, filled circles). No further loss of
cellular CI was evident in tissues incubated for 120 min
(15 £ 3 mmol/kg dw; n = 34). That the predominant loss
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Fig. 1. Time course of loss of Cl into Cl-free gluconate Ringer. Filled
circles from tissues incubated in beakers. Open circles are from tissues
mounted in Ussing chambers and exposed to Cl-free Ringer on serosal
side only. Each sample represents the mean of at least 19 cells.

of Cl occurred across the basolateral membrane was con-
firmed by measuring the rate of Cl loss in tissues
mounted in Ussing chambers and bathed with Cl-free
Ringer on the serosal side only for 10 and 30 min. Cell
Cl losses at these times under these conditions were vir-
tually identical to those measured in the beakers (Fig. 1,
open circles).

Na Transport

Since Cl loss across the apical membrane was minimal in
Cl-free medium, to investigate the effects of cellular Cl
loss and recovery on Na transport, only the serosal so-
lution was replaced with gluconate Ringer. This avoided
the unrelated inhibitory effects of mucosal gluconate on
Na transport (Lewis et al., 1985).

Replacement of serosal Cl with gluconate eventually
inhibited I in all experiments (e.g., Fig 4A4). In approx-
imately half of the experiments, inhibition was preceded
by an initial small transient stimulation (e.g., Fig. 44).
Apart from this variable, initial transient stimulatory ef-
fect of gluconate, all tissues behaved identically. There-
fore, results from all tissues are included in the following
analysis. On average, in serosal gluconate, the I fell to
21 + 1% of the initial I, within 11 min (Table 1). As-
sociated with the fall in [ was a slight increase in R,
from 7.5 £ 0.4 to 8.7 £ 0.4 kQ - cm® The I then re-
covered progressively throughout exposure to serosal
gluconate, reaching 44 + 5% of the initial [ after 30
min. Over this period there were no appreciable changes
in transepithelial resistance. (Tissues exposed to both
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Table 1. Summary of the effects of replacement of serosal Cl with
gluconate on the I of the toad bladder

I, (UA - cm™2) R, (kQ - cm?)

Initial 54+04 75104
Serosal NaCl-Na gluconate

Minimum 12£03 T+£04

After 35 min 25+03 8.1+04
Serosal Na gluconate—NaCl

Peak 95+1.1 5805

Steady-state 74+£0.7 55+04

All values mean + SEM, n = 42.

serosal and mucosal gluconate displayed the same pat-
tern; data not shown.)

Reintroduction of serosal Cl resulted in an initial
rapid, relatively small rise in /. to a plateau value within
2 min. An appreciable part of this increase can be ac-
counted for by differences in the mobility of Cl and
gluconate through the paracellular pathway, as tissues
treated with amiloride also showed an increase in [,
under these conditions (Fig. 44). Thereafter, there was a
further increase in I to a peak value after 9 min fol-
lowed by a gradual decline until a new steady-state
value, 44 * 11% higher than the initial /. was achieved.
Accompanying these changes in I, was a reduction in R,
and, in the steady-state after reintroduction of Cl, R, was
75 + 4% of its initial value.

Changes in Ion Content Following Replacement of
Serosal Cl with Gluconate

The average water and electrolyte contents of cells incu-
bated in either NaCl Ringer for 90 min, Cl-free serosal
Ringer for 30-40 min, or Cl-free Ringer for 30 min fol-
lowed by NaCl Ringer for 60 min are illustrated in Fig.
2A. In this series of experiments, the replacement of
medium Cl resulted in a fall of CI from 147 £ 6 mmol/kg
dw (rn=172) to 26 + 3 mmol/kg dw (n = 71) after 30-40
min. Cells also lost cation, principally K. However, this
cation loss (61 mmol/kg dw) was only about half of the
Cl loss (Fig. 2B). Water loss accompanied these losses
of solute (controls 3.58 + 0.15 kg/kg dw, Cl-free 2.93 £
0.15 kg/kg dw) and analysis of the solute and water
losses indicates that, within the error of the estimates, the
fluid loss was essentially isosmotic (280 mOsmol 17!
compared to estimated medium osmolarity of 262
mOsmol I™1). Restoration of medium Cl after 30-40 min
essentially restored cell composition.

The patterns of Cl distribution (Fig. 3) did not differ
appreciably in control tissues incubated in NaCl medium
and in tissues incubated in Cl-free medium and then
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returned to NaCl medium. In both groups of tissues
there were a number of cells with a very low Cl content.
These are most likely mitochondria-rich cells (Rick,
Spancken & Dorge, 1988; Bowler et al., 1991).

MecHANISMS OF BASOLATERAL Cl MOVEMENT

The Cl content of the granular epithelial cells represents
a balance between active accumulation and passive leak.
The low Cl permeability of the apical membrane relative
to the basolateral membrane of the granular cells local-
izes both the accumulative and leak pathways to the ba-
solateral membrane. In general, three mechanisms have
been implicated in the accumulation of Cl by both epi-
thelial and nonepithelial cells; thiazide-sensitive NaCl
cotransport, loop diuretic-sensitive NaCl (or more likely
NaK2Cl) cotransport and SITS- and DIDS-sensitive Cl/
HCO; exchange. Both cotransporters are directly linked
to Na and result in the movement of Na and Cl across the
basolateral membrane. The CI/HCO; exchanger is func-
tionally linked to Na/H exchange via cellular pH and the
collective activity of these two transporters also results in
Na and Cl transport. In contrast, Cl channels contribute
to Cl loss.

Effects of Na-free Medium

Initially we attempted to exploit the Na-dependency of
these three Cl transporters to demonstrate the involve-
ment of a Na-dependent process in the accumulation of
ClL. Removal of serosal Na is known to inhibit I, (Mac-
knight, DiBona & Leaf, 1980) and did so in these ex-
periments. However, this inhibition was not due to a loss
of cellular Cl or to a decrease in cellular volume. In fact,
when serosal Na was replaced with NMDG, cell Cl in-
creased slightly from 122 & 3 (r = 186) to 143 + 5
mmol/kg dw (n = 70), whereas cell water content re-
mained essentially unchanged. Under these conditions
cell Na decreased from 61 * 3 to 42 = 4 mmol/kg dw.
This was compensated for by an increase in cell K (from
465 + 6 to 493 *+ 8 mmol/kg dw).

In frog skin, despite the presence of a NaK2Cl
cotransporter (Dorge et al., 1985; Ussing, 1985), Na-free
serosal medium also has little effect on cellular volume
(Ussing, 1982) or ceilular Cl (Dorge et al., 1985). In
both tissues this may be due to very low levels of activity
of the pathways contributing to the Cl permeability of the
basolateral membrane under normal conditions, as sug-
gested for frog skin (Ussing, 1982). Therefore, in sub-
sequent experiments we investigated the effects of Cl
transport inhibitors on the changes in [, and cellular
electrolyte content that occurred with either incubation in
Cl-free medium or following reintroduction of serosal Cl
after depletion of cellular C] through exposure to serosal
Cl-free Ringer.
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contents of toad bladder epithelial cells incubated
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Effects of Cl Transport Blockers on Transepithelial
Na Transport

Whether added alone or in combination there was no
effect of serosal SITS (0.5 mm), bumetanide (0.1 mMm) or
thiazides (hydrochlorothiazide and bendroflumethia-
zide, 0.1 mm) on the inhibition of I, by serosal glu-
conate. Also, neither of the thiazides (0.1 mm) had an
effect on recovery of [, in CI Ringer.

The addition of SITS (Fig. 4B) to the serosal bath
inhibited the gradual secondary recovery of /. in glu-
conate Ringer. In the control group for this series, the .
increased over a 20 min period from a minimum value of
17 05 pA-cm™ to 2.9 £ 0.7 HA-cm ™2 (n = 12).
In the experimental tissues exposed to SITS the I fell to
a minimum (1.29 = 0.29 pA - cm ), then recovered
briefly before gradually declining so that, after 20 min in
gluconate medium, the mean I, was 1.16 £ 0.27
HA -cm™ (n = 12).

SITS also inhibited the recovery of I, when Cl
Ringer replaced serosal gluconate Ringer. The degree of
this inhibition, however, was quite variable. In 2 of the
12 tissues, SITS had no effect on the recovery of I.
In another two tissues, there was only a small increase in
I with the reintroduction of Cl, comparable to that seen
in tissues in which transport was inhibited by mucosal
amiloride (Fig. 4A4). This suggests that much of the in-
crease was due to the differences in mobility of Cl and
gluconate through the paracellular pathway. A represen-
tative example of how the remaining eight tissues were
affected by SITS under these conditions is shown in Fig.
4B. In these tissues there was a partial inhibition of the
recovery of I .. Generally, there was a much more dra-
matic inhibition of the initial peak increase in I, al-
though there was also significant inhibition of the steady-
state I . (e.g., Fig. 4B). Lower concentrations of SITS
(e.g., 0.1 mm) had no effect on the [ .. It was not possible
to reverse the effects of SITS by washing.
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Bumetanide was less effective than SITS in inhibit-
ing the recovery in I.. In 11 tissues, serosal bumetanide
(0.1 mm) had no discernible effect on either the recovery
of I in gluconate Ringer or in Cl Ringer, but in 3 tis-
sues, bumetanide inhibited both the recovery of I in
gluconate Ringer and the subsequent recovery in Cl
Ringer (Fig. 4C).

Despite the variable effects of SITS and bumetanide
when present alone, the combination of serosal bumet-
anide (0.1 mm) and SITS (0.5 mm) always completely
inhibited the recovery of I . in gluconate and Cl-Ringer
(n = 10), apart from the initial slight increase in I in
Cl-Ringer that results from junctional effects (Fig. 4D).
The combined actions of these two blockers were not a

result of toxic effects on the cells, for measurement of
intracellular ions by x-ray microanalysis showed that the
Na and K contents of the epithelial cells under these
conditions were normal (see below). Also, vasopressin
resulted in a marked increase in I, in SITS and bumet-
anide-treated tissues after the restoration of medium Cl
(Fig. 5).

Effect of CI Transport Blockers on Changes in
Cellular Ion Content

The combination of serosal SITS plus bumetanide had
the most profound effect on the changes in I, associated
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Fig. 4. Examples of the inhibitory effects of amiloride, SITS, and bumetanide on the recovery of I, in Cl Ringer after exposure to serosal gluconate
Ringer for 30 min. (A) 0.1 mm mucosal amiloride. All tissues responded in this fashion. (B) 0.5 mM serosal SITS. Eight of 12 tissues responded
in this fashion. Two of the remaining four tissues were unaffected and two showed a more complete inhibition as seen with the combination of SITS
and bumetanide. (C) 0.1 mM serosal bumetanide. Only 3 of 14 tissues responded in this fashion. In the remaining 11 tissues, no inhibition was seen.
(D) 0.5 mm SITS plus 0.1 mM bumetanide added to the serosal solution simultaneously. All 10 tissues responded in this fashion.

with serosal Cl-free Ringer. Initially, we therefore in-
vestigated whether this combination of blockers affected
the changes in cellular ion contents which accompanied
the variations in I (Table 2).

As shown above (Figs. 1 and 2), in control tissues
the replacement of serosal Cl with gluconate for 30 min
resulted in a significant fall in cellular CI and, following
the reintroduction of Cl, the cells recovered the lost Cl
within 10 min. Serosal bumetanide and SITS failed to
prevent the loss of Cl. Furthermore, when Cl was rein-
troduced the tissues exposed to the blockers reaccumu-
lated Cl at the same rate and to the same extent as the
controls. Thus, these blockers, despite markedly inhib-
iting the I, did not inhibit the recovery of cellular Cl.
Neither did 0.1 mm bumetanide, 0.5 mm SITS or 0.1 mm
thiazide individually (data not shown).

Despite the low Cl permeability of the apical mem-
brane under normal conditions (see above and Mac-
knight, 1977), it was possible that the modified condi-

tions used here altered the apical CI permeability so that,
in the presence of serosal blockers, there was significant
Cl accumulation across the apical membrane. To test
this possibility, two experimental protocols were carried
out. In the first, cells were depleted of Cl by incubating
them in mucosal and serosal Cl-free medium and then Cl
was reintroduced to the serosal medium only. Tissues
treated in this fashion had similar Cl levels (154 + 6
mmol/kg dw) as tissues bathed in mucosal and serosal Cl
Ringer throughout (147 + 6 mmol/kg dw).

In the second protocol, the cells were depleted of Cl
in mucosal and serosal Cl-free Ringer, bumetanide and
SITS were then added to the serosal solution in an at-
tempt to minimize loss of Cl across that membrane, and
then the mucosal solution was replaced with C1 Ringer.
In these tissues the cellular CI levels (55 £ 5 mmol/kg
dw) were significantly lower than in the controls and
comparable to those found in tissues in this set of exper-
iments after depletion of cellular Cl in Cl-free Ringer (45
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Table 2. Effects of a combination of 0.5 mM serosal SITS and 0.1 mM serosal bumetanide on the changes in cellular water and ion contents
associated with exposure to serosal Na gluconate Ringer for 30 min and then returning to serosal NaCl Ringer for periods of 10 or 60 min

Na K Cl P
H,O
n) kg/kg dw mmol/kg dw

NaCl Ringer throughout 72) 3.58+£0.10 73+5 605+ 10 1476 682+ 17
Serosal Cl-free Ringer

30 min a1 293+0.12 65+5 552+13 2613 667 + 15

30 min plus blockers 4) 2.84 +£0.08 5843 518+ 10 28+3 665+ 17
Serosal Ci Ringer

10 min (43) 3421015 6916 582+ 13 86+4 733+£22

10 min plus blockers 95) 345+0.11 51+4 603+ 15 95+4 699 £ 15

60 min (55) 3.56+£0.15 T4+7 601+19 120+ 6 683+ 17

60 min plus blockers (60) 3.31£0.12 65+6 605 £ 17 128+7 690 £ 20

Mucosal solution throughout NaCl Ringer. All values Mean % SEM, » = number of cells analyzed from at least three bladders.

+ 3 mmol/kg dw). Thus, there was no evidence for a
significant apical membrane Cl pathway under these ex-
perimental conditions.

Effect of the Cl Channel Blocker, NPPB

It is likely that the continued loss of Cl in the presence of
bumetanide and SITS is a consequence of loss via Cl
channels. In recent years a range of CI channel blockers
has been developed (Wangemann et al., 1986; Greger,
1991), of which the most effective blocker of epithelial
Cl channels appears to be the compound NPPB (Wange-
mann et al., 1986). In an attempt to examine the role of
Cl channels in the movement of Cl across the basolateral
membrane of the toad bladder, we assessed the effects of
serosal NPPB (50 um), with or without bumetanide and
SITS, on the changes in I, and cellular ion content that
occurred with either incubation in Cl-free medium or
following the reintroduction of serosal Cl after depletion
of cellular Cl through exposure to serosal Cl-free Ringer.

Whereas the combination of SITS and bumetanide
had minimal effect upon the I, the inclusion of NPPB
markedly inhibited the I . in NaCl Ringer (a 60% reduc-
tion in I, over 10 min). This effect appeared to result
from metabolic inhibition as, in tissues incubated with
NPPB, either alone or in combination with SITS and
bumetanide, up to one third of the cells had ion patterns
consistent with metabolic inhibition (i.e., high Na, low K
and elevated Cl).

Discussion

Chloride is present in the cells of model absorptive tight
epithelia, such as the toad urinary bladder and frog skin,
at concentrations above equilibrium distribution (Rick et
al., 1978; Nagel et al., 1981). In the toad bladder it is
unclear what the mechanism(s) responsible for the accu-

mulation of Cl are. Our primary objective in this study
was to use x-ray microanalysis of granular cell compo-
sition and recognized pharmacological inhibitors of Cl
transporters to determine how Cl is accumulated by the
granular cells of the toad bladder. For the reasons dis-
cussed below we conclude that the dominant mechanism
for this accumulation is a SITS-sensitive CI/HCO; ex-
changer. Also, the results indicate that changes in cellu-
lar Cl content and [, can be dissociated, suggesting that
in the toad bladder there is no simple relationship be-
tween cell Cl, cellular volume and I.

ReLaTiONSHIP BETWEEN CELLULAR Cl AND Na TRANSPORT

In both toad bladder (Lewis et al., 1985) and frog skin
(Leibowich et al., 1988), the inhibition of I following
replacement of serosal Cl with an impermeant anion,
such as gluconate, is thought to be a consequence of
changes in cell volume, with the loss of cellular Cl and
accompanying cation and water resulting in cellular
shrinkage. It has been proposed that the shrinkage in
turn inhibits basolateral K channels, depolarizing the cell
membrane, thereby reducing the driving force for Na
entry (Lewis et al., 1985).

The results of the present study are consistent with a
role for cellular shrinkage in the inhibition of 7. Fol-
lowing replacement of serosal Cl with gluconate, cellular
Cl fell from 147 £ 2 to 28 + 3 mmol/kg dw over a period
of 30 min. Associated with this was a reduction in cell
water from 3.58 £ 0.1 to 2.93 * 0.12 kg/kg dw. The
inhibition of I paralleled the loss of cell Cl and water.
When the I, reached a minimum 11 min after the re-
placement of Cl with gluconate, cellular Cl had fallen to
45% of its original value.

Although the initial inhibition of I in Cl-free me-
dium appeared to be closely related to the loss of cell CI
and cellular shrinkage, subsequent changes in /., both

sc?
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Fig. 5. Changes in [, in response to serosal
vasopressin (1 mIU mi™!) following inhibition of
the recovery of I in Cl Ringer by serosal SITS
(0.5 mm) plus bumetanide (0.1 mm) after exposure
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while the tissue remained in gluconate medium and when
ClI was reintroduced, do not appear to be closely coupled
to cell Cl and volume. Indeed at times there was no
obvious relationship. For example, after the /. reached a
minimum value in gluconate medium, significant recov-
ery of the I,. occurred despite continued incubation of
the tissue in gluconate medium and continued loss of
cellular Cl. Thus, although 7 fell to 21% of the initial
I 11 min after the replacement of CI, 20 min later the
I, had recovered to 45% of the original /.. During this
period the cells lost a further 20% of their cellular C1 (50
to 30 mmol/kg dw). Also, following recovery in Cl me-
dium the steady-state /. was significantly higher than the
initial I, despite similar levels of cellular Cl. In contrast,
if the inhibitors SITS and bumetanide were present, CI
recovered to levels similar to controls but the 7, did not
recover at all.

These observations suggest that factors other than
changes in cellular volume modify the initial inhibition
of [, by cellular shrinkage and contribute significantly to
the recovery of I on the reintroduction of medium Cl.
It is not possible to determine directly from the measure-
ments obtained in this study which factors are involved.
However, given that a CHCO; exchanger provides an
important pathway for the movement of Cl across the
basolateral membrane (as discussed below) variations in
cytoplasmic pH may play a role.

In frog skin bathed in Ringer containing HCO;, loss
of cell Cl in exchange for HCOj; ions alkalinizes the cell
(Civan, Cragoe & Peterson-Yantorno, 1988) and alkalin-
ization activates both the basolateral membrane K con-
ductance and apical membrane Na conductance (Harvey,
Thomas & Ehrenfeld, 1988). In toad bladder a similar
alkalinization due to CI loss in exchange for HCO,
would counteract the shrinkage-induced inhibition of /..
This is consistent with the observed recovery of I in
gluconate medium (Table 1, Figs. 4 and 5). Similarly,
the response of I, to restoration of Cl is consistent with

- to serosal gluconate Ringer.
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an increase in basolateral K conductance in response to
cell volume at a time when alkalinization has already
increased the basolateral K and apical Na conductances.
Thus, at about 10 min after reintroduction of CI, I,
peaked at a value 175% of initial. Thereafter it declined
to a steady-state value of 136% of initial, consistent with
a reduction in the alkalinization effect through the activ-
ity of the CIYHCO; exchanger.

With SITS plus bumetanide any activity of the CV/
HCO, and NaK2Cl cotransporters will be inhibited. In-
hibition of the CIYHCO; exchanger during the loss of Cl
into gluconate medium would reduce the alkalinization
accompanying removal of Cl. Under these conditions,
shrinkage-induced inhibition of the basolateral K con-
ductance would not be countered to the same extent by
increased cytoplasmic pH. Also, the apical membrane
Na conductance would not be activated. This would ex-
plain the failure of I to drift upwards following the
initial depression in Cl-free medium. When Cl is re-
turned to the serosal medium, the apical Na and basolat-
eral K conductances are inhibited and /., does not re-
cover, despite the increase in cellular Cl and volume.
Indeed, the continued inhibition of the basolateral K con-
ductance and associated cellular depolarization under
these conditions provides an explanation for the increase
in cellular Cl (see below).

The above arguments are supported by evidence
from other studies in toad bladder which show that se-
rosal pH affects I, acidification of this medium inhib-
iting transport and alkalinization stimulating transport
(Carvounis, Levine & Hays, 1979), and that SITS, DIDS
and furosemide inhibited 7, in NaCl Ringer at a serosal
pH of 7.1 but not at 8.5 (Brem et al., 1985).

Although the data reported in the present study sug-
gest that variations in cytoplasmic pH modify the re-
sponse of the bladder to changes in cell volume, changes
in other cytoplasmic factors may be involved. For ex-
ample, variations in Ca activity modify the response of
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Na channels from the toad bladder to variations in pH
(Garty, Asher & Yeger, 1987).

MEcHaNIsSMS INVOLVED IN THE LOSS AND ACCUMULATION
or Cl

Pathways involved in either the accumulation or loss of
Cl by the granular cells must be localized in the baso-
lateral membrane, as x-ray microanalysis showed little
change in cellular Cl with changes in mucosal medium
Cl. This confirms earlier *°Cl flux studies (Macknight,
1977).

The activity of the basolateral membrane transport
pathways appears to be minimal under control condi-
tions. Specific inhibitors of Na-dependent cotransporters
and CI/HCO; exchangers have little effect upon the I,
under normal conditions (Brem et al., 1985; personal
observation) and replacement of serosal Na with n-
methyl-p-glucamine, despite inhibiting the I ., had no
effect upon the cellular Cl content or volume. Similar
observations have been reported for the frog skin (Uss-
ing, 1982; Dorge et al., 1985), and Ussing (1982) has
suggested that in this tissue under steady-state conditions
the low levels of activity of the Cl channels and Cl trans-
porters ensure that little work is required to maintain the
nonequilibrium distribution of the Cl ion.

The low levels of activity under normal conditions
led us to investigate the extent of alterations in cell com-
position resulting from Cl-free conditions, or alterna-
tively the extent of recovery of cell Cl when serosal Cl
was restored. These measurements indicate that Cl/
HCO; exchange is an important mechanism for Cl move-
ment across the basolateral membrane. In contrast there
was no evidence of thiazide-sensitive NaCl cotransport
contributing to Cl transport, and any contribution of di-
uretic-sensitive NaK2Cl cotransport appeared to be
highly variable from bladder to bladder.

Evidence for a CI/HCO; Exchanger

It is apparent that the loss of cellular Cl in Cl-free glu-
conate medium markedly exceeds the loss of cellular
cation (Fig. 2B). In Cl-free medium, the cells lost 121
mmol/kg dw Cl. The cation loss was only half of this (K
loss 53 mmol/kg dw, Na loss 8 mmol/kg dw). These
changes in ion content were completely reversed on re-
introduction of Cl to the serosal medium. Despite the
inequality in the alterations of cation and anion contents
under these conditions, the changes in cellular water that
occurred were those expected for an essentially isos-
motic loss of Na, K and Cl.

This imbalance between the loss (and recovery) of
Cl and accompanying cation requires alterations in the
net charge on other cellular solutes. Variations in cell
HCO; arising from loss (and recovery) of Cl via a Cl/
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HCO, exchanger would achieve this. In the presence of
an impermeant external anion, such as gluconate, loss of
Cl via a CI/HCO; exchanger would drive HCO; into the
cell where it would react with H ions to form water and
CO,, thus alkalinizing the cell. The net effect would be
to decrease the H ions buffered by negative charges on
nondiffusible intracellular anions, leaving these negative
charges to be balanced predominantly by K. Thus, some
of the K previously balancing charge on Cl ions lost from
the cells would be retained within the cells. With the
reintroduction of Cl, HCO; ions would be removed from
the cell via the CI/HCO; exchanger. The companion H
ions would be buffered on cellular negative charges,
freeing cell K to balance charge on some of the accu-
mulated CI.

The effects of SITS on the recovery of I in Cl
medium after depletion of cellular CI in serosal glu-
conate medium are in accord with the conclusion that a
CI/HCO; exchanger is involved in the accumulation of
CL In 10 of 12 tissues, SITS either completely or par-
tially inhibited the recovery of I .. Similarly, SITS with
bumetanide modified the changes in cellular ion content
associated with removal or reintroduction of Cl in a fash-
ion consistent with the inhibition of a CI/HCO; ex-
changer. Cells exposed to Cl-free medium containing
these inhibitors lost similar amounts of C1 (119 mmol/kg
dw) and measured cations (102 mmol/kg dw), predomi-
nantly K. Again, the water loss was consistent with isos-
motic loss of the measured ions and, when Cl was re-
stored, cells gained comparable amounts of Cl (100
mmol/kg dw) and cation (94 mmol/kg dw).

Evidence for a NaK2Cl Cotransporter

There is little evidence for the involvement of a NaK2Cl
cotransporter in the movement of Cl across the basolat-
eral membrane. Bumetanide, a recognized inhibitor of
NaK2C(l cotransport in a range of tissues (Geck & Heinz,
1986; O’Grady et al., 1987) did not modify granular cell
loss or recovery of Cl. However, in 3 of 12 tissues bu-
metanide alone did inhibit the recovery of I, both in
gluconate Ringer and with the reintroduction of Cl. Fur-
thermore, it appeared to potentiate the ability of SITS to
inhibit the recovery of I, particularly with the reintro-
duction of Cl. In the presence of both bumetanide and
SITS the recovery of I, following the reintroduction of
Cl was always completely inhibited.

Whether these effects of bumetanide resulted from
inhibition of NaK2Cl cotransport is unclear for they may
reflect a nonspecific action on the CI/HCO; exchanger.
The concentrations of bumetanide used in this study do
inhibit CI/HCO, exchange in other tissues (Jennings,
1992). Furthermore, it is difficult to explain the inhibi-
tion by bumetanide of the recovery of I in gluconate
medium, other than by an action on the SITS-sensitive
pathway.
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If the effects of bumetanide on recovery of I, do
reflect inhibition of the NaK2Cl cotransporter, particu-
larly following the reintroduction of Cl, then the results
suggest that the contribution of NaK2Cl cotransport to
total Cl uptake is variable. This would explain the vari-
able response of the tissue to either SITS or bumetanide
alone. In those tissues where CI/HCO; activity is dom-
inant then SITS, but not bumetanide, would prevent the
recovery of I.. In contrast, where the contribution of the
NaK2Cl cotransporter was more significant, inhibition of
the CI/HCO; exchanger with SITS would be less likely
to affect the recovery of I, while inhibition of the
NaK2Cl cotransporter with bumetanide would inhibit re-
covery.

Why then was the combination of SITS and bumet-
anide unable to inhibit either the loss or recovery of Ci?
Loss of Cl in the presence of the blockers most likely
occurs via Cl channels. While there is no recorded mea-
surement of a Cl conductance in the basolateral mem-
brane of the toad bladder, Cl channels or a Cl conduc-
tance have been identified in the basolateral membrane
of a range of other tight absorptive epithelia (Hanrahan et
al., 1985; Chang & Dawson, 1988).

It is less apparent how Cl is reaccumulated in the
presence of the blockers. A novel Cl accumulative
mechanism may be present. Alternatively, Cl may be
accumulated via Cl channels. Cellular shrinkage associ-
ated with loss of cell Cl in gluconate medium reduces the
basolateral K conductance of the cells (Lewis et al.,
1985). Furthermore, there is evidence that in Cl-free
gluconate medium cells depolarize (e.g., in frog skin the
cells depolarize from —69 mV in Cl medium to -32 mV
in gluconate medium; Leibowich et al., 1988). If similar
changes in potential occurred in toad bladder cells, and
the cells remained depolarized when Cl was restored in
the presence of bumetanide and SITS, cell Cl concentra-
tion at equilibrium would approximate 35 mM, a value
comparable to the estimated concentration under these
conditions.

Confirmation of the role of Cl channels is dependent
upon the availability of a suitable Cl channel blocker.
In the frog skin, when the CI channel blocker diphenyl-
2-carboxylate (DPC) was added with bumetanide, loss of
cellular Cl was prevented although bumetanide alone in-
hibited the recovery of Cl (Dérge et al., 1989). Unfor-
tunately, NPPB, one of the most effective blockers of
epithelial CI channels, inhibited both transport and me-
tabolism in the toad bladder. Nonspecific effects of
NPPB have been reported in other epithelia (Reinach &
Schoen 1990; Illek et al., 1992) and NPPB is reported to
have a metabolic effect due to mitochondrial uncoupling
(Lukacs et al., 1991). Also, it is evident that the effec-
tiveness of this compound varies from tissue to tissue
(Greger, 1991). Therefore, before the role of Cl channels
can be tested, other techniques will be needed to define
an appropriate Cl channel blocker.
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In summary, in the absence of inhibitors the replace-
ment of serosal medium CI with the impermeant anion
gluconate was associated with a reversible loss of cellu-
lar CI and water. Accompanying the loss of cell Cl and
water there was reversible inhibition of 7. Although the
inhibition of I, was closely associated with shrinkage of
the cells, the recovery of I, could be dissociated from
changes in cell Cl and water. In gluconate medium I
recovered despite continued loss of cell Cl. Further-
more, the inhibitors SITS and bumetanide prevented the
recovery of . on reintroduction of serosal medium Cl
but did not prevent the recovery of cellular Cl and water.
The effects of SITS on the changes in I and cellular Cl
content that occur with replacement of serosal Cl by
gluconate, and that follow the reintroduction of serosal
Cl, suggest that a CI/HCO; exchanger is the dominant
mechanism for the accumulation of Cl across the baso-
lateral membrane of the granular cells in the toad blad-
der. If a NaK2Cl cotransporter is present, its level of
expression or activity varies markedly from bladder to
bladder.
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