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Abstract. This study examines purinergic modulation
of short-circuit current (/sc) in monolayers of C7-
and C11-MDCK cells resembling principal and in-
tercalated cells from collecting ducts. In C7 mono-
layers, basolateral and apical application of ATP led
to similar elevation of Igc, consisting of a transient
phase with maximal Isc increment of ~10 pA/cm?
terminating in 2-3 min, and a sustained phase with
maximal /g¢ less than 2 pA/cm? and terminating in 10
min. ATP-induced Isc was insensitive to the presence
of Na™, CI” and inhibitors of K* (Ba*>", charibdo-
toxin (ChTX), clotrimazole (CLT), apamin) and Na *
(amiloride) channels in the mucosal solution. Inhibi-
tors of Cl™ channels, DIDS and NPPB, added to
apical membranes at a concentration of 100 pm, did
not affect ATP-induced Isc, whereas at 500 pm,
NPPB inhibited it by 70-80%. Substitution of CI™
with NOj in serosal medium decreased ATP-induced
Isc by 2-3-fold and elevation of [K 7], from 6 to 60
mM changed its direction. Basolateral NPPB inhib-
ited Isc by 10-fold with EDsy of ~30 pm, whereas
ChTX (50 nm) and CLT (2 um) diminished this pa-
rameter by 30-50%. Suppression of Na™, K", CI~
cotransport with bumetanide did not affect the tran-
sient phase of ATP-induced I5c and slightly dimin-
ished its sustained phase. ATP increased ouabain-
and bumetanide-resistant K™ (**Rb) influx across the
basolateral membrane by 7-8-fold, which was par-
tially inhibited with ChTX and CLT. ATP-treated
C11 cells exhibited negligible /sc, and their presence
did not affect Igc triggered by ATP in C7 cells. Thus,
our results show that transcellular ion current in
ATP-treated C7 cells is mainly caused by the coupled
function of apical and basolateral anion transporters
providing transient Cl~ secretion. These transporters
possess different sensitivities to anion channel blocker
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NPBB and are under the control of basolateral K™
channels(s) inhibited by ChTX and CLT.

Key words: Principal and intercalated cells — Puri-
noceptors — Cl~ and K™ channels — Na ™, K™, Cl~
cotransport

Introduction

Renal epithelial cells from the collecting duct are
major targets for the regulation of reabsorption of
salt and osmotically-obliged water and acid-base
homeostasis by hormones and neurotransmitters
(Kirk, 1988; Burnatowska-Hledin & Spielman, 1989;
Vander, 1991; Breyer & Ando, 1994; Giebisch, 1998).
Apart from receptors of the “classic’ regulators, such
as vasopressin, bradykinin, atrial natriuretic peptide,
prostanoids, mineralocorticoids and catecholamines,
epithelial cells from collecting ducts express ATP-
and UTP-sensitive P,y-purinoceptors (Bailey, Hill-
man & Unwin, 2000; Chan, Unwin & Burnstock,
2001, Cuffe et al., 2000).

Data on the involvement of P,y-purinoceptors in
the regulation of transepithelial ion fluxes are mainly
obtained in cells derived from distal tubules of the
Madin-Darby canine kidney (MDCK)' (Simmons,

! Abbreviations used: C7 and Cl11—cell lines derived from MDCK
cells and resembling principal and intercalated cells, respectively;
CFTR—cystic fibrosis transmembrane regulator; ChTX-—char-
ybdotoxin; CLT—clotrimazole; DIDS—4,4’-diidothiocyanostil-
bene-2,2’-disulfonic  acid; EIPA—ethylisopropyl  amiloride;
Isﬁshort-circuit current; ISC—MAX—TR and Isc,MAx,szthe maxi-
mal values of Isc during transient and sustained phases, respec-
tively; MDCK—Madin Darby canine kidney; NKCC—Na™, K",
CI™ cotransport; NPPB—5-nitro-2-(3-phenylpropylamino)benzoic
acid; Ot and Qgs—total charge movement and charge movement
during sustained phase, respectively.
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1981a,b; Zegarra-Moran, Rommeo & Galietta, 1995;
Woo et al., 1998). It should be underlined, however,
that similarly to the distal epithelium, commercially-
available stocks of MDCK cells are heterogencous
with different proportions of principal and interca-
lated cells from the collecting duct (Barker & Sim-
mons, 1981; Simmons, 1990). Recently, using a
low-density seeding strategy these cells were separated
and called C7-MDCK and C11-MDCK, respectively
(Gekle et al., 1994). With these cells, we observed
drastic differences in the baseline activity of mono-
valent ion transporters and their modulation by
P,y-puronoceptors (Orlov et al., 1999). We also
demonstrated that purinergic inhibition of Na ™, K™,
Cl™ cotransport (NKCC) and activation of MAP
kinase, recently discovered in MDCK cells (Xing et
al., 1997; Gagnon et al., 1998, 1999), is limited to C11
cells (Orlov et al., 1999). Considering these data, we
designed this study to characterize purinergic-induced
transcellular ion current in monolayers of C7 and C11
cells and to identify apical and basolateral ion trans-
porters involved in this phenomenon. Epinephrine, an
adrenoceptor agonist, is known to be another potent
activator of transcellular ion current in monolayers of
MDCK cells (Brown & Simmons, 1981; Simmons,
Brown & Rugg, 1984; Brown, Rugg & Simmons,
1986; Simmons, 1991b; 1992). Hence, we used this
compound to examine the specificity of P,y-purino-
ceptor signaling.

Materials and Methods
CEeELL CULTURE

C7 and Cl11 cells were obtained from commercially-available
MDCK stocks, as described previously in detail (Gekle et al.,
1994). The cells were cultured in DMEM supplemented with 2.5 g/1
sodium bicarbonate, 2 g/l HEPES, 100 U/ml penicillin, 100 pg/ml
streptomycin and 10% fetal bovine serum. Upon reaching sub-
confluency, they were passaged by treatment in Ca>*- and Mg>*-
free Dulbecco’s phosphate-buffered saline with 0.1% trypsin and
scraped from the flasks with a rubber policeman. Dispersed cells
were counted and inoculated at 1.25 x 103 cell/cm? in 24-well plates
or in I1-cm? permeable inserts (Corning Brand transwell plate in-
serts, Fisher, Montreal, Canada). Corning Brand transwell clear
inserts were used for phase contrast microscopy.

ELECTRICAL MEASUREMENTS

After 34 days of seeding on transwell inserts, C7 and C11 cells
developed transepithelial resistance (Ry.) that was 20-40- and 3-5-
fold higher compared with empty inserts. R, values measured with
EVOM™ (World Precision Instruments, Sarasota, FL) were stable
during the next 1-2 days. For short-circuit current (/sc) measure-
ments, the transwell inserts containing monolayers with R, in the
range from 1,500 to 3,500 Q x cm? for C7 cells and from 250 to 350
Q x cm? for C11 cells were mounted between halves of an Ussing
chamber (Warner Instrument Corp., Hamden, CT). Fluid in each
half of the chamber was connected via KCl-agar bridges to voltage
and current electrodes and clamped at 0 mV using an EC-825
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Fig. 1. Kinetics of a **Rb (/) **CI (2) and **Na (3) uptake by C7
cells. The cells were preincubated for 30 min in medium B. Then,
this medium was aspirated, and medium B containing 5Rb, **CI
and **Na was added. For more details, see Methods. Means from
experiments performed in triplicate are shown.

epithelial voltage clamp amplifier (Warner Instrument Corp.).
Basolateral and apical solutions, 16 and 14 ml, respectively, con-
taining 2% calf serum and HEPES-NaHCOj3-buffered Dulbecco’s
modified Eagle medium (DMEM, pH 7.4) were circulated by air-
lifting with 5% CO,/95% air and kept at 37°C by water jacket.

IoN FLUXES IN CELLS GROWN ON IMPERMEABLE
SUPPORT

Cells growing in 24-well plates were washed twice with 2 ml of
medium A containing (in mm) 150 NaCl, 1 MgCl,, 1 CaCl, and 10
HEPES-tris buffer (pH 7.4, room temperature) and incubated for
30 min at 37°C in 1 ml of medium B with additions indicated in the
table and figure legends. Medium B contained (in mm): NaCl 140,
KCl 5, MgCl, 1, CaCl, 1, p-glucose 5, HEPES-tris 20 (pH 7.4). The
preincubation medium was then replaced by 0.25 ml of the same
medium containing 0.5-1 pCi/ml 8*RbCl or 2-4 uCi/ml **NaCl and
H?CI. Isotope uptake was terminated by the addition of 2 ml of
ice-cold medium C containing 100 mm MgCl, and 10 mm HEPES-
tris buffer (pH 7.4). The cells were then transferred on ice, washed 4
times with 2 ml of ice-cold medium C and lysed with 1 ml of 1%
SDS/4 mm EDTA mixture. The radioactivity of the cell lysate was
measured with a liquid scintillation analyzer, and ion uptake was
calculated as V= A/am where A4 is the radioactivity in the sample
(cpm), a is the specific radioactivity of **Rb (K '), *Cl or ?Na
(cpm/nmol) in the incubation medium and m is the protein content
in the sample (mg).

Figure 1 shows that the kinetics of **Rb uptake by C7 cells in
the absence of any ion transport inhibitors were linear up to 15
min. Considering these results, in further experiments we limited
incubation time with **Rb to 1015 min. In contrast to °Rb, half-
maximal uptake of **Cl and *Na was observed in 2 min (Fig. 1),
which complicates the application of this technique for analysis of
the relative contribution of ion transporters in inwardly-directed
Cl™ and Na™ fluxes.

The presence of ouabain did not affect the absolute values of
bumetanide-sensitive K influx in C7 cells (Table 1). Based on this
observation we studied the activity of Na®, K", Cl™ cotransport in
the presence of ouabain that allowed us to increase an accuracy of
the measurement.
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Table 1. Effect of ouabain and bumetanide on K" influx in C7-
MDCK cells

Additions, um K™ influx, nmol/mg prot/15 min
1. None (control) 321 + 39
2. Ouabain, 100 122 + 16
3. Ouabain-sensitive 199

component A »
4. QOuabain, 100
+ bumetanide, 10
S. Quabain-resistant 108
bumetanide-sensitive
component, A, 4
6. Bumetanide, 10 203 £+ 17
7. Bumetanide-Sensitive A; ¢ 118

14 +£2

Cells seeded in 24-well plates were preincubated 30 min in medium
B. Then, medium was aspirated and 0.25 ml of medium B with
compounds listed in the left column was added. In 5 min 0.25 ml of
medium B containing 1 pCi/ml 3*Rb was added and isotope uptake
was terminated in 15 min. The values of final concentrations of
ouabain and bumetanide are indicated. Means + s from experi-
ments performed with quadruplicate are shown.

K" INFLUX ACROSS BASAL AND APICAL MEMBRANES
IN CELL MONOLAYERS

To analyze the effect of ATP on K influx across basolateral and
apical membranes, we used C7 monolayers formed on permeable
transwell inserts. The cell monolayers were preincubated for 30 min
at 37°C in DMEM containing 2% calf serum. Then, the inserts
were transferred to plates containing 1.5 ml of prewarmed DMEM
with the same addition of serum, and 0.5 ml of the same medium
was added on the apical surface of the monolayers. The serosal or
mucosal medium also contained ~0.5 uCi/ml 3°Rb, ATP, epi-
nephrine and the ion transport inhibitors indicated in the figure and
table legends. To terminate isotope uptake, the plates were trans-
ferred to an ice-cold water bath, washed 4 times in 50 ml of ice-cold
medium C, solubilized with SDS/EDTA mixture, and the radio-
activity of the cell lysate was counted. To measure transepithelial
ion fluxes, serosal or mucosal solutions were collected and their
radioactivity was counted. The values of ion fluxes were calculated
as described above and normalized per monolayer area. In pre-
liminary experiments, we observed that the kinetics of *Rb accu-
mulation within monolayers from the serosal and mucosal media
were linear up to 20 min of incubation. Based on these results, we
limited the incubation time to 10 min in further experiments.

ExcHANGEABLE KT, CI~ AND Na™

Cells seeded on transwell inserts were incubated for 2 hr in DMEM
containing 2% calf serum, ~0.5 pCi/ml ®*Rb and 2-3 puCi/ml **Na
or *°Cl added on both sides of the monolayer. Then, the mucosal
solution was aspirated, and the inserts were washed 4 times in 50 ml
of ice-cold medium C and solubilized with SDS/EDTA mixture.
The content of intracellular exchangeable K*, Na* and CI™ was
calculated as described above and normalized per monolayer area.

CHEMICALS

DMEM, calf serum and other ingredients for cell cultures were
obtained from Gibco Laboratories (Burlington, Canada). Ouabain,
bumetanide, amiloride, DIDS, EIPA, apamin, charybdotoxin,

clotrimazole, NPPB and trypsin were from Sigma-RBI (St. Louis,
MO). Radiochemicals were provided by Dupont (Boston, MA).
Salts and buffers were obtained from Sigma and Anachemia Sci-
ence (Montreal, Canada).

Results

CoMPARISON OF ATP- AND EPINEPHRINE-INDUCED Igc
IN C7 CELLS

Baseline values of Isc in C7 monolayers varied from
~1 to 3 pA/em?, which is in accordance with previ-
ously reported data (Blazer-Yost, Record & Ober-
leithner, 1996; Lahr et al., 2000). Figure 24 shows a
typical record of Isc modulation by serosal applica-
tion of ATP and epinephrine. Positive deflection of
Isc triggered by these compounds indicates cation
movement from apical to serosal medium or/and
anion movement in the opposite direction. In both
cases, the kinetics of Isc modulation were composed
of the rapid initial phase followed by the sustained
phase seen up to 5-10 min in ATP-treated cells and
for 20 min and more in cells treated with epinephrine.
Neither apical nor basolateral application of 10 pm
adenosine affected Isc (data not shown), indicating
lack of the contribution of ecto-ATPase/P;-receptor-
coupled pathway in ATP-induced signaling.

To analyze the relative contribution of the rapid
and sustained phases to the overall signal, we com-
pared the values of the maximal /5c increment during
the transient and sustained phases (Isc.vax.Tr and
Isc.max-ss, respectively), total charge movement for
10 min (600 sec) calculated as Ot = foeoo Iscdt, and
long-lasting charge movement during the sustained
phase measured between 2 and 10 min and calculated
as QOsg = ff;é) Iscdt (Fig. 2A4). This analysis showed
that: (i) In contrast to ATP, apical application of
epinephrine did not affect Isc (Fig. 2B and C), which
is in accordance with data obtained on MDCK cells
(Brown & Simmons, 1981). (ii) Isc parameters trig-
gered by basolateral and apical ATP were about the
same. (iii) The sustained phase contributed ~35% and
75% of the total charge transfer in cells treated with
ATP and epinephrine, respectively. In further exper-
iments, we used Isc.max.tr and Qss values to study
purinergic modulation of the transient and sustained
phases.

EFFECT OF IoN TRANSPORT INHIBITORS ON
ATP-INDUCED Igc

Because of the similarity of kinetics of Isc modulation
by apical and basal application of ATP (Fig. 2), this
compound was added to the basolateral surface of the
monolayer in initial experiments. The ion transport
inhibitors affecting Isc triggered by basal ATP were
further examined in cells treated with apical ATP.
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Epinephrine-treated cells were used to reveal purino-
ceptor-specific intermediates of ion flux regulation.
Table 2 shows that basal application of BaCl,, an
inhibitor of diverse K* channels, as well as char-
ybdotoxin (ChTX) and clotrimazole (CLT), potent
inhibitors of Ca”"-activated K channels with high
(BKca) and intermediate (IKc,) conductance, de-
creased ATP-triggered Iscomax.tr and Qss by 30—
50%. None of these compounds added to the apical
surface significantly affected ATP-induced Isc. The
addition of bumetanide, an inhibitor of NKCC, to
basolateral membranes did not alter Isc.max.tr and
attenuated Qgg by ~40%. ATP-induced transcellular
current was not affected by inhibitors of the Na™, K™
pump (100 pm ouabain), mini-K, channels (I pm
apamin), epithelial Na ™ channels (10 pm amiloride)
and Na™/H™ exchanger (1 pm EIPA) applied to both
surfaces of the monolayer (data not shown). The neg-
ative results with amiloride are consistent with data
obtained under analysis of ATP-induced I5c in M-1
mouse cortical collecting duct cells (Cuffe et al., 2000).

NPPB and DIDS were employed to study the role
of CI™ channels in ATP-triggered Isc. Neither basal
nor apical addition of 100 um DIDS affected ATP-
induced Isc (data not shown). The addition of 100 pm
NPPB to the basolateral surface of the monolayer led
to 10-fold attenuation of ATP-induced Isc.maxs
whereas its apical application decreased this parame-
ter and Qss by 20-25% and 30-40%, respectively
(Table 2). To further examine the role of apical and
basolateral anion channels, we compared dose de-
pendencies of the NPPB effect at concentrations up to
500 pum. Because NPBB also affects NKCC (see be-
low), this experiment was carried out in the presence
of bumetanide. Figure 3 shows that NPBB applied to
the basolateral and apical membranes inhibited I5c
with EDsy of ~30 and 400 pm, respectively.

We did not observe any difference in the effect of
the compounds listed in Table 2 as modulators of Isc
triggered by apical or basal ATP. In contrast to ATP,
basolateral application of inhibitors of K* channel
blockers and 100 um NPPB did not affect the maxi-



N. Bourcier et al.: Purinoceptors and Ion Transport in Renal Epithelial Cells 135

Table 2. Effect of ion transport inhibitors on Isc in C7-MDCK cells triggered by ATP and epinephrine (epi)

Additions Concentration pmM  Side added [y pax, % Qss, %

ATP epi ATP epi

basal apical basal basal apical basal
Bumetanide 10 basal 99 + 11 83 + 12 98 + 11 62 +£23 70 £ 12 32 +£ 12
Bumetanide 10 apical 104 £ 7 — — 95 £ 6 — —
BaCl, 2000 basal 61 + 7 58 + 11 91 £ 6 45 + 7 49 + 18 57 £ 9
BaCl, 2000 apical 98 + 10 — — 90 + 8 — —
ChTX 0.05 basal 71 £ 8 70 £ 9 87 + 12 65 + 7 63 + 18 87 + 14
ChTX 0.05 apical 103 £ 12 — — 100 £ 6 — —
Clotrimazole 2 basal 75+ 6 70 + 8 85+ 9 70 £ 5 60 + 7 72 + 12
Clotrimazole 2 apical 107 £+ 11 — — — — —
NPPB 100 basal 10 + 8 12 £ 6 103 + 11 8 +4 8§ £5 64 £ 6
NPPB 100 apical 76 + 26 82 + 6 89 + 8 68 £ 15 52 + 17 29 + 16

Bumetanide, BaCl,, ChTX, clotrimazole and NPPB were added 1-2 min before ATP (100 M) or epinephrine (epi, 1pM). The Isc.max and
Qss values in cells treated with ATP or epinephrine in the absence of inhibitors were taken as 100%. Means + St from 6 (ATP-basal) or 4
(ATP-apical and epinephrine-basal) experiments are given. Differences with p < 0.05 compared to controls are shown in bold. — indicates

that these values were not determined.
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Fig. 3. Dose-dependency of the effect of basolateral (curve 1) and
apical (curve 2) application of NPPB on the maximal increment of
ATP-induced Isc in C7 monolayers. Isc was triggered by 100 pum
ATP added to the basolateral surface of the monolayer. NPPB was
added 1-2 min before ATP. 10 pm bumetanide was added to the
serosal medium simultaneously with ATP. The values of Isc.max-
Tr in the absence of NPPB were taken as 100%. Means from ex-
periments performed in triplicate are shown.

mal values of epinephrine-induced Isc, whereas the
addition of 500 pm NPPB to the apical surface in-
hibited epinephrine-induced Isc to about the same
extent as observed with ATP-treated cells (Table 2).

EFFECT OF EXTRACELLULAR MONOVALENT IONS

Modulation of Na*, CI~ and K™ content in mucosal
medium did not affect Isc parameters triggered by
basolateral ATP (Fig. 4). Equimolar substitution of
NaCl with N-methyl-p-glucamine chloride in serosal

medium did not significantly alter ATP-induced Isc.
MAX-TR but decreased Qss by 60-70%. Substitution
of CI” with NOj in serosal medium decreased ATP-
induced Isc.max-tr and Osg by 2-3- and 5-fold, re-
spectively. We also observed that elevation of K™ in
serosal solution from 6 to 60 pum resulted in an op-
posite direction of ATP-induced Isc (Fig. 4). The
same effect of extracellular ions on Igc was revealed
in cells treated with apical ATP (data not shown).
Similarly to ATP, modulation of monovalent ion
content in mucosal medium did not significantly af-
fect epinephrine-triggered Isc (data not shown). In
contrast to ATP, epinephrine-induced Isc was
sharply diminished in the absence of Na™ in the se-
rosal medium and was absent in high-K ™ medium

(Fig. 5).
CoMPARISON OF C7 AND C11 CELLS

In collecting ducts, 10% to 30% of the epithelial area
is covered by intercalated cells (Schwartz, 1995). Do
these cells contribute to purinergic regulation of
transepithelial ion fluxes? To answer this question, we
studied Isc in Cl1 monolayers and in monolayers
with different relative content of C7 and C11 cells.
Phase contrast microscopy showed clear differences
in the morphology of these cells and their clustering
when they were seeded at 1:1 initial density (Fig. 6A4).
We did not observe any effect of ATP on Igc in Cl11
monolayers (Fig. 6C, ¢). Elevation of the relative
content of Cl11 cells in monolayers up to 50% de-
creased R from 1,837 £ 165to 509 + 51 Q x cm?,
which was close to the R, in monolayers formed by
C11 cells alone (Fig. 6B, curve 1). In contrast to Ry,
the maximal Isc values triggered by ATP and
epinephrine decreased proportionally to the C11/C7
ratio (Fig. 6B, curves 2 and 3). The presence of C11-
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MDCK cells did not affect the kinetics of Isc trig-
gered by ATP (Fig. 6C, b) and epinephrine (data not
shown).

Errect ofF ATP on K INFLUX IN C7 CELLS GROWN
ON IMPERMEABLE SUPPORT

In randomly-polarized C7 cells seeded on regular
plastic plates, bumetanide-sensitive and bumetanide-
resistant K+ (*Rb) influx was increased for 10 min
after simultaneous addition of ATP and isotope by
~30% and 100%, respectively (Fig. 7). Neither bu-
metanide-sensitive nor bumetanide-resistant K" in-
flux was altered when ATP was added 30 min before
8Rb (data not shown). The latter results are in ac-
cordance with previously-reported data (Orlov et al.,
1999) and indicate the transient pattern of activation
of K" fluxes by ATP. In contrast to ATP, epineph-
rine did not significantly affect K" influx in C7 cells
(Fig. 7).

To identify the ion transporters involved in ac-
tivation of (ouabain-bumetanide)-resistant K * influx
by ATP, we studied the effect of K and C1™ channel
inhibitors. Previously, we reported that 30-min
preincubation with 5 mMm BaCl, sharply attenuated
the activity of NKCC in MDCK cells (Gagnon et al.,
1999). Considering these results together with data on
partial suppression of the sustained phase of ATP-
induced Isc by bumetanide (Table 2), the effect of the
ion channel blockers on NKCC was also investigated.

high K" Serosal medium
control Mucosal medium

Fig. 4. Effect of extracellular Na™, CI” and K"
on Igc triggered in C7 monolayers by basal
application of ATP. The cells seeded on
permeable inserts were preincubated for 10 min
in physiologically balanced solution containing
in mMm: 130 NaCl, 5 KCl1, 1.2 MgSOq, 1.8 CaCl,,
20 HEPES-tris (pH 7.4), 10 glucose, 1 glutamine,
0.7 KH>SO4 and 1% calf serum (control) or in
media with equimolar substitution of NaCl by
N-methyl-p-glucamine chloride (low Na*
medium ), equimolar substitution of NaCl and
KCIl by NaNOj; and KNOs, (low CI™ medium),
and in the presence of 75 mm NaCl and 60 mm
KCl (high K* medium). Then, 100 um ATP was
added to the serosal solution and Isc was
registered for the next 10 min. Isc.max.Tr and
QOss values generated by ATP in the control
medium were taken as 100% and are shown by
the broken line. All media were bubbled with air.
Means £ SE from 3 experiments are shown.
Insert: Typical records of Isc modulation by
basal application of 100 pm ATP in control and
in high-K™* serosal medium.
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Figure 8 shows that inhibitors of K™ channels at-
tenuated bumetanide-resistant K * influx triggered by
ATP (curve 1) with EDsq of ~0.5 mm, 0.5 um and 5
nMm for BaCl,, CLT and ChTX, respectively. How-
ever, it must also be mentioned that BaCl, and CLT
dose-dependently inhibited NKCC with EDsq of ~2
mM and <2 pwm, respectively (curve 2). NPPB in-
hibited baseline NKCC and ATP-induced bumeta-
nide-resistant K™ influx with about the same
efficiency (EDsp ~50 pm).

UnNIDIRECTIONAL K FLUXES IN MONOLAYERS

Several laboratories have reported that the polariza-
tion of epithelial cells controlled by their confluency
and the presence of porous support sharply affect the
functional activity of apical and basolateral ion
transporters (Ponce, Contreras & Cereijido, 1991;
Moyer et al., 1998; Mohamed et al., 1997). Consid-
ering this, we studied the baseline activity of K™
transporters and their purinergic regulation in C7
monolayers. Table 3 shows that the rate of *°Rb ac-
cumulation from serosal medium within C7 mono-
layers was diminished by ~2.5-fold in the presence of
ouabain and was slightly inhibited (~15%) by bu-
metanide applied to the basolateral surface. *Rb
uptake within monolayers from mucosal medium was
3—4-fold lower and, as predicted, was insensitive to
the presence of ouabain and bumetanide. In contrast
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2min application of epinephrine. The cells seeded on
permeable inserts were preincubated for 10 min
in physiologically balanced solution (control) or
Ti in media with altered concentration of Na ™,
Cl”and K. Then, 1 uMm epinephrine was added
to the serosal solution, and Isc was registered
for the next 10 min. Isc.max.Tr and Qss values
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generated by epinephrine in the control medium
were taken as 100% and are shown by broken
line. N.D.: values could not be detected.
Means + SE from 3 experiments are shown.
For composition of media, see Fig. 4 legend.
Insert: Typical records of Isc modulation by
basal application of 1 pm epinephrine in control
and in high-K ™ serosal medium.
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to 8°Rb accumulation within the cells, the values of
transepithelial basal-to-apical and apical-to-basal
isotope fluxes varied in the range from 3 to 4 and
from 4 to 6 nmol per cm” per 10 min, respectively
(Table 3), thus indicating a slight K* secretion under
baseline conditions.

Figure 94 shows that both basal and apical ad-
dition of ATP led to ~3-fold elevation in the rate of
8Rb accumulation within monolayers from serosal
solution, whereas epinephrine increased this param-
eter by 30-40% only. Drastic activation of *°Rb in-
flux within the cells in the presence of ATP was not
accompanied by its accumulation in mucosal medi-
um. Neither ATP nor epinephrine affected **Rb ac-
cumulation in monolayers when isotope was added to
the apical surface (data not shown). We also did not
observe any effect of 10-min incubation with ATP or
epinephrine on the intracellular exchangeable KT,
Na' and CI~ content (Table 4).

ATP-induced %°Rb uptake from serosal medium
was inhibited by 40-60% with Ba>", ChTX and CLT
and by 20% with NPPB, but was insensitive to ouabain
and bumetanide (Fig. 9B). In the presence of ouabain
and bumetanide, ATP and epinephrine increased the
rate of **Rb transport across basal membranes by 7-8-
fold and by ~30%, respectively (Table 5).

Viewed collectively, our results show that the
formation of cell monolayers on permeable support
drastically affects both the baseline activity of ion
transporters and their regulation by ATP. Indeed,
NKCC activity measured as bumetanide-sensitive
8Rb uptake contributed 43% and 1% to total K+
influx in C7 cells grown on impermeable plastic and
in C7 monolayers, respectively (Tables 1 and 3). In

high K*
control

contrast, K channels and other ion transporters
providing (ouabain + bumentanide)-resistant fluxes
contribute 4% and 35% to total K influx in ran-
domly-polarized cells and monolayers (Tables 1 and
3). In the presence of ouabain and bumetanide, ATP
led to ~2- and 7-8-fold elevation of K influx in cells
grown on plastic (Fig. 8) and in cell monolayers
(Table 5). In MDCK cells seeded on impermeable
support, the ratio of intracellular exchangeable Na ™,
Cl” and K" content was close to 1:4:13 (Gagnon
et al., 1999) whereas in C7 monolayers this ratio,
measured with the same experimental approach, was
1:1.4:2 (Table 4). These observations disclose the
limitations in usage of cells seeded on regular plastic
for the study of epithelial cell function.

Discussion

Using MDCK, it was demonstrated earlier that long-
lasting Isc triggered by ATP is caused by Cl™ secretion
mediated by basolateral NKCC and a non-identified
apical CI™ transporter (Simmons, 1981b). Later, it was
shown that the effect of ATP on I is mediated by P,y-
purinoceptors (Zegarra-Moran et al., 1995). Neither
ion transporters involved in the transient phase of P>y -
purinoceptor-induced Isc nor the relative contribution
of principal and intercalated cells to overall Isc has
been investigated. In the present study, we used C7 and
C11 cells, which are highly abundant with principal
and intercalated cells, respectively (Gekle et al., 1994).
Our results reveal that ATP-induced /¢ is negligible in
C11 compared to C7 cells. We also observed that
NKCC does not contribute to the transient elevation of
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Fig. 6. (A) Phase contrast microscopy of
monolavers formed by C7 (a), C11 (b) and C7
and Cl11 cells seeded at initial 1:1 density (c).
(B) Dependence of transepithelial resistance (R,
curve 1)) and maximal Isc values triggered by

ATP (curve 2) and epinephrine (curve 3) on the
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| initial density of C7 and Cl11 cells. 100 um ATP
and | pMm epinephrine were applied on the
basolateral surface of the monolayer. The relative
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: inserts 3 days before measurement are shown in
! ‘ the X axis. Isc.max-tr values triggered by ATP
L and epinephrine in monolayers of C7 cells were
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are shown. (C) Representative kinetics of Isc
triggered by ATP in C7 (a) and C11 (¢)
monolayers. b) C7- and C11-MDCK cells were
seeded at 1:1 initial density.

Isc in ATP-treated C7 cells and transcellular Cl™
movement is mainly mediated by the coupled function
of apical and basolateral transporters possessing dis-
tinct sensitivity to NPPB. Our results also illustrate a
key role of basolateral ChTX- and CLT-sensitive K
channels in the activation of C1~ secretion. In addition,
we observed that both baseline activity of monovalent
ion transporters and their regulation by P,y-purino-
ceptors in C7 monolayers and randomly-polarized C7
cells grown on impermeable support are drastically
different.

ATP-INDUCED Cl™ SECRETION IN C7 CELLS: A KEY
RoLE oF NPPB-SENSITIVE BASOLATERAL AND APICAL
TRANSPORTERS

We did not observe any effect of modulation of Na ™,
K™ and Cl™ concentration in mucosal medium on

ATP-induced Isc in C7 monolayers, whereas substi-
tution of CI~ with NO5 in serosal solution sharply
attenuated transcellular ion current (Fig. 4). These
results show that basal-to-apical CI~ movement
rather than apical-to-basal cation fluxes contributes
to Isc deflection in ATP-treated cells. This conclusion
is also supported by negative results obtained in the
study of the effect of inhibitors of K" channels
(Ba®>", ChTX, CLT, Table 2) and epithelial Na™
channels (amiloride, data not reported) applied to the
apical side of the monolayer.

Our results reveal that ATP-induced Isc was re-
sistant to DIDS and inhibited by basolateral and
apical application of NPPB with EDs, of ~30 and
400 um, respectively (Fig. 3). Both DIDS and NPPB
are known to be potent inhibitors of several types of
Cl™ channels. Thus, DIDS blocks large-conductance
Cl™ channels, outwardly rectifying Cl~ channels and
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Fig. 7. Effect of ATP and epinephrine (epi) on bumetanide-sensi-
tive (4) and bumetanide-resistant (B) K" influx in C7 cells. The
cells seeded on regular plastic plates were preincubated for 30 min
in 1 ml medium B. Then, the medium was aspirated, and 0.25 ml of
medium B containing 0.5 puCi/ml **Rb, 100 pm ouabain with or
without 10 pm bumetanide, 100 pm ATP and 1 pum epinephrine was
added. Isotope uptake was terminated in 10 min. The values of
bumetanide-sensitive and bumetanide-resistant components of K *
influx in the absence of ATP and epinephrine were taken as 100%.
For the absolute values see Table 1. Means + Se from 5 experi-
ments performed in quadruplicate are shown.

Ca’"-activated Cl~ channels, but does not affect
cystic fibrosis transmembrane regulator (CFTR) Cl™
channels and voltage-gated CI~ channels CIC-2 and
CIC-3. NPPB inhibits outwardly rectifying CI™
channels, CFTR, CIC-2, CIC-5 and CIC-6 but not
CIC-3 (Bres et al., 2000; Schultz et al., 2001; Wills &
Fong, 2001). Two types of voltage-dependent CI™
channels of 460 and 46 pS have been identified on the
apical and basolateral membranes of MDCK cells
(Kolb, Brown & Murer, 1985; Ponce et al., 1991).
The effect of NPPB on the activity of these channels
has not been studied, whereas it was found that
DIDS at a concentration of 1 mM blocked 46 pS CI™
channels (Ponce et al., 1991). Thus, additional ex-
periments should be carried out to identify basolat-
eral and apical anion channels or other NPBB-
sensitive anion transporters involved in P,y-purino-
ceptor-triggered Cl™ secretion in C7 cells.

We observed that similarly to a commercially-
available high-resistant clone of MDCK cells (Sim-
mons, 1981b; 1990), basolateral NKCC contributes to
the sustained phase of ATP-induced I5c in C7 mono-
layers. This conclusion is supported by partial inhibi-
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Fig. 8. Effect of BaCl, (4), CLT (B), ChTX (C) and NPPB (D) on
ATP-induced increment of bumetanide-resistant K influx (curves
1) and baseline activity of NKCC (bumetanide-sensitive K influx,
curves 2) in C7 cells. The cells seeded on regular plastic plates were
preincubated for 30 min in 1 ml medium B. Then, the medium was
aspirated, and 0.25 ml of medium B with tested compounds was
added. After 5 min of incubation at 37°C, 0.25 ml of medium B
with 1 pCi/ml %Rb, and 200 pm ouabain with or without 20 pm
bumetanide and 200 um ATP was added. Isotope uptake was ter-
minated in 10 min. The final concentrations of tested compounds
are shown in the X axis. The control values of bumetanide-sensitive
and bumetanide-resistant components of K™ influx were taken as
100%. Means + St from 3 experiments performed in quadruplicate
are shown.

tion of long-lasting charge movement (Qss) in serosal
Na " -free medium (Fig. 4) and in the presence of bu-
metanide (Table 2). It is important to underline that
treatment of MDCK cells with ATP led to sustained
activation of Igc seen after 40 min (Simmons, 1981a,b),
whereas in C7-MDCK, Isc was rapidly decreased in 1
min and normalized after 10—15 min of ATP addition
(Fig. 2). Our results are in accordance with data ob-
tained with mouse collecting-duct cells (Cuffe et al.,
2000). Interestingly, extremely low NKCC activity was
observed in C7 monolayers (Table 3) which is in con-
trast to the 2-fold decrease of ouabain-resistant **Rb
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Table 3. Transport of K (3*Rb) from basal-to-apical and from apical-to-basal membranes in C7-MDCK monolayers

Additions

K™ fluxes from serosal medium,

nmol/cm?/10 min

Accumulation

Accumulation

K" fluxes from mucosal medium,

nmol/cm?/10 min

Accumulation

Accumulation

within in mucosal within in serosal

monolayer medium monolayer medium
None (control) 28.2 £ 2.1 34 £ 0.6 83 £ 0.7 44 £ 0.6
Ouabain 124 £ 1.3 33+ 1.0 8.9 + 0.5 4.8 £ 0.4
Bumetanide 238 + 1.5 3.5 £ 03 8.2 + 0.4 43 £ 09
Ouabain + bumetanide 122 + 0.9 3.7 £ 0.8 8.4 £+ 0.6 4.8 + 0.8

To study isotope fluxes from the basal to apical direction, *Rb was added to serosal medium. To study isotope fluxes from the apical to
basal direction, 3*Rb was added to mucosal medium. 100 pm ouabain 100 um bumetanide were added to the same media simultaneously with
the isotope. For more details, see Methods. Means + S for experiments in quadruplicate are given. Asterisk denotes data significantly

different from control (p < 0.001).
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Fig. 9. K fluxes in C7monolayers. (4) Effect of ATP and epi-
nephrine (epi) on accumulation from serosal (basolateral) solution
within monolayers and in mucosal medium. K* accumulation
values within monolayer and in mucosal medium in the absence of
ATP and epinephrine were taken as 100%. (B) Effect of ion
transport inhibitors on ATP-induced K* accumulation from se-
rosal solution within monolayers. **Rb was added to serosal so-
lution for 10 min. 100 um ATP, 1 pum epinephrine, 100 um ouabain,
10 um bumetanide, 2 um BaCl,, 0.05 pm ChTX, 2 pm clotrimazole
and 100 mm NPPB were added to the basolateral surface of the
monolayers simultaneously with isotope. The values of ATP-in-
duced K™ accumulation within monolayers in the absence of ion
transport inhibitors (control) were taken as 100%. Means =+ SE
from 3 experiments performed in quadruplicate are shown.

influx by furosemide seen in monolayers of MDCK
cells (Aiton et al., 1982). The low activity of NKCC in
C7 cells is probably caused by relatively high intra-

cellular CI™ concentration that was only 2-fold less
than total content of monovalent cations (Table 4).
Apart from elevated NKCC activity, the long-lasting
Isc in ATP-treated MDCK cells might be also caused
by the presence of intercalated cells. However, ATP-
induced Iscin C11 cells was negligible compared to C7
cells, and the presence of up to 50% C11 cells in the
monolayer did not affect the kinetics of Isc generated
by ATP in C7 cells (Fig. 6).

ACTIVATION OF BasoLATERAL K CHANNELS
CoNTRIBUTES TO ATP-INDUCED CI™ SECRETION

ChTX and CLT are known as potent inhibitors of
BK, and IK¢, (Rittenhouse et al., 1997; Brugnara,
De Franceschi & Alper, 1993). We observed that
ATP-induced Isc is partially inhibited by these
compounds under their addition to the serosal sur-
face of the monolayers (Table 2). Both BK, of 200—
300 pS and more frequently IKc, of 40-60 pS were
detected in MDCK cells with the patch-clamp tech-
nique (for review, see (Lang & Paulmichl, 1995)).
Viewed collectively, these data suggest that ATP-in-
duced Cl™ secretion is caused by activation of baso-
lateral BK, and(or) IK, channels. This hypothesis
is in accordance with data obtained in the study of
the effect of ATP on unidirectional K* fluxes. In-
deed, it was shown that ATP augments K" efflux
across the basolateral membrane of MDCK mono-
layers (Simmons, 1991b; Tauc, Gastineau & Poujeol,
1993). We observed that ATP sharply elevates K*
(®Rb) influx through the basolateral surface of C7
monolayers and does not affect transepithelial K"
fluxes and K" uptake from mucosal medium (Fig.
94, Table 5). Moreover, similarly to Isc, ATP-in-
duced K+ fluxes across the basolateral membrane
were partly inhibited by BaCl,, ChTX and CLT (Fig.
9B). Elevation of K up to 60 mM in the serosal
solution led to inversion of ATP-induced Isc (Figs. 4
and 5), suggesting the involvement of K™ channels in
the induction of CI™ secretion via the modulation of
membrane electrical potential.
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Table 4. Effect of ATP and epinephrine on the content of intracellular exchangable K™, Na® and Cl™ monolayers of C7-MDCK cells

Additions Content of monovalent ions, nmol/cm?

K" Na* cr
None (control) 174.8 + 8.1 854 £ 1.1 1153 + 21.3
ATP, 100 pum 151.0 + 11.0 92.7 £ 7.9 994 + 6.9
Epinephrine, 1 um 164.9 £ 10.0 106.3 + 8.9 114.0 £ 23.6

Cell monolayers were incubated for 3 hr in DMEM containing 2% calf serum, 86Rb, 2*Na or *°Cl. ATP and epinephrine were added to the
serosal solution for the last 10 min of incubation with isotopes. Means + SE of experiments performed in triplicate are given.

Table 5. Effect of ATP and epinephrine on K (**Rb) uptake from
serosal solutions by monolayers of C7-MDCK cells

Additions K™ (®°Rb) uptake,
nmol/cm?/10 min
None (control) 26.1 = 3.4
Ouabain + bumetanide 10.0 £ 0.9
Ouabain + bumetanide + ATP 734 £ 6.1
Ouabain + bumetanide + epinephrine 13.1 £ 1.3

100 pm ouabain, 10 pm bumetanide, 100 pm ATP and 1 um epi-
nephrine were added to the serosal solution simultaneously with
86Rb. Isotope uptake was terminated in 10 min and the content of
86Rb within monolayers was determined as indicated in Methods.
Means + SE of experiments performed in quadruplicate are given.

The data considered above allow us to propose a
model of purinergic activation of Cl~ secretion in
principal cells (Fig. 10). The activation of P,y-puri-
noceptors located on the basolateral or apical surface
of the monolayer leads to activation of basolateral
ChTX- and CLT-sensitive K channels. These
channels differently affect electrical potential of ba-
solateral and apical membranes and generate an
electrochemical driving force for transient Cl™ efflux
through apical electrogenic anion transporter(s) with
low sensitivity to NPPB. In contrast to other types of
secretory epithelium, we observed very modest con-
tribution of basolateral NKCC to ATP-induced CI™
secretion. Because of this, our model suggests that
CI™ influx across the basolateral membrane is mainly
mediated by anion channels with high affinity for
NPBB.

The proposed model raises several questions.
Extensive studies performed with MDCK cells grown
on impermeable support demonstrate that P,y re-
ceptors generate diverse signals, including elevation
of intracellular Ca®* concentration, activation of
MAP kinase and phospholipases A,, C and D (for
reference see Gagnon et al., 1999). Do these signaling
cascades possess the same efficiency in polarized C7
cells, and which of them play(s) a key role in acti-
vation of basolateral K channels? Is the magnitude
of modulation of the CI™ electrochemical driving
potential on apical membranes caused by activation
of K™ channels sufficient to generate transcellular
CI™ fluxes, or do P,y-purinoceptors also modulate
the open probability of apical and/or basolateral Cl1—

channels by independent mechanism(s)? Which ion
transporters mediate ATP-induced K* fluxes ob-
served in the presence of ChTX and CLT? We will
address these questions in forthcoming studies.

DisTINCT IoN TRANSPORTERS MEDIATE Igc
TRIGGERED BY PURINO- AND ADRENOCEPTORS

Apart from purinoceptors, Cl~ secretion in MDCK
cells can be induced by activation of adrenoceptors
(Brown & Simmons, 1981), muscarinic cholinocep-
tors (Simmons, 1992), receptors of vasopressin (Lahr
et al., 2000), prostaglandin E; and E; (Simmons,
1991a; Simmons, 1991b). Is the model proposed for
agonists of P,>y-purinoceptors (Fig. 10) also applica-
ble to other secretagogues? The involvement of apical
anion channels is probably ubiquitous for all of them.
Indeed, inhibition of Isc by apical application of 500
uMm NPPB was revealed in C7 cells treated with epi-
nephrine (Table 2) and with arginine-vasopressin
(Lahr et al., 2000). However, the implication of ba-
solateral K™ and CI~ channels seems to be limited to
purinoceptor-induced Igc. Indeed, in contrast to
ATP, we did not observe any significant effect of
basal application of NPBB and inhibitors of K™
channels on the maximal increment of epinephrine-
induced ion current (Table 2). In contrast to ATP,
epinephrine only slightly activated K™ fluxes across
the basolateral membrane of C7 cells (Fig. 94, Table
5) and K" elevation in serosal solution did not lead
to the reverse direction of Isc as noted in ATP-
treated cells (Figs. 4 and 5). The molecular mecha-
nisms underlying these features of the regulation of
ion fluxes by adreno- and purinoceptors were out of
the scope of the present investigation and deserve
further analysis.

In conclusion, our results show that transcellular
ion current observed in ATP-treated C7 cells resem-
bling principal cells from the collecting duct is only
slightly affected by inhibitors of Na*, K*, Cl~ co-
transport and is mainly caused by CI™ secretion via
the coupled function of apical and basolateral
transporters with different sensitivities to the anion
channel blocker NPBB. Transcellular CI~ movement
in ATP-treated cells is at least partially caused by
activation of basolateral ChTX- and CLT-sensitive
K™ channels.



142 N. Bourcier et al.: Purinoceptors and Ion Transport in Renal Epithelial Cells

Low NPPB

High NPPB

Mucosal Serosal

solution solution

Fig. 10. Possible mechanism of implication of apical and basolat-
eral K" and Cl™ channels in transcellular ion current triggered by
P,y-purinoceptors in principal cells. /7 and 2: CI™ channels located
on apical and basal membranes and inhibited by NPPB at high and
low concentrations, respectively; 3: basolateral K" channels in-
hibited by ChTX and CLT; E,,, and Ey,: electrical potential on
apical and basolateral membrane, respectively; + and — signals:
leading to activation and inhibition of ion transporters, respec-
tively; ?:+ unknown step of signaling cascade. For more details,
see text.
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