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Abstract. The K* permeabilities (%Rb(K) transport) of
the basolateral membranes (J,K) of a renal cell line
(A6) were compared under isosmotic and hypo-osmot-
ic conditions (serosal side) to identify the various com-
ponents involved in cell volume regulation.

Changing the serosal solution to a hypo-osmotic
one (165 mOsm) induced a fast transient increase in Ca,
(max <1 min) and cell swelling (max at 3—5 min) fol-
lowed by a regulatory volume decrease (5-30 min) and
rise in the SCC (stabilization at 30 min). In isosmotic
conditions (247 mOsm), the 3*Rb(K) transport and the
SCC were partially blocked by Ba®*, quinidine, TEA
and glibenclamide, the latter being the least effective.
Changing the osmolarity from isosmotic to hypo-os-
motic resulted in an immediate (within the first 3-6
min) stimulation of the 8Rb(K) transport followed by
a progressive decline to a stable value higher than that
found in isosmotic conditions. A serosal Ca’*-free me-
dia or quinidine addition did not affect the initial os-
motic stimulation of J K but prevented its “secondary
regulation,” whereas TEA, glibenclamide and DIDS
completely blocked the initial J K increase. Under hy-
po-osmotic conditions, the initial J,K increase was en-
hanced by the presence of 1 mM of barium and delayed
with higher concentrations (5 mm). In addition, cell vol-
ume regulation was fully blocked by quinidine, DIDS,
NPPB and glibenclamide, while partly inhibited by TEA
and calcium-free media.

We propose that a TEA- and glibenclamide-sensi-
tive but quinidine-insensitive increase in K™ perme-
ability is involved in the very first phase of volume reg-
ulation of A6 cells submitted to hypo-osmotic media. In
achieving cell volume regulation, it would play a com-
plementary role to the quinidine-sensitive K* perme-
ability mediated by the observed calcium rise.
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Introduction

AG6 cells, a continuous cell line derived from the kidney
of Xenopus laevis [39], form a Na*-transporting mono-
layer epithelium of high resistance when grown on a
permeant support [37]. The two barrier model devel-
oped by Ussing [50] can be applied to A6 cells, since
these cells exhibit a transepithelial sodium transport
mediated by amiloride-sensitive Na™ channels (located
on the apical membranes) and by Na/K-ATPase and
K™ channels located on the basolateral membranes [4,
20, 37, 47]. Sodium transport through the cell mono-
layer has also been found to be stimulated by a variety
of hormones including aldosterone, insulin and vaso-
pressin [15, 24].

Recently, it was found that small changes in the os-
molarity of the serosal solution bathing A6 cell mono-
layers, affected the short-circuit current (transepithelial
Na* transport) by changing the conductance of
amiloride-sensitive Na® channels [55] and by changing
the basolateral membrane (blm) conductance [19]. In
addition, the opening of a new quinidine-sensitive K*
conductive pathway, located on the blm, was demon-
strated under hypo-osmotic conditions in amphotericin-
treated cells [4].

Under hypo-osmotic conditions, A6 cells are ex-
pected to swell by rapid water flow through the baso-
lateral membranes, and as reported above, the transep-
ithelial Na™ transport increases. The cells are therefore
faced with problems of both cell volume regulation and
coordination between ion entries and ion exits through
the apical and basolateral membranes, respectively
(“cross-talk” phenomena). In both cases, the K per-
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meability of the basolateral membranes would be mod-
ified.

The basolateral membranes of A6 cells grown on
permeant support are not directly accessible for elec-
trophysiological techniques, but apical impalements
were feasible [19, 21]. Permeabilization of the apical
membranes, with ionophores such as amphotericin or
nystatin to give indirect access to the basolateral mem-
branes, has also been used on tight epithelia {14, 18, 30,
31] and on A6 cells [4]. However, this technique in-
volves a necessary modification of the ion composition
of the apical medium solution (substitution of chloride
by impermeant anions, Ca®>" free solutions . . .), to avoid
changes of cytoplasm composition and cell swelling,
since these ionophores allow the passage of cations,
anions and water [17, 30]. Furthermore, due to the de-
lay in ionophore insertion into the membranes, rapid
phenomena cannot be followed. We therefore decided
to adopt a kinetic approach using an isotope (*Rb) to
follow the potassium permeability of the basolateral
membranes of A6 cells grown on filters, and thus dis-
criminate and characterize the different potassium path-
ways which develop under resting conditions and after
application of a hypotonic serosal solution in relation to
cell volume regulation. For this purpose, the effects of
various K* and C1~ inhibitors were tested on %Rb (K)
permeability, cell volume, Cai and SCC in both osmot-
ic conditions.

Materials and Methods

CeLL CULTURE

A6, a cell line of renal cells of X. laevis, was a gift of Dr. Rossier (Lau-
sanne, Switzerland). They had originally been obtained from the
American Tissue Type Collection and subsequently cloned (clone A6-
2F3) by limiting dilution [52]. Cells were grown between passages
88-98 at 28°C in a humidified atmosphere of 5% CO, in air. The am-
phibian cell medium (AM) [25] was supplemented three times week-
ly with 10% fetal calf serum (IBF, France) and antibiotics for cell
nourishment. The osmolarity of the AM was measured using a va-
por pressure osmometer (Model 5500, Wescor, Logan UT) and found
to be 247 mOsm.

For transport experiments, the cells were seeded onto transpar-
ent collagen-treated membranes (Transwell, 0.45 um pore, Costar,
MA) at a seeding density of 2 X 10° cells per well (5 cm?). Cell
monolayers were then fed for 5-10 days with the amphibian medium
(serum-free) supplemented with 2% ultroser-G (GIBCO-IBF, USA-
France) to increase their Na™ transport capacity. The osmolarity of
this solution was 247 mOsm.

TRANSPORT EXPERIMENTS

In most transport experiments, we used the cell culture medium
(serum free) to avoid intracellular ion and volume changes due to dif-
ferent experimental and culture media.

Electrical measurements (transepithelial potential, short-circuit
current and resistance of monolayers) were performed in a homemade
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modified Ussing chamber designed to fit the Transwell. The volumes
of the apical and basolateral bathing solutions were 2 and 2.5 ml, re-
spectively, and the solutions could be changed without interruption
of the electrical measurements. The spontaneous transepithelial po-
tential (PD) was measured through Agar-KCl salt bridges and clamped
at zero volts, through platinum electrodes, using an automatic volt-
age clamp (Mode] VC 600, Physiological Instrument, Houston, TX).
The short-circuit current (SCC) and additional pulses (10 mV, 1 sec
duration every 60 sec) to measure the monolayer resistance (R) were
continuously recorded on a chart paper recorder (SEFRAM, France).

86Rb was used as an index of K* permeability through the ba-
solateral membranes of the cell monolayer grown on Transwell. Even
though differences in selectivity between Rb* and K* may exist, the
use of #Rb is widely accepted; it has been, for instance, successful-
ly used in B-cells [27] and MDCK cells [44]. In addition, its ease of
use (long half-time, easy availability in Europe) makes the isotope a
useful tool in K* permeability studies. Cell monolayers were loaded
all night from the basolateral side with an 8Rb-containing AM (1
uCi/ml). The cells were then washed twice on their apical and basal
sides and the 86Rb efflux measurements during successive 3 min pe-
riods were made by simple transfer of the filter supporting the mono-
layer from one well to another of the 6-well cluster (Costar), each of
which contained two ml of AM. At the end of the experiment, sam-
ples of the loading solution (20 pl), experimental basal samples (2 ml
each), the apical sample at the end of the washout, and the remain-
ing 36Rb activity from the cell monolayer (after 2 hr extraction in
NaOH, 1 mm), were placed in counting vials supplemented with 10
ml of ACS (Amersham) for counting in a liquid scintillation counter
(Packard Instruments). $°Rb effluxes were usually followed over a
60 min period. The %SRb activity of the 3 min collecting periods de-
creased slightly, as would be expected from a single exponential, with
a half time of 129 =+ 7 min (n = 20). With such a relatively long half-
time, the 3 min efflux periods were almost constant during a I hr pe-
riod. 86Rb efflux, nevertheless, was expressed as a fraction of that pre-
sent intracellularly during the equivalent time period (cpm of the 3
min collecting period divided by the cpm of the cell monolayer at the
beginning of the corresponding period).

INTRACELLULAR CALCIUM MEASUREMENTS

Experiments were performed with isolated A6 cells (obtained by
trypsinization and Ca’>* chelation) or with intact monolayers. 1In
both cases, acetoxy-methylester of Fura-2 (Fura-2/AM; Molecular
Probes, Eugene, OR) was used as a probe of cell calcium.

Isolated cells were loaded with 10 um Fura-2 at 28°C for 90 min
in an amphibian cell culture medium, in a CO, incubator. Cells
(3-5 - 10° cells per experimental datum) were then washed and re-
suspended in the experimental media (composition below). The cal-
cium dye loading procedure of A6 cells monolayers was identical to
that used with isolated cells and after several fast washings, the fil-
ter supporting the monolayer was cut off the Transwell and mounted
in an adapted “Ussing chamber” placed in the sample compartment
instead of the usual cuvette. The fluorescence was measured with a
spectrophotometer system (PTI Deltascan, NJ). The excitation light
was set to flicker between 340 and 380 nm (4 nm band pass) at a rate
of 100 Hz and the emission was monitored at 505 nm (6 nm band
pass). The fluorescence intensity ratio (I,,,/1,4,) was measured every
second and plotted graphically. Cellular autofluorescence was mea-
sured in identical aliquots of cells not exposed to Fura-2 and did not
exceed 5% of the fluorescence from dye-loaded cells. This value was
subtracted before Ca, determination. To calculate the calcium con-
centration, the Tsien equation was used [23]:

(Ca**) =K, X B(R — R

R — B

min max
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where B is the ratio of fluorescence at 380 nm in the absence and pres-
ence of saturating calcium concentrations and K, is the dissociation
constant. Since K, has been reported to decrease with the ionic
strength [48], we measured it in the following 247 mOsm medium (in
mm: KCI 105; NaCl 10; HEPES 10; pH 7.20 adjusted with NaOH) and
in a medium whose composition was one-third diluted (165 mOsm).
Both media contained different amounts of free calcium calculated us-
ing computing data according to Chang, Hsiech and Dawson [8],
taking into account a correction for K'Ca®>™ as a function of the ion-
ic strength [26]. Therefore, using K'Ca*™ of 6.019 - 1076 m~! (jon-
ic strength 0.12 M) and of 6.472 - 107¢ M~ ! (ionic strength 0.8 M), we
measured a K, value of 211 and 128 nm for the isosmotic and dilut-
ed media, respectively (pH 7.2 at a temperature of 20°C). Tt should
be noted that the 211 nm value is very close to that (224 nwm) report-
ed by Grynkiewicz et al. [23] for isosmotic media. R, was deter-
mined by the addition of digitonin (20 um) to the Ringer solution con-
taining calcium (2 mMm) and R, was determined by subsequent
addition of ethylene glycol-bis (f-amino-ethyl ether)-N,N,N’ N’ -te-
traacetic acid (EGTA) at a final concentration of 20 mm. A small and
regular Ca, rise was observed with isolated cells maintained in an isos-
motic medium, and this was interpreted as a Fura-2 leak (permeabil-
ity) through the cell membranes into the extracellular space. An es-
timation of the Ca, error produced by this dye-leakage was a maxi-
mum of 10 to 13% at 10 min. A similar value can be deduced from
the measurement of the extracellular fluorescence of the medium af-
ter centrifugation of the cells. Although the absolute values of Ca,
are subject to various sources of error (autofluorescence, estimation
of K, leak of Fura-2), Fura-2 is a useful probe to continuously mea-
sure calcium variations in different experimental conditions.

CELL VOLUME MEASUREMENT

A Coulter counter was used to measure the volume of isolated cells
in suspension. This technique has been used with success in a num-
ber of epithelial and nonepithelial dissociated cells and in particular
in another kidney cell line, MDCK cells [41, 42]. The cell size dis-
tribution and the average volume of a finite number of cells were mea-
sured with a Coulter counter multisizer II (256 channels) connected
to a PC-type computer. A program developed by Coulter was used
to evaluate the average cell volume or the total volume of the cell pop-
ulation counted. Volume changes were presented as a percentage of
the initial volume measured in an isosmotic medium.

STATISTICS

Data variability is expressed as the standard error of the mean (SEM).
The Student’s test was used for estimating the significance of differ-
ences between paired mean data.

DruGs AND RINGER COMPOSITION

Ouabain, tetracthylammonium (TEA), quinidine, furosemide, gadolin-
ium, bumetanide, glibenclamide and 4,4’-diisothiocyanatostilbene-
2,2/-disulfonic acid (DIDS) were purchased from Sigma Chemical (St.
Louis, MO); niflumic acid was a gifi from UPSA laboratories; N-
phenylanthranilic acid (DPC) was from Fluka (Switzerland). NPPB
(5-nitro-2(3-phenylpropylamino) benzoic acid) was a gift of Dr.
Greger (Freiburg, Germany).

Ringer solution (in mM) was: NaCl 85; NaHCO, 24; KC1 2.5;
CaCl, 2; MgSO, 2; NaHPO, 2.5; KH,PO, 2.5; KH,PO, 1.2; glucose
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5; pH 7.4 after bubbling with 5% CO,. When the K* channel block-
er, Ba’*, was tested, HCOZ, SOi* and phosphate were substituted by
chloride ions to avoid barium precipitation (medium buffered with 10
mM HEPES).

Results

ErrFECTS OF HYPO-OSMOLARITY ON THE SHORT-CIRCUIT
CURRENT, VOLUME AND CALCIUM CONCENTRATION OF
A6 CELLS

Figure 1A (typical experiment) and the Table show the
time course of the short-circuit current changes ob-
served after replacing the serosal amphibian culture
medium (AM, 247 mOsm) by a hypo-osmotic medium
(one-third diluted AM, final osmolarity 165 mOsm).
After a rapid but transient decline, the short-circuit cur-
rent (SCC) increased to reach a new steady-state level
after 20-25 min, an overshoot usually being observed
between 8—10 min. An immediate and transient drop in
the transepithelial resistance (R) was observed in hypo-
osmotic conditions; the following value in R, however,
remained lower than that in isosmotic conditions. The
stimulated SCC was completely blocked by amiloride
(5 - 1073 m) addition to the apical solution, and the re-
sistance was increased 7-8 times, evidence that in hy-
po-osmotic conditions, the SCC can be completely ac-
counted for by Na* transport.

The cell volume was then followed in isolated A6
cells under isosmotic conditions and after exposure to
hypo-osmotic media (Fig. 1B). No significant changes
in cell volume were observed when the cells remained
in isosmotic conditions on a 30 min experimental peri-
od. However, when the cells were transferred to a hy-
po-osmotic solution, rapid cell swelling occurred in the
very first minutes (21 = 2% of maximum increase in
cell volume at time 5 min, P < 0.001, n = 17); it was
followed by a recovery phase (usually called regulato-
ry volume decrease, RVD). After 30 min of hypo-os-
motic conditions, the cells regulated about two-thirds of
their volume.

In epithelial cells, Ca-activated K* channels have
been suggested to play an important role for Kt exit
during the RVD [7, 12, 29, 46, 49] and a Ca, rise has
been reported in a number of cell systems after a hy-
potonic challenge (2, 3,9, 32, 34, 41, 45, 56]. We there-
fore measured Ca, in isolated A6 cells or in monolay-
ers, loaded with the fluorescent probe Fura-2, under
isosmotic and hypo-osmotic conditions. The mean Ca,
(using a K, of 224 nm), measured in isolated A6 cells
maintained in an isosmotic solution, was 117 = 10 nm
(n = 29). When the cells were submitted to a hypo-os-
motic solution, Ca; increased to a peak value of 218 *
28 oM in less than one minute (peak at 33 * 3 sec; dif-
ference 101 = 21 nM, P < 0.001). A regulatory phase
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followed to give a stabilized hypo-osmotic steady val-
ue of 176 = 18 nm (difference between control and
stabilization under hypo-osmotic conditions was 59 =
14 nM, P < 0.001 and between peak and stabilization
plateau was 42 = 7 oM, P < 0.001). A representative
experiment is illustrated in Fig. 2A. Experimenis per-
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formed with intact A6 cell monolayers show a very
similar pattern (Fig. 2B) but Ca, concentrations were
higher than in isolated cells. The mean Ca, measured
in monolayers maintained in an isosmotic solution was
194 = 27 nm (r = 10). When the cells were submitted
to a serosal hypo-osmotic solution, Ca, fastly increased
to a peak value of 370 £ 30 nM (peak at 35 = 2 sec;
difference 176 £ 18 nM, P < 0.001) and the stabilized
hypo-osmotic steady value was 309 = 30 nm (difference
between control and stabilization under hypo-osmotic
conditions was 115 = 15 nM, P < 0.001 and between
peak and stabilization plateau was 61 = 9 nMm, P <
0.001). It was apparent from these experiments that af-
ter a hypo-osmotic shock, the immediate and persistent
Ca, rise may represent an intracellular signal linked to
the RVD or to stimulation of the SCC.

ErreCTS OF HYPO-OSMOLARITY ON BASOLATERAL
MEMBRANE 80Rb (POTASSIUM) PERMEABILITY

86Rb effluxes through the apical and basolateral mem-
branes of A6 cells grown on a permeant support were
first measured in cell monolayers bathed on both sides
with isosmotic media (amphibian culture medium, AM).
There was considerable difference between effluxes
through the two membranes. Thus, the 3Rb transferred
into the serosal solution was 28 * 3 times greater than
that appearing on the apical side of the monolayer (P <
0.001; n = 12), in agreement with previous findings that
the K* conductance is localized on the basolateral side
of this highly polarized transporting A6 cell monolay-
er [4, 20, 47].

Since we had previously observed that both cell vol-
ume and transepithelial Na™ transport were considerably
affected by bathing the serosal side of the cells with hy-
po-osmotic solution, we followed the potassium per-
meability (8Rb efflux) under these conditions.

After a control period (usually 30 min) in isosmot-
ic conditions, exposure of the serosal side of the cell
monolayer to a hypo-osmotic solution resulted in an im-

-l
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Fig. 1. Effect of serosal hypo-osmotic medium on the SCC (A), cell
volume (B) and Rb (K*) effluxes (C) in A6 cell monolayers. The
medium bathing the serosal side of A6 cells was changed from a 247
mOsm solution to a 165 mOsm solution. The dashed line, after 6 min
of osmotic shock, permits a comparison of the maximum fractional
Rb loss with respect to the cell volume and SCC responses. (A) At
the end of the experiment, amiloride (10 uM) was added to the api-
cal side. Data from one typical experiment, mean values in the Table.
(B) Cell volume regulation in isolated A6 cells: the hypo-osmotic
medium change was at zero time and A6 cell volume was followed
as a function of time (filled circle, n = 17). A control experiment is
performed in an isosmotic medium (open circle, n = 17). (C) Effect
of serosal hypo-osmotic changes on the $Rb (K*) effluxes in A6 cell
monolayers: the medium change is indicated by the arrow (n =
24).(®) Hypo-osmotic, (O) isosmotic.
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Table. Effects of quinidine, TEA or glibenclamide on SCC (uA/cm?) and R (€ X cm?) on A6 cell monolayers upon a hypo-osmotic shock

Experimental A B C D
condition ¢ R sce R sce R sce R
Control
(is0.) 302 £27 2,378 £ 256 292 £35 2,383 =356 224 +38 3,680 605 20239 2,904 = 241
Inhibitor
(is0.) No inhibitor Quinidine TEA Glibenclamide
159 = 2.4 3,946 = 759¢ 184 +3.1* 4493 772 7.7 £2.2° 8,769 = 2,058
Hypo.
1 min 20.0 £ 2.8 1,008 = 156° 4.1 =257 1,095+ 149> 95+ 4.14 850 = 165¢ 52+ 15> 10,083 = 2,368
6-8
min 40.6 + 3.6° 1,370 £ 140° 159 *£32 2,594 =350 28.0+5.1b 2200+ 325¢ 8018 8,000 £ 1,733
20-30
min 36.7 £ 3.5 1,370 = 140° 17.1 £ 2.1 2,609 =347 23950 2722+ 424> (2.6 1.2° 4,839 = 512
Amiloride 30+ 1.20 12,753 %2811 04 =045 16,666 = 3247 1.5+ 077 9.947 = 2,520 0.9 = 0.37 14,666 = 3,791b

(A) Effects of a serosal hypo-osmotic shock on the short-circuit current (SCC) and the electrical resistance (R) in all A6 cell monolayers. The
medium bathing the serosal side was changed from a 247 mOsm solution to a 165 mOsm solution. At the end of the experiment, amiloride (10
M) was added to the apical side. After the hypo-osmotic shock, SCC and R are given at times 1 min, at the overshoot (6~8 min) and at the
plateau phase (20-30 min; see Fig. 14). (B, C, D) Effects of serosal hypo-osmolarity on SCC and R in the presence of 200 um of quinidine (B),
10 mm of TEA (C) or 0.5 mm of glibenclamide (D). Addition of drug is on serosal side, 6 min before the osmotic shock. *Significance of the
difference between value and related isosmotic value (control-iso). *Significance of difference between hypo-osmotic and isosmotic values in
the presence of the drug. 2 or PP < 0.025; ¢ or 9P < 0.005; ¢ or fP < 0.001.

mediate and large increase in the 36Rb efflux through the
basolateral membrane (Fig. 1C). The maximal increase
in the ¥Rb efflux was usually observed at 3-9 min, fol-
lowed by a decreasing (regulatory) phase lasting 6-9
min to reach a new steady-state level. SRb effluxes at
this plateau were significantly higher than those mea-
sured in isosmotic conditions (after 30 min of serosal ap-
plication of a 165 mOsm solution, there was a 81 = 7%
increase of the 3°Rb effluxes).

EFFECTS OF VARIOUS POTASSIUM TRANSPORT
INHIBITORS ON THE $Rb EFFLUX STIMULATION
INDUCED BY HYPO-OSMOTIC SHOCK

To study the nature of the $Rb (K) pathway(s) involved
in the increase in 3Rb efflux observed in hypo-osmot-
ic conditions, we used a pharmacological approach to
distinguish between the different possible K* transport
pathways under isosmotic and hypo-osmotic conditions.

Various drugs and agents affecting the potassium
conductances were first tested on the potassium per-
meability of A6 cell monolayers maintained under isos-
motic conditions. Barium is a well-known and potent
K* channel blocker. Considering its poor solubility in
the presence of most anions such as sulphate, phos-
phate and bicarbonate, a chloride Ringer solution (see
Materials and Methods for composition) was used in-
stead of the usual amphibian culture medium. At a
concentration of 5 mM (serosal addition) this agent
blocked the #Rb efflux (51 = 4% inhibition at 15 min,

n =6, P < 0.001) followed by a partial recovery of the
86Rb efflux at r > 21 min. Quinidine (200 pum),
tetracthylammonium (TEA, 10 mMm) and glibenclamide
(0.5 mm) also slightly blocked the $°Rb loss through the
basolateral membranes of the monolayer. An inhibition
of 30 = 4% (n = 9, P < 0.001) was found after 15 min
of quinidine addition while one of 23 + 4% (n = 6, P
< 0.000)and 15 =4 (n =6, P < 0.01) was observed
with TEA and glibenclamide, the least effective block-
ers tested.

These ion channel blockers were therefore tested on
the Rb (K™) effluxes of A6 cells submitted to hypo-os-
motic shocks. Barium was added to the serosal side of
cell monolayers bathed with a buffered saline solution,
at concentrations of 1 and 5 mm. It should be noted that
in isosmotic conditions, 1 mm barium blocked the 36Rb
efflux by 39 = 3% (n = 6, P < 0.001). The use of a
buffered saline solution (necessary for barium solubil-
ity) instead of the usual culture medium, did not mod-
ify the ®Rb efflux response to hypo-osmotic media
(compare Figs. 1C and 3). The response consisted of a
transient stimulation, followed by a regulatory phase.
However, in the presence of 1 mM barium (Fig. 34), a
low concentration relative to those usually investigated
(5-10 mm), an unexpectedly greater hypo-osmotically
stimulated %6Rb efflux was observed. The time course
of the biphasic 36Rb efflux increase after hypo-osmot-
ic shock was similar, but the magnitude of the imme-
diate increase in ®6Rb efflux in the presence of barium
was twice than in its absence, and the 3°Rb efflux re-
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Fig. 2. Effect of hypo-osmotic media on the intracellular calcium
(Ca,) in isolated A6 cells loaded with Fura-2. (A) In a typical exper-
iment, the arrow indicates the dilution of the cell suspension to one-
third. Mean resuits given in Results section are corrected from a
small artifact due to the dilution of the suspending medium. This fig-
ure is not corrected from this artifact (approximately 30 nm). (B) Iden-
tical experimental procedure repeated with an intact cell monolayer.

mained higher in the presence of the drug than in its ab-
sence. The same experiment was repeated with the
higher barium concentration of 5 mm (Fig. 3B). At this
concentration, the initial peak induced by the hypo-os-
motic shock was considerably delayed but not prevent-
ed since a large increase in the 3Rb efflux was still ob-
served in the presence of 5 mM barium (peaks follow-
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ing the hypo-osmotic shock were at 21 and 6 min with
and without 5 mM of barium, respectively).

The effect of quinidine (200 pum) was also tested on
the 86Rb efflux stimulation observed under hypo-os-
motic conditions. As seen in Fig. 3C, this agent did not
affect the initial increase of *Rb efflux induced by
serosal application of the 165 mOsm medium. How-
ever, quinidine prevented the secondary decline in the
8Rb efflux after the initial transport stimulation, the
8Rb permeability remaining high in the presence of the
drug.

We have seen that Ca, increased under hypo-os-
motic conditions. The role of extracellular calcium in
the K™ (®Rb) permeability increase induced by hypo-
osmotic media was investigated by comparing the *Rb
effluxes in the presence and absence of calcium in the
serosal solution (EGTA addition) (Fig. 3D). A serosal
remaining free calcium concentration of 17 nMm in the
presence of 3 mM EGTA was calculated by using com-
puting data according to Chang et al. [8]. Calcium was
maintained at its normal concentration in the apical
bathing solution to prevent tight junction disruption.
The absence of serosal calcium had no effect on the im-
mediate increase in the #Rb efflux observed under hy-
po-osmotic conditions, but prevented the subsequent
decline in the 8Rb efflux observed in the presence of
calcium. The 8°Rb efflux stimulation induced by a hy-
po-osmotic shock in a calcium-free solution is therefore
very similar to that reported in the presence of quinidine,
since the 8Rb permeability remained elevated through-
out the hypo-osmotic period (compare Figs. 3C and D).

Tetracthylammonium (TEA) at concentrations of 2
and 10 mM, was tested on **Rb (K™) efflux measured
in hypo-osmotic conditions. As seen in Figs. 4A and B,
the initial increase in ®*Rb permeability was partly
blocked by TEA at the concentration of 2 mMm (the max-
imal 8Rb efflux stimulation after 9 min of serosal hy-
po-osmotic shock, in the presence of 2 mM TEA, was
64 *+ 8% of that measured in its absence, n = 6, P <
0.001). The 86Rb (K™) permeability increase was large-
ly blocked by higher doses (10 mm) of TEA (the 3Rb
efflux stimulation 9 min after serosal hypo-osmotic
shock, in the presence of 10 mM of TEA, was 39 * 5%
of that measured in its absence, n = 6, P < 0.001). It
should be noted that at both TEA concentrations, the late
phase of 8Rb efflux stimulation still occurred.

A very similar pattern of inhibition was also found
for glibenclamide (Fig. 4C and D). However, as for
SCC experiments (see below), relatively large doses
were necessary to block the stimulated ®Rb (K ™) efflux
measured in hypo-osmotic conditions (after 9 min of os-
motic shock, the stimulated 3Rb permeability was in-
hibited by 50 and 79% with 2 - 107 M and 5 - 1077 M
of glibenclamide, respectively).

As described above, quinidine and EGTA prevent
the regulatory phase following stimulation of the 3°Rb
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Fig. 3. (A and B) Effects of barium on the 3Rb (K*) efflux increase induced by hypo-osmotic serosal changes in A6 cell monolayers. Bari-
um was added to the serosal saline solution at the final concentrations of 1 mm (A) and 5 mm (B), n = 6. Control experiments are in full cir-
cle (hypo-osmotic stress without drug addition). (C) Effects of quinidine (200 um) on the ®Rb (K ) efflux increase induced by hypo-osmotic
serosal changes in A6 cell monolayers (n = 6). (D) Effects of calcium-free medium (EGTA, 3 mm) on the 86Rb (K*) efflux increase induced
by hypo-osmotic serosal changes in A6 cell monolayers. EGTA (3 mm) was added to the serosal side of the monolayer and calcium was not
omitted from the apical side (n = 6).

(K™) efflux by hypo-osmotic solutions (see Fig. 3C and
D). Final addition of TEA (10 mM) on quinidine- or
EGTA-treated monolayers submitted to a hypo-osmot-
ic shock reduced the 3Rb (K™) efflux in quinidine-
treated cells and in EGTA-treated cells to the level of

nontreated cells, indicating that the TEA-sensitive com-
ponent was still present 15 min after the hypo-osmotic
shock (Fig. 5). Final addition of glibenclamide (0.5 mm)
on quinidine-treated monolayers submitted to a hypo-os-
motic shock produced a similar while larger effect than
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TEA, blocking the 3Rb (K*) efflux stimulation to the
level of 86Rb (K ™) efflux in isosmotic conditions (Fig.
50).

Gadolinium has recently been described as an ef-
fective blocker of stretch-activated K™ channels and
these stretch-activated channels have been shown to be

involved in cell volume regulation [43]. Addition of
gadolinium to the serosal solution (150 um) did not
modify the 3Rb efflux increase induced by hypo-os-
motic conditions. Neither did this drug affect the stim-
ulation of the SCC observed upon hypo-osmotic con-
ditions (results not shown).
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With the aim of investigating possible opening of
a parallel anion permeability, the effect of DIDS
(5 - 107* M) on the ¥Rb efflux was studied (Fig. 6).
DIDS added to the serosal side of the monolayer com-
pletely blocked the initial increase in the 3°Rb perme-
ability, but did not prevent the latter phase of rubidium
permeability stimulation. Furosemide (1073 M),
bumetanide (50 pM), meclofenamic acid (5 - 107> M),
niflumic acid (10~4 M) and DPC (5 - 107* M) were with-
out effect on the hypo-osmotic-induced increase of #Rb
efflux (results not shown).

EFFECTS OF POTASSIUM CHANNEL BLOCKERS ON THE
SCC AnD CELL VOLUME UNDER HYPO-OSMOTIC SHOCK

We have previously seen that the two K™ channel block-
ers (TEA and quinidine) exert different inhibitory ef-
fects on the Rb (K*) efflux stimulation induced by hy-
po-osmotic solutions. We investigated their effects on
Na™ transport and cell volume.

The effects of TEA (10 mM) and quinidine (200 um)
were first assayed on the short-circuit current (Na*
transport) under isosmotic conditions. In these exper-
imental conditions, quinidine progressively inhibited
the SCC (200 um) of A6 cell monolayers by 51 = 5%
(n = 6), and by 75 £ 3% (n = 6) after 9 and 30 min,
respectively, of serosal addition. The inhibitory effect
of TEA (10 mM) on the SCC was less pronounced, with
a rapid and maximal inhibition (at 6 min) of 18 = 5%
(n = 6). Both drugs were also found to increase the
transepithelial resistance (Table), quinidine being the
most effective. The SCC changes in serosal hypo-os-
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motic conditions were therefore investigated in mono-
layers previously treated with quinidine or TEA (Table).
Quinidine considerably reduced the SCC increase ob-
served after changing the serosal bathing medium of the
cell monolayer from a 243 to a 165 mOsm solution (af-
ter 20 min of osmotic shock, SCC measurements were
of 36.7 = 3.5 uA/em? and 17.1 = 2.1 uA/cm? in non-
treated and quinidine-treated cells, respectively). In
addition, the transient SCC overshoot (Fig. 14) was not
observed in quinidine-treated cells. On the other hand,
TEA did not affect the SCC stimulation observed under
hypo-osmotic conditions (Table), nor the initial SCC
overshoot.

In isosmotic conditions, glibenclamide (5 - 1074
M) inhibited SCC by 59 = 8% and 72 = 3%, after 6 and
20 min, respectively, of drug application (n = 4, P <
0.001) and the resistance of the monolayer was consid-
erably increased (Table). The stimulation of the SCC
under hypo-osmotic conditions was also reduced in
glibenclamide-treated cells within the first minutes
(overshoot) but was still present with longer time of os-
motic shock (30 min). It has to be noted too that the im-
mediate decrease in resistance, found in the first minute
of submitting the monolayer to a hypo-osmotic shock,
was not observed in the presence of glibenclamide (R
= 630 * 146 Q - cm? and 10,083 * 2,368 Q - cm? in
nontreated and treated monolayers respectively, Table);
therefore, considering the effect of this potassium chan-
nel blocker, it is unlikely that the immediate (and tran-
sient) decrease in resistance was due to the opening of
a paracellular pathway upon hypo-osmotic shock, and
other nonspecific effects on other ion cellular pathways
may be involved.

The effects of the different K* channel blockers and
of the anion channel blockers, DIDS and NPPB were al-
so tested, during an experimental period of 30 min, on
the cell volume regulation which is observed when A6
cells are submitted to hypo-osmotic media (Fig. 7). We
first investigated the drugs’ effects on cell volume in
isosmotic conditions: no changes in cell volume were
found in quinidine-, TEA-, or DIDS-treated cells nor in
Ca?*-deprived or nontreated cells. On the contrary, a
10 = 1% increase (n = 5, P < 0.001) in cell volume
was found with glibenclamide-treated cells, while a 12
* 4% increase (n = 4, P < 0.001) was observed in
NPPB-treated cells (after a period of 30 min)—indica-
tion that both drugs may affect ion permeabilities in-
volved in cell volume homeostasis.

In hypo-osmotic conditions, incubation in a calci-
um-free medium or treatment of isolated cells with
quinidine (Fig. 7A and B) resulted in a clear blockage
of the regulatory phase which follows the initial in-
crease of the cell volume, indicating the involvement of
calcium and of calcium-dependent ion permeability in
RVD. However, the two other KT channel blockers
(TEA and glibenclamide) and the anion channels in-
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hibitors (DIDS and NPPB) also reduced the RVD (Fig.
7C, D, E, F).

Discussion

CELLULAR AND TRANSEPITHELIAL EVENTS FOLLOWING
A SEROSAL HypPo-OsmoTIC CHALLENGE

Changing the serosal solution from isosmotic to hypo-
osmotic causes several cellular and transepithelial
events. The Na* transport, measured by the amiloride-
sensitive short-circuit current, was considerably in-
creased, as had been found in previous studies [55]
with the time of maximum activation between 25-30
min, an overshoot usually being observed after ap-
proximately 8-10 min. However, the initial and tran-
sient decrease in SCC and drop in R (found in the first
minute of the osmotic shock) was not reported {55]. The
differences in the ionic composition of the solutions
used in both studies can probably account for these
small discrepancies since, keeping the ionic strength
constant (production of a comparable osmotic shock
by switching from a 60 mMm mannitol-containing solu-
tion to a mannitol-free solution) prevents the initial
changes in SCC and R without affecting the following
increase in SCC (unpublished results). Complementary
experiments will be useful to determine the origin of this
transient initial SCC decrease.

The maximum SCC increase under hypo-osmotic
conditions (25-30 min) was preceded by several
changes in cell homeostasis: (i) the calcium rose tem-
porarily, to reach an approximate Ca, peak value (in less
than 1 min) and then declined in a regulatory phase to
a value which was never the less higher than that mea-
sured in isosmotic conditions; (ii) the celiular volume
increased rapidly in the very first minutes, followed by
a cell volume regulation period (two-thirds of the max-
imal increase in cell volume being regulated in less
than 30 min); (iii) the 3*Rb (K) efflux through the ba-
solateral membranes increased considerably, reaching a
maximum within the first 3-9 min; this phase was fol-
lowed by a “regulatory period,” the 86Rb (K) efflux,
however, remaining significantly higher than that mea-
sured in isosmotic conditions.

While K™ efflux, Ca, and SCC were measured in in-
tact monolayers, cell volume was determined in isolat-
ed cells. It could be objected that cell volume regula-
tion after an osmotic shock may be different in isolat-
ed cells or in intact monolayers. This does not seem to
be the case considering the very similar time course pro-
file of cell volume regulation (similar maximal swelling
time and partial cell volume regulation) recently re-
ported in intact A6 cell monolayers (Van Driessche and
colleagues [51]; Dr. N. Wills, personal communica-
tion).
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CHARACTERISTICS OF THE INITIAL 3Rb (K) INCREASE
FoLLowING HYPO-OSMOTIC STRESS

In isosmotic conditions, the 8Rb (K ) effluxes through
the basolateral membranes were partly blocked with
barium while quinidine, TEA or glibenclamide addition
resulted in a small and progressive inhibitory effect. On
the contrary, when the serosal side of the monolayer was
submitted to a hypo-osmotic solution, the large and
transient initial increase in 3Rb (K ™) efflux which de-
veloped was insensitive to quinidine, totally inhibited by
TEA and glibenclamide, stimulated by a “low” (1 mm)
concentration of barium but delayed by higher doses (5
mMm). A very similar type of barium sensitivity was re-
ported in MDCK cells, in which in addition to a bari-
um-sensitive component under isosmotic conditions, a
barium-insensitive component of the #Rb (K*) efflux
was found to develop after subjecting the cells to a hy-
potonic shock [44].

In our study, the stimulation of the 3Rb (K*) ef-
flux by low doses of barium may indicate the conduc-
tive nature of this pathway following changes in elec-
trochemical driving forces for K™ exit. Indeed, barium
at a concentration of 0.5 mm was reported to depolar-
ize the cell membranes of short-circuited A6 cell mono-
layers by inhibiting 75% of the basolateral K* conduc-
tance measured in an isosmotic medium [20]. That the
hypo-osmotically induced stimulation of the 3Rb (K™*)
efflux observed in the presence of a low dose of bari-
um was greater than in its absence could be interpreted
by an increased driving force produced by the cell de-
polarization and implies too a poor (or no) barium sen-
sitivity of this K* efflux.

A change in the basolateral potential (depolariza-
tion) of A6 cells by the opening of an outwardly directed
anion permeability or an inwardly directed cation per-
meability could therefore stimulate the initial 36Rb (K*)
efflux observed upon hypo-osmotic perturbation. Af-
ter a hypo-osmotic shock, a rapid membrane depolar-
ization has been reported in several cell types [28, 41,
49], its origin, however, being controversial. In opos-
sum kidney cells, the pronounced depolarization was
found to be the result of the opening of mechanorecep-
tor-operated ion channels which can be permeable to
cations but also to C1™ ions [49]. In MDCK cells [40,
41] and rabbit proximal convoluted tubule (PCT) cells
[29], a transient membrane hyperpolarization followed
by a depolarization was observed; this depolarization
lasting two minutes was blocked by DIDS [40] and was
interpreted as the result of the opening of C1™~ channels
[29, 40]. In Ehrlich tumor cells, a nonselective, stretch-
activated channel with a single-channel conductance of
23 pS and a 3-7 pS Cl1~ channel have been suggested
as being responsible for the initial depolarization after
cell swelling [34]. In A6 cells, Granitzer et al. [19] ob-
served small variations in membrane potential of short-
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circuited monolayers with hypo-osmotic perturbations
(a small hyperpolarization followed by a depolariza-
tion). In preliminary experiments, we observed a mem-
brane depolarization in osmotically shocked cells using
bis-oxonol as a membrane potential sensor (unpublished
results). Furthermore, in view of the large inhibition of
the TEA-sensitive 3°Rb (K ™) efflux and of the RVD by
DIDS and NPPB, it is likely that C1~ channels are im-
plicated and could be involved in the initial depolar-
ization in hypo-osmotic conditions and the initial cell
calcium increase could be implicated.

It is unlikely that the initial increase in the TEA-
and glibenclamide-sensitive 8Rb (K*) permeability is
mediated by the stretch-activated cation channel (SAC)
as found in the basolateral membranes of Necturus prox-
imal tubule [43] and Opossum kidney cells [49]. The
lanthanide gadolinium can block a number of SACs at
a concentration of 10-20 um [42]. However, in our A6
cell preparation, gadolinium used at concentrations of
150 um was ineffective on the ®Rb (K ™) efflux stimu-
lated by hypo-osmotic conditions. It should also be not-
ed that a TEA-sensitive and quinidine-insensitive high
conductance voltage-activated K™ channel has been de-
scribed in the insulin-secreting cell line RINmSF [16].
Recently, a sulfonylurea-sensitive K* conductance was
found in the basolateral membranes of A6 cells [5]. In
that study, glibenclamide was found to block the 8°Rb
(K™) efflux stimulated by hypo-osmotic conditions at
relatively high concentrations (larger than 1074 m). Sul-
fonylurea drugs (glibenclamide or tolbutamide) have
been used to specifically block K, 1, channels in a va-
riety of nonepithelial [1, 10, 35, 36] and epithelial cells
[53, 54]. It has also to be noted that TEA (extracellu-
lar) was reported to block ATP-sensitive potassium
channels in frog skeletal muscle [11]. It is possible to
assume that the initial increase in potassium perme-
ability found in that study is mediated by ATP-sensitive
K* channels and that both TEA and glibenclamide act
on the same pathway. However, differential effects
were found in SCC experiments (see Table) since TEA
did not prevent the drop in R following the hypo-os-
motic shock while R continues to increase one minute
after the hypo-osmotic shock in glibenclamide-treated
cells and TEA did not affect the initial SCC increase
(overshoot) while glibenclamide blocked it. In addition,
the inhibitory effect on the 36Rb effluxes of quinidine-
treated monolayers was larger with glibenclamide than
with TEA. Therefore, considering the lack of specificity
of most inhibitors (used at relatively high concentra-
tions) in cellular systems, in addition to effects on the
basolateral Kt permeability, indirect effects of the drugs
at other cellular or paracellular levels cannot be ex-
cluded. The exact nature of this TEA and gliben-
clamide-sensitive K™ component remains to be estab-
lished and patch-clamp studies will be valuable for de-
ciding to which class(es) of channel they belong.
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INVOLVEMENT OF A Ca-DEPENDENT 0Rb (KT)
PATHWAY AFTER A HYPO-OSMOTIC SHOCK

In cells submitted to hypo-osmotic shock, the period of
rapid ®Rb (K ') efflux increase was followed by a “reg-
ulatory phase” in which these effluxes reached a steady
value higher than that measured under isosmotic con-
ditions. This could indicate that a second component of
K™ permeability is involved in the hypo-osmotic re-
sponse. Unlike TEA, quinidine (200 um) was ineffec-
tive on the fast transient increase in %Rb (K*) efflux but
abolished the “regulatory phase”; a similar response af-
ter a hypo-osmotic shock was observed when the cell
monolayer was bathed on its serosal side with a calci-
um-free solution. Cell swelling was previously found
to induce a large outward-rectifying K+ conductance,
sensitive to quinidine, through the basolateral mem-
branes of A6 cell monolayers whose apical membranes
had been permeabilized by amphotericin B. This in-
crease in potassium permeability was suggested to play
arole in cell volume regulation [4]. Similar results have
been reported in Na™-reabsorbing epithelia and in C1™-
secreting epithelia; i.e., a quinidine-sensitive and vol-
ume-activated K* conductance observed with swollen
cells [6, 13]. Our results are not contradictory but com-
plementary. Indeed, we found that quinidine partly
blocked the 3Rb (K*) efflux and the SCC (Na™ trans-
port) in cells maintained in isosmotic conditions; the
SCC stimulation caused by lowering the osmolarity of
the serosal solution and the RVD were also inhibited by
the drug. In addition, the time course of the plateau
phases in the SCC stimulation and the 3¢Rb (K*) efflux
(after the peak) following an osmotic shock are similar.
It is therefore likely that a quinidine-sensitive K*-con-
ductive pathway is present, not only under isosmotic,
but also under hypo-osmotic conditions. In the latter
case, the persistence of a high K" permeability (absence
of “regulatory phase”) in quinidine-treated cells and its
blocking by subsequent addition of TEA indicates that
the initial TEA-sensitive component was still present
and not deactivated. Considering the sensitivity of the
TEA-blocked K* component to voltages, after the like-
ly initial depolarization of the cells by hypo-osmotic
conditions (expected to be larger in the presence of
quinidine), the absence of membrane repolarization by
the quinidine-sensitive K* pathway could explain the
persistence of a TEA-sensitive $Rb (K ™) efflux in the
quinidine or Ca-free conditions reporied above. The
large K* permeability increase could therefore mask a
guinidine-sensitive component.

86Rb (K*) PATHWAYS AND SCC

The involvement of each potassium transport pathway
in the SCC increase following a hypo-osmotic shock
was more difficult to define considering the relative
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lack of specificity of K™ blockers and possible indirect
effects of drugs at other levels than the basolateral
membranes (apical or paracellular). However, the quini-
dine-sensitive component was largely represented in
the stimulated SCC observed upon a hypo-osmotic
stress, while the TEA-sensitive pathway was unrelated
to changes in the electrical properties of the monolay-
er. A membrane depolarization following quinidine
application could explain the inhibition of the stimulated
SCC by a decrease of the electrochemical driving force
for Na* entry. Glibenclamide did not completely pre-
vent the long-term (30 min) SCC stimulation but large-
ly affected the electrical parameters in the early os-
motic shock, suggesting other site(s) of action than
TEA; it has to be noticed too that the glibenclamide in-
hibitory effect on SCC was predominant in isosmotic
conditions (see Table).

RoLE oF Ca; AND Rb (K™) PATHWAYS IN CELL
VOLUME REGULATION

The transient increase in cell calcium found in this
study, either in isolated cells or in intact monolayers
(Fig. 3), is consistent with the Ca; rise usually reported
in kidney cells [2, 3, 34, 38, 40, 45] and with the de-
velopment of a calcium-dependent potassium pathway.
In this study, a K, of 224 nm was taken to calculate Ca,
in both iso-and hypo-osmotic conditions. The absolute
values of Cal. changes, however, would be questionable
in a hypo-osmotic medium since the K, of Fura-2 has
been found to be sensitive to the ionic strength of the
medium [48, this study], a decrease of K, (and of Ca,))
being expected with hypo-osmotic media in the very
first moment of osmotic shock. The calculation of the
“true” K, in situ, in disequilibrium conditions, depends
therefore on many cell parameters (cell pH, ionic
strength . . .) and could hardly be measured. However,
it is unlikely that the relative cell calcium changes found
in this study (or in the bulk of publications) under hy-
po-osmotic conditions are artifactual since the cell cal-
cium rise and its regulation were totally abolished in a
Ca-free medium (unpublished results). RVD mecha-
nisms in many cells are Ca, dependent, and it has been
suggested that a Ca* threshold was responsible for the
variability of response found in the different cell types
[33]. A delay in the RVD was observed with A6 cells
submitted to hypo-osmotic calcium-free medium, sug-
gesting the involvement of this signal in A6 cell volume
regulation. Quinidine also blocked the RVD, argument
in favor of the stimulation of Ca-dependent K* channels
in cell volume regulation. On the other hand, the RVD
was also found to be blocked by TEA and gliben-
clamide, indicating that several components of K™ trans-
port through the basolateral membranes, in parallel with
the opening of an anion permeability (as demonstrated
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Fig. 8. This functional model represents the working hypothesis for
the effects of a serosal hypo-osmotic shock on the basolateral potas-
sium membrane permeability of A6 cells in relation to cell volume
regulation. When cells bathed in a serosal isosmotic solution (A) are
transferred to serosal hypo-osmotic solution (B, C), they first swell
(B) but regulate their cell volume (C). We propose that a TEA- and
glibenclamide-sensitive but quinidine-insensitive increase in the
Rb(K ™) efflux through the basolateral membrane is involved in the
very first phase of volume regulation. Membrane depolarization pos-
sibly mediated by the opening of DIDS-sensitive C1~ channels (fol-
lowing initial Ca, rise?) may cause an increase of the electrochemi-
cal driving force for K* exit. An increase in the quinidine-sensitive
K* permeability, mediated by the observed calcium rise could play
a complementary role in the late phase. This second component
would also contribute to restore the initial membrane potential, there-
upon reducing the activity of the TEA-sensitive K* channels. The
Na* transport (SCC) through the monolayer is enhanced in both
phases of the osmotic shock.

by DIDS and NPPB blockade of the RVD), could re-
store A6 cell volume upon osmotic stress.

In conclusion, we suggest that the basolateral mem-
brane potassium permeability is increased following
cell swelling because of the activation of two K* trans-
port pathways. We propose that a TEA- and gliben-
clamide-sensitive but quinidine-insensitive increase in
the Rb(K™) efflux through the basolateral membranes
is involved in the very first phase of volume regulation

J. Ehrenfeld et al.: K* Membrane Permeability of A6 Cells

of A6 cells submitted to hypo-osmotic media. Transient
cell membrane depolarization (calcium-mediated open-
ing of chloride channels?) could be at the origin of this
K* stimulation. An increase in the quinidine-sensitive
K™ permeability, mediated by the observed calcium
rise, would play a complementary role in achieving cell
volume regulation, and would restore the membrane
potential initially depolarized, thereupon reducing the
activity of the TEA-sensitive K* channels. A model for
the interpretation of our results is given in Fig. 8.
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