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Abstract. We demonstrated recently that in renal epi-
thelial cells from collecting ducts of Madin-Darby canine
kidneys (MDCK), Na+,K+,Cl− cotransport is inhibited up
to 50% by ATP via its interaction with P2Y purinoceptors
(Biochim. Biophys. Acta1998. 1369:233–239). In the
present study we examined which type of renal epithelial
cells possesses the highest sensitivity of Na+,K+,Cl− co-
transport to purinergic regulation. We did not observe
any effect of ATP on Na+,K+,Cl− cotransport in renal
epithelial cells from proximal and distal tubules, whereas
in renal epithelial cells from rabbit and rat collecting
ducts ATP decreased the carrier’s activity by∼30%.
ATP did not affect Na+,K+,Cl− cotransport in C7 subtype
MDCK cells possessing the properties of principal cells
but led to∼85% inhibition of this carrier in C11-MDCK
cells in which intercalated cells are highly abundant.
Both C7- and C11-MDCK exhibited ATP-induced IP3

and cAMP production and transient elevation of [Ca2+] i.
In contrast to the above-listed signaling systems, ATP-
induced phosphorylation of ERK and JNK MAP kinases
was observed in C11-MDCK only. Thus, our results re-
veal that regulation of renal Na+,K+,Cl− cotransport by
P2Y receptors is limited to intercalated cells from col-
lecting ducts and indicate the involvement of the MAP
kinase cascade in purinergic control of this ion carrier’s
activity.
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Introduction

As in most other tissues (Brake & Julius, 1996), ATP is
co-released with norepinephrine from isolated kidneys
upon renal sympathetic nerve stimulation (Bohmann et
al., 1995). These results as well as data on the expres-
sion of mRNA encoding P2X1, P2X4 (Takeda, Kobayashi
& Endou, 1998; Chan et al., 1998) and 3 subtypes of P2Y

receptors (P2Y1, P2Y2, P2Y11) (Rice, Burton & Fiedelday,
1995; Tokuyama et al., 1995; Webb et al., 1996; Com-
muni et al., 1997; Takeda et al., 1998) in different seg-
ments of tubules and in cultured renal epithelial cells
(REC) indicate that P2 receptors are involved in the regu-
lation of renal function. However, in contrast to nonep-
ithelial cells, data on the role of P2 receptors in the con-
trol of ion transporters contributing to reabsorption of
salt and osmotically obliged water along the nephron are
limited to a few publications. In monolayers of REC
derived from the Madin-Darby canine kidney (MDCK),
basolateral application of ATP leads to acute and sus-
tained stimulation of short-circuit current resulting from
basal to apical Cl− secretion (Simmons, 1981), which
seems to be mediated by two different types of P2Y re-
ceptors (Zegarra-Moran, Rommeo & Galietta, 1995).
Based on findings of P2Y receptor-induced [Ca2+] i eleva-
tion in REC, and in MDCK cells in particular (Paulmichl
et al., 1991; Delles, Heller & Dietl, 1995), it has been
suggested that the transient phase of ATP-induced incre-
ment of Cl− secretion is caused by activation of Ca2+-
sensitive K+-channels and modulation of membrane po-
tential (Friedrich et al., 1989; Paulmichl et al., 1991;
Tauc, Gastineau & Ponjeol, 1993). The role of other
monovalent ion transporters in purinergic modulation of
renal epithelium function remains unknown.Correspondence to:S.N. Orlov
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We reported earlier that in MDCK cells, Na+,K+,Cl−

cotransport is insensitive to agonists of P1-purinergic,
a-adrenergic, cholinergic and dopaminergic receptors as
well as to vasopressin, bradykinin, angiotensin II and
8-Br-cGMP, but is completely blocked by activation of
protein kinase C (PKC) with 4b-phorbol 12-myristate
13-acetate (PMA) and is partially inhibited by extracel-
lular ATP (Gagnon et al., 1998). Recently, we demon-
strated that ATP-induced inhibition of Na+,K+,Cl− co-
transport in MDCK cells is triggered by P2Y purinocep-
tors (Gagnon et al., 1999a). The present study examines
(i) whether purinergic inhibition of Na+,K+,Cl− cotrans-
port is a universal property of REC or this regulatory
pathway is a feature of collecting duct (CD)-derived
MDCK, and (ii) which type of CD cells (principal or
intercalated) possesses the highest Na+,K+,Cl− cotrans-
port sensitivity to purinergic regulation. To answer these
questions, we compared the effect of ATP on K+ (86Rb)
influx in MDCK cells, REC from rabbit proximal tubules
(PT), distal tubules (DT) and CD, in REC from rat inner
medullary CD as well as in C7 and C11 substrains of
MDCK cells, in which principal and intercalated cells are
highly abundant. The impact of ATP on [Ca2+] i, intra-
cellular content of cAMP and inositol 1,4,5-triphosphate
(IP3) and MAP kinase phosphorylation was used as a
positive control for the presence of P2Y receptors and for
analysis of the relative contributions of these signaling
systems in purinergic inhibition of Na+,K+,Cl− cotrans-
port.

Materials and Methods

CELL ISOLATION AND CULTURE

Epithelial cells from PT, DT and CD of New Zealand white rabbit
kidneys were isolated and characterized according to a previously pub-
lished procedure (Koop et al., 1991; Romero et al., 1992). These cells
were seeded in medium containing DMEM-F12 powder, 15 mM N-[2-
hydroxyethyl]piperazine-N8-[2-ethanesulfonic acid] (HEPES), 7 mM

NaHCO3, 350 mg/ml L-glutamine, 100 U/ml penicillin, 100mg/ml
streptomycin, 0.5mM hydrocortisone, 5mg/ml transferrin and 5% fetal
calf serum and grown in a humidified atmosphere of 95% air and 5%
CO2. The medium was changed every 2–3 days and cells at passages
2 to 4 were used in this study. Cells from rat inner medullary CD
(rIMCD) were obtained as described previously (Selvaggio et al., 1988)
and used at passages 15 to 25. MDCK cells were procured from the
American Type Culture Collection (ATCC No. CCL 34, Rockville,
MD). Two subclones of MDCK cells possessing the properties of prin-
cipal and intercalated cells from CD (C7-MDCK and C11-MDCK,
respectively) were obtained as described previously in detail (Gekle et
al., 1994). C7-MDCK and C11-MDCK cells seeded on permeable sup-
port have transepithelial resistance of 4905 ± 344 (n 4 3) and 322 ±
32 V/cm2 (n 4 10), respectively, that is in accordance with previously
reported data (Gekle et al., 1994). Both rIMCD and MDCK cells were
cultured in DMEM supplemented with 29 mM sodium bicarbonate, 8
mM HEPES, 100 U/ml penicillin, 100mg/ml streptomycin and 10%
fetal bovine serum (Gibco Laboratories, Burlington, Ont., Canada).
The cells were passaged upon reaching subconfluent density by treat-

ment in Ca2+- and Mg2+-free Dulbecco’s phosphate-buffered saline
with 0.1% trypsin from Sigma (C7- and C11-MDCK) or with 0.05%
trypsin from Gibco Laboratories (all other types of REC) and scraped
from the flasks with a rubber policeman. Dispersed cells were counted
and inoculated at 1.25 × 103 cell/cm2. Both stock cultures and cultures
for experiments were grown for 6–8 days to attain subconfluency, in 80
cm2 culture flasks and 6- or 24-well plates, respectively. In part of the
experiments (Figs. 8 and 9), cells were serum-starved for 2 days in
DMEM containing 0.1% BSA.

MEASUREMENT OFK+ (86Rb) INFLUX

Cells growing in 24-well plates were washed twice with 2 ml of me-
dium A containing 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2 and 10
mM HEPES-tris buffer (pH 7.4, room temperature) and incubated for
30 min at 37°C in 1 ml of medium B with or without ATP and other
compounds listed in the table and figure legends. Medium B contained
(in mM): NaCl 140, KCl 5, MgCl2 1, CaCl2 1, D-glucose 5 and HEPES-
tris 20 (pH 7.4). The preincubation medium was replaced by 0.25 ml
of the same medium with or without 1 mM ouabain and 20mM bu-
metanide. The cells were incubated at 37°C for 5 min, and 0.25 ml of
medium B containing 1–2mCi/ml 86RbCl was added thereafter.86Rb
uptake was terminated by the addition of 2 ml of ice-cold medium C
containing 100 mM MgCl2 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.86Rb (K+) influx was calculated asV 4 A/amt
where A is the radioactivity in the sample (cpm),a is the specific
radioactivity of86Rb (K+) (cpm/nmol) in the incubation medium,m is
the protein content in the sample (mg) andt is the incubation time
(min). Protein content was measured by Lowry’s method. As reported
previously, the kinetics of86Rb uptake by MDCK cells were linear up
to at least 20 min (Gagnon et al., 1998). Unless otherwise indicated, an
incubation time of 15 min was used to determine the initial rate of K+

influx. The activity of Na+,K+ pump and Na+,K+,Cl− cotransport was
estimated as the rate of ouabain-sensitive and ouabain-resistant, bu-
metanide-sensitive86Rb influx, respectively. Table 1 presents baseline
values of the activity of Na+,K+ pump, Na+,K+,Cl− cotransport and
(ouabain + bumetanide)-resistant86Rb influx in REC used in this study.

Table 1. Baseline activity of Na+,K+ pump, Na+,K+,Cl− cotransport
and (ouabain + bumetanide)-resistant86Rb influx in epithelial cells
from rabbit, rat and canine kidneys

Type of cells n Na+,K+ pump Na+,K+,Cl−

cotransport
Ouabain +
bumetanide-
resistant86Rb
influx

nmol per mg of protein per 15 min

Rabbit PT 8 51 ± 7 107 ± 15 33 ± 5
Rabbit DT 7 35 ± 21 76 ± 13 28 ± 4
Rabbit CD 6 17 ± 6 46 ± 3 9 ± 1
Rat IMCD 7 83 ± 6 50 ± 5 7 ± 1
MDCK 5 60 ± 4 28 ± 3 5 ± 1
C7-MDCK 6 16 ± 8 189 ± 17 7 ± 2
C11-MDCK 8 54 ± 3 16 ± 2 4 ± 1

Means ±SE obtained inn experiments performed in triplicate or qua-
druplicate are given.

226 S.N. Orlov et al.: Purinergic Inhibition of Na,K Cotransport



We have reported previously that the addition of ouabain does not
affect the absolute values of Na+,K+,Cl− cotransport in MDCK cells
(Gagnon et al., 1999a).

INTRACELLULAR FREE CALCIUM CONCENTRATION

Cells growing in 80 cm2 flasks were lifted by trypsin treatment, as
described above, and washed twice in DMEM containing 10% calf
serum, followed by 2 washes in medium B. Cells resuspended in 3 ml
of medium B were incubated for 1 hr at 37°C in the presence of 5mM

fluo 3 AM and 0.02% pluronic F-127 with permanent stirring. They
were centrifuged (800 ×g, 3 min), washed twice with medium B
containing 1% BSA and 2.5 mM probenecid, then kept in 3 ml of the
same medium at room temperature for no more than 3 hr. Before the
measurement of fluorescence (F), 1 ml of cell suspension was centri-
fuged and the cells were washed with medium B containing 1 mM

probenecid, then resuspended in 2.5 ml of the same medium.F was
measured atlex 4 483 nm andlem 4 523 nm (slits 1 and 9 nm,
respectively), using a SPEX FluoroMax spectrophotofluorometer (Edi-
son, NJ). Free intracellular Ca2+ concentration was quantified as
[Ca2+] i 4 Kd (F − Fmin) (Fmax− F)−1, whereFmaxandFmin are maximal
and minimal values ofF measured in the presence of 0.5% triton X-100
and 2 mM CaCl2 or 10 mM EGTA (pH 8.9), respectively; andKd is the
dissociation constant of the Ca2+-fluo 3 complex (864 nM at 37°C
(Merritt et al., 1990)).

INOSITOL TRIPHOSPHATEPRODUCTION

Cells seeded on 24-well plates were prelabeled overnight with 3mCi/
ml myo-[2-3H]-inositol. Prior to the experiment, the radioactive me-
dium was aspirated, and the cells were washed 3 times with 1 ml of
medium A, followed by 30-min preincubation at 37°C in medium D
containing 130 mM NaCl, 15 mM LiCl, 5 mM KCl, 1 mM MgCl2, 1 mM

CaCl2, 5 mM glucose and 20 mM HEPES-tris (pH 7.4). This medium
was replaced thereafter by 0.25 ml of medium D for 30 min at 37°C,
followed by the addition of 0.25 ml of medium B containing 200mM

ATP for 5 min. Incubation was terminated by SDS/EDTA mixture.
The cell lysates were applied to a column containing 0.5 g DOWEX-
AG 1-X8 (formate form), and IP3 was resolved as described elsewhere
(Orlov et al., 1992).

cAMP PRODUCTION

Cells seeded in 12-well plates were washed twice with medium A and
incubated for 1 hr in 1 ml of medium B with or without 100mM ATP,
10 mM forskolin and 10mM indomethacin. This medium was aspirated
and the cells were treated with 1 ml of 1N perchloric acid. cAMP
production was determined as increment of cAMP content in the in-
cubation medium and in cell lysates measured by radioimmunoassay
(Hamet, Pang & Tremblay, 1989).

MAP KINASE PHOSPHORYLATION

Serum-starved cells grown in 6-well plates were stimulated with ago-
nists for 10 min, washed twice with ice-cold phosphate-buffered saline
and lysed in 150ml of buffer containing 25 mM HEPES-NaOH (pH
7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% triton X-100, 1
mM phenylmethylsulphonyl fluoride, 1mg/ml leupeptin, 1mg/ml apro-
tinin, 200mM Na-orthovanadate and 1 mM NaF. The lysed cells were
scraped and centrifuged at 14,000 rpm for 20 min in a microcentrifuge.
An equal volume of clear lysates containing 20mg of protein was

applied on 10% polyacrylamide gel, followed by electrophoresis and
transfer to Immobilon-P membrane (Millipore, Bedford, MA). Phos-
phorylation of MAP kinases was determined by western blot analysis
with antibodies against phospho-ERK, phospho-JNK and phospho-p38,
according to the manufacturers’ instructions. The equal content of
MAP kinase kinase substrates was confirmed by immunoblotting with
anti-ERK, anti-JNK and anti-p38 antibodies.

CHEMICALS

PMA, ATP, ouabain, bumetanide, amiloride, probenecid, indometha-
cin, DOWEX-AG 1-X8, anti-cyclic AMP-28-BSA antibodies, Sigma
(St. Louis, MO); thapsigargin, U-73122, Calbiochem (La Jolla, CA);
fluo 3AM, pluronic F-127, Molecular Probes (Eugene, OR); anti-
phospho-ERK1/2 and anti-phospho-p38 antibodies, New England Bio-
lab (Beverly, MA); anti-phospho-JNK, anti-JNK and anti-p38 antibod-
ies, Santa Cruz Biotechnology, Santa Cruz, CA;86RbCl, myo-[2-3H]-
inositol, Dupont (Boston, MA); salts,D-glucose and buffers, Sigma and
Anachemia (Montreal, Canada). Anti-p42 ERK antibodies were kindly
provided by Dr. Michael J. Dunn (Medical College of Wisconsin,
Milwaukee, WI).

ABBREVIATIONS

CD—collecting duct; DT—distal tubule; IP3—inositol 1,4,5-triphos-
phate; MAPK—mitogen-activated protein kinases; MDCK—Madin-
Darby canine kidney cells (wild type); C7- and C11-MDCK—sub-
clones of MDCK cells possessing properties of principal and interca-
lated cells from CD; PKA and PKC—protein kinase A and C, respec-
tively; PLA2 and PLC—phospholipase A2 and C; PMA—4b-phorbol
12-myristate 13-acetate; PT—proximal tubule; REC—renal epithelial
cells; rIMCD—rat inner medullary CD.

Results

REGULATION OF
86Rb INFLUX BY P2 PURINOCEPTORS IN

REC DERIVED FROM PT, DT AND CD

We have reported previously that the addition of PMA
and ATP slightly potentiated the activity of Na+,K+

pump in MDCK cells, whereas Na+,K+,Cl− cotransport
was completely inhibited by PMA, partially inhibited
(∼40–50%) by ATP and augmented by 30% under acti-
vation of adenylate cyclase with forskolin (Gagnon et al.,
1998). Data obtained on MDCK cells in the present
study confirmed these findings (Tables 2 and 3). In rab-
bit PT, Na+,K+ pump was inhibited by 35% with PMA
and was activated by∼2-fold with forskolin. In contrast
to PT, PMA augmented Na+,K+ pump by 2-fold in cells
from rabbit DT. We did not observe significant effects
of these compounds on Na+,K+ pump activity in rabbit
CD cells and in rIMCD (Table 2). Activators of PKC
and PKA have been shown to decrease the Na+,K+-
ATPase in rat PT, measured as the rate of ATP hydro-
lysis in tissue homogenates, but do not affect the activity
of this enzyme in CD and the thick ascending limb of
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Henle’s loop (Satoh, Cohen & Katz, 1993; Ominato, Sa-
toh & Katz, 1996). In contrast, in both intact opossum
kidney cells derived from PT (Pedemonte et al., 1997a)
and in the same cells transfected with thea1-isoform of
Na+,K+-ATPase (Pedemonte et al., 1997b), PMA tran-
siently activates this ion transport pathway, measured as
the rate of ouabain-sensitive86Rb uptake. Possible ex-
planations for the controversial data obtained in these
studies have been considered recently (Gagnon et al.,
1999b).

As in MDCK cells, PMA caused virtually complete
supression of Na+,K+,Cl− cotransport in rIMCD cells de-
rived from rat CD and inhibited this carrier by 30–50%
in REC from different segments of the rabbit tubule
(Table 3). In contrast to PMA, ATP did not affect
Na+,K+,Cl− cotransport in REC from PT and DT but
decreased it by∼50% in MDCK cells and by∼30% in
cells from rabbit and rat CD (Table 3). In these cells, the
level of ATP-induced inhibition of Na+,K+,Cl− cotrans-
port was not affected by the presence of ouabain (data
not shown).

REGULATION OF [Ca2+] I BY P2 PURINOCEPTORS INREC
DERIVED FROM PT, DT AND CD

The lack of effect of ATP on Na+,K+,Cl− cotransport in
REC derived from PT and DT may be caused by the
absence of functional P2 receptors. It has been shown
that activation of all types of P2Y receptors cloned so far
is accompanied by triggering of phospholipase C (PLC)
and Ca2+

i release (Burnstock & King, 1996; Brake &
Julius, 1996). Considering this, we compared the effect
of ATP on [Ca2+] i in REC derived from different seg-
ments of the rabbit tubule. The addition of ATP led to a
transient elevation of [Ca2+] i in REC from CD showing
inhibition of Na+,K+,Cl− cotransporter by ATP as well as
in REC from PT and DT lacking an ATP-sensitive car-
rier (Fig. 1, Table 3). The higher baseline [Ca2+] i values
in fluo 3-loaded REC (∼400 nM, Fig. 1) compared to fura

2-loaded cells (100–200 nM (Burnstock & King, 1996;
Brake & Julius, 1996)) are in accordance with data ob-
tained for other cell types (Merritt et al., 1990) and are
caused by differentKd values of fluo 3-Ca and fura- 2-Ca
complexes (864 and 224 nM, respectively).

REGULATION OF
86Rb INFLUX BY P2 PURINOCEPTORS IN

C7- AND C11-MDCK CELLS

The CD of mammalian kidneys is a heterogeneous epi-
thelium consisting of principal and intercalated cells with
different morphological and functional properties. Prin-
cipal cells are mainly involved in K+ secretion and Na+

reabsorption, whereas intercalated cells are responsible
for acid-base transepithelial transport (Hamm & Alpern,
1992; Koeppen & Stanton, 1992; Schwartz, 1995). In-
terestingly, two substrains of cells with different mor-
phological and electrical properties have been identified
in commercially available stocks of MDCK (Richardson,
Scalera & Simmons, 1981; Barker & Simmons, 1981).
These two subtypes of MDCK cells, with high (C7-
MDCK) and low (C11-MDCK) transepithelial electrical
resistance (Rte ∼5,000–6,000V/cm2 and 300–400
V/cm2) and possessing the functional properties of prin-
cipal and intercalated cells, respectively, have been
cloned from wildtype MDCK (Gekle et al., 1994). We
used these substrains to study the relative contributions
of principal and intercalated cells in ATP-induced inhi-
bition of Na+,K+,Cl− cotransport revealed in REC de-
rived from canine, rabbit and rat CD (Table 3).

In C7- as well as in C11-MDCK, PMA led to vir-
tually complete suppression of Na+,K+,Cl− cotransport
(Fig. 2). In contrast, ATP decreased the activity of
Na+,K+,Cl− cotransport in C11-MDCK but did not sig-
nificantly affect this carrier in C7-MDCK. In both sub-
types of MDCK cells, Na+,K+,Cl− cotransport was insen-
sitive to forskolin. Figure 3 charts the time course of
inhibition of Na+,K+,Cl− cotransport in C11 cells by
PMA and ATP. In both cases, maximal suppression was

Table 2. Effect of PMA, ATP and forskolin on the activity of Na+,K+ pump in renal epithelial cells

Additions, mM Na+,K+ pump, %

MDCK Rabbit PT Rabbit DT Rabbit CD rIMCD

None (control) 100 ± 8 100 ± 6 100 ± 7 100 ± 12 100 ± 5
PMA, 0.1 128 ± 11 65 ± 9a 203 ± 16c 108 ± 14 116 ± 4
ATP, 100 132 ± 8a 102 ± 15 142 ± 45 113 ± 8 123 ± 8
Forskolin, 10 107 ± 10 182 ± 33b 120 ± 17 98 ± 16 106 ± 5

Cells were preincubated for 30 min with compounds listed in the left column. Thereafter, the medium
was aspirated and 0.25 ml of the same medium with or without 1 mM ouabain was added. After 5 min,
86Rb uptake was initiated by the addition of 0.25 ml of medium B with 1–2mCi/ml 86RbCl. The value
of Na+,K+ pump in the absence of any additions was taken as 100%. Means ±SE obtained in 3
experiments performed in triplicate or quadruplicate are given.a, b, c -P < 0.05, 0.02 and 0.01, respec-
tively, compared with control values.
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observed after 30 min of preincubation of cells with
these compounds. Based on these results, we limited the
time of preincubation with ATP by 30 min in subsequent
experiments.

As seen in Fig. 4, none of the test compounds af-
fected Na+,K+-pump in C11-MDCK cells. In contrast,
the activity of Na+,K+-pump in C7-MDCK cells was
augmented by∼3-, 9- and 12-fold under the addition of
PMA, ATP and forskolin, respectively. Using C7- and
C11-MDCK, we did not observe the effect of these com-
pounds on (ouabain + bumetanide)-resistant86Rb influx
(data not shown).

SIGNALING SYSTEMS IN C7- AND C11-MDCK CELLS

TRIGGERED BY P2 RECEPTORS

It is well-documented that activation of P2 purinoceptors
in MDCK cells leads to augmentation of PLC activity
and IP3 accumulation (Balboa et al., 1994; Firestein et
al., 1996; Insel et al., 1996; Gagnon et al., 1999a), a
transient elevation of [Ca2+] i (Paulmichl et al., 1991;
Delles et al., 1995; Gagnon et al., 1999a), cAMP pro-

duction by phospholipase A2 (PLA2)-dependent and -in-
dependent pathways (Paulmichl et al., 1991; Firestein et
al., 1996; Insel et al., 1996) and phosphorylation of
ERK1/2 (p42/p44) MAP kinases (Xing et al., 1997; Gag-
non et al., 1999a). To examine the possible contribu-
tions of these signaling pathways in ATP-induced inhi-
bition of Na+,K+,Cl− cotransport, we compared their ef-
ficiency in C7-MDCK and C11-MDCK cells.

Figure 5 shows that ATP-induced IP3 production
was∼2-fold higher in C11 compared with C7 cells; this
difference was completely abolished by the PLC inhibi-
tor U73122. Forskolin-induced cAMP production in C7
and C11 cells was not different and was not affected by
an inhibitor of cyclooxygenase, indomethacin (Fig. 6).
In the absence of indomethacin, ATP-induced cAMP
production was similar in C7 and C11 cells. Indometha-
cin decreased cAMP production in C7 and C11 cells by
25 and 50%, respectively, thus showing the higher con-
tribution of the PLA2/cyclooxygenase-mediated path-
way in the ATP-induced cAMP response in intercalated
cells.

We did not observe any significant differences in
maximal [Ca2+] i elevation (Fig. 7a andc), but the du-

Table 3. Effect of PMA, ATP and forskolin on the activity of Na+,K+,Cl− cotransport in renal
epithelial cells

Additions, mM Na+,K+,Cl− cotransport, %

MDCK Rabbit PT Rabbit DT Rabbit CD rIMCD

None (control) 100 ± 6 100 ± 8 100 ± 10 100 ± 7 100 ± 7
PMA, 0.1 7 ± 6c 68 ± 5a 55 ± 4b 69 ± 3c 9 ± 1c

ATP, 100 52 ± 8b 89 ± 6 94 ± 5 71 ± 8a 72 ± 8a

Forskolin, 10 129 ± 10 112 ± 24 128 ± 6 150 ± 11a 90 ± 6

Cells were preincubated for 30 min with compounds listed in the left column. Thereafter, the medium
was aspirated and 0.25 ml of the same medium containing 1 mM ouabain with or without 20mM

bumetanide was added. After 5 min,86Rb uptake was initiated by the addition of 0.25 ml of medium B
with 1–2mCi/ml 86RbCl. The value of Na+,K+ pump in the absence of any additions was taken as 100%.
Means ±SEobtained in 3 experiments performed in triplicate or quadruplicate are given.a, b, c −P < 0.05,
0.02 and 0.001, respectively, compared with control values.

Fig. 1. Effect of ATP on intracellular free calcium
concentration ([Ca2+] i) in fluo 3-loaded epithelial
cells derived from proximal tubules (PT), distal
tubules (DT) and collecting ducts (CD) from the
rabbit kidney. Additions of ATP (100mM) are
shown by arrows.
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ration of the ATP-induced Ca2+
i signal was markedly

increased in C11-MDCK compared to C7-MDCK cells.
This difference may be caused by an enhanced rate of
Ca2+ extrusion from C7 cells by plasma membrane Ca2+

-pump and/or Ca2+/Na+ exchanger or by quenched ac-
tivity in these cells of calcium release-activated channels
(CRAC) which are widely expressed in various types of
non-excitable cells (Holda et al., 1998). The latter hy-
pothesis is supported by the following data. As seen in
Fig. 7b and d, the difference in kinetics of the ATP-
induced [Ca2+] i elevation between C7 and C11 cells was
abolished in Ca2+-free medium; the addition of [Ca2+]o

led to a sustained rise of [Ca2+] i in ATP-pretreated C11-
MDCK and only slightly augmented this parameter in
C7-MDCK cells.

The most dramatic differences between C7 and C11
cells were observed in the study of MAP kinase phos-
phorylation. In C7-MDCK, ERK phosphorylation was
increased sharply by PMA but was not affected by ATP
(Fig. 8a). In contrast, in C11-MDCK, ERK phosphory-
lation was potentiated sharply by ATP and to a much
lesser extent by PMA. The level of ERK phosphoryla-
tion by ATP and PMA in rIMCD was similar. In all
types of REC, an elevation of [Ca2+] i by thapsigargin did
not significantly affect ERK phosphorylation. We did
not detect any effect of ATP, PMA and thapsigargin on
JNK1 phosphorylation in C7-MDCK (Fig. 9Aa). In
C11-MDCK, on the other hand, JNK1 phosphorylation

was augmented sharply by ATP and moderately by PMA
and thapsigargin. Modest activation of JNK1 phosphor-
ylation by ATP and thapsigargin was seen in rIMCD.
In contrast to ERK1/2 and JNK1, these compounds did
not alter p38 phosphorylation (Fig. 9Ba).

Discussion

The data obtained in the present study show that the
recently discovered inhibition of Na+,K+,Cl− cotransport
in MDCK cells by agonists of P2Y receptors (Gagnon et
al., 1998) is a feature of REC from CD. As with our
findings in CD-derived MDCK cells, we noted that ATP
inhibited Na+,K+,Cl− cotransport in REC from rabbit and
rat CD but did not affect this carrier in cells from PT and
DT (Table 3). It should be underlined that MDCK cells
with high transepithelial resistance (3,000–6,000V/cm2)
were used in an overwhelming majority of studies on
intracellular signaling triggered by P2 receptors. In con-
trast, the MDCK strain from ATTC employed in our
previous experiments displayed low transepithelial resis-
tance (197 ± 47V/cm2) (Gagnon et al., 1998). We,
therefore, suggested that P2Y receptor-induced inhibition
of Na+,K+,Cl− cotransport seen in our study was caused
by an abundance of intercalated cells in our MDCK stock
(Gagnon et al., 1999a). The results obtained with C7-
and C11-MDCK cells confirmed this hypothesis.

Fig. 2. Effect of PMA, ATP and forskolin on the activity of
Na+,K+,Cl− cotransport in C7- and C11-MDCK. The cells were prein-
cubated with 0.1mM PMA, 100mM ATP or 10mM forskolin for 30 min.
Thereafter, the medium was aspirated, and 0.25 ml of the same medium
containing 1 mM ouabain with or without 20mM bumetanide was
added. After 5 min,86Rb uptake was initiated by the addition of 0.25
ml of medium B with 1–2mCi/ml 86RbCl and terminated in 15 min.
The value of Na+,K+,Cl− cotransport in the absence of any additions
was taken as 100%. Means ±SE obtained in 4 experiments performed
in triplicate or quadruplicate are given. *—P < 0.001 compared with
control values.

Fig. 3. Kinetics of the inhibition of Na+,K+,Cl− cotransport in C11-
MDCK cells by ATP and PMA. The cells were preincubated with 0.5
ml of medium B up to 1 hr and in the last 40, 30, 20, 10 and 5 min of
preincubation, 50ml of 1 mM PMA or 1 mM ATP was added. Then,
86Rb uptake was initiated by the addition of 0.5 ml of medium B with
4 mCi/ml 86RbCl, 1 mM ouabain ± 20mM bumetanide and terminated
in 5 min. The value of Na+,K+,Cl− cotransport in the absence of any
additions was taken as 100%. Means ±SE obtained in experiments
performed in quadruplicate are given.
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It has been shown previously that C11-MDCK cells
with low transepithelial resistance are peanut-lectin
(PNA)-positive, maintain pHi at 7.16 and secrete Cl− and
H+ in apical media. In contrast, C7 cells with high trans-
epithelial resistance are PNA-negative, maintain pHi at
7.39 and secrete K+ (Gekle et al., 1994). These results

reveal that C7-MDCK and C11-MDCK are highly abun-
dant with principal and intercalated cells, respectively.
ATP decreased Na+,K+,Cl− cotransport by 80–90% in
C11-MDCK but did not alter its activity in C7-MDCK
(Fig. 2). These results strongly indicate that inhibition of
Na+,K+,Cl− cotransport by P2 receptors is limited to in-
tercalated cells from CD.

It might be suggested that the lack of effect of ATP
on Na+,K+,Cl− cotransport in C7-MDCK, resembling
principal cells from CD, as well as in REC from PT and
DT is caused by the absence of functional P2Y receptors.
However, our data contradict this. MDCK cells (Gagnon
et al., 1999a), C7-MDCK (Fig. 7) and REC derived from
rabbit PT and DT (Fig. 1) displayed an ATP-induced
transient increment of [Ca2+] i. Similar results were ob-
tained in a study on the effect of ATP on [Ca2+] i in REC
from rabbit PT (Romero et al., 1992) as well as in freshly
isolated rat PT (Cha, Sekine & Endou, 1998) and CD
(Ecelbarger et al., 1994; Cha et al., 1998). In addition to
Ca2+

i-signaling in C7 cells, ATP caused an elevation of
IP3 (Fig. 5) and cAMP (Fig. 6) production and sharply
augmented Na+,K+ pump activity (Fig. 4). These data
indicate that P2Y receptors coupled to PLC-mediated
Ca2+-signaling and cAMP elevation are expressed in all
segments of the mammalian nephron, whereas P2Y re-
ceptor-sensitive Na+,K+,Cl− cotransport is limited to in-
tercalated-like C11-MDCK cells.

It may be assumed that purinergic inhibition of
Na+,K+,Cl− cotransport observed in C11-MDCK cells is
caused (i) by the presence of special isoforms of the
carrier or P2Y receptors which are selectively expressed

Fig. 4. Effect of PMA, ATP and forskolin on the activity of Na+,K+

pump in C7- and C11-MDCK. The cells were preincubated with 0.1
mM PMA, 100mM ATP or 10mM forskolin for 30 min. Thereafter, the
medium was aspirated, and 0.25 ml of the same medium with or with-
out 1 mM ouabain was added. After 5 min,86Rb uptake was initiated by
the addition of 0.25 ml of medium B with 1–2mCi/ml 86RbCl and
terminated in 15 min. The value of Na+,K+ pump in the absence of any
additions was taken as 100%. Means ±SE obtained in 4 experiments
performed in triplicate or quadruplicate are given. *, **-P < 0.005 and
0.001 compared with control values, respectively.

Fig. 5. Effect of ATP and U73122 on inositol-1,4,5-triphosphate (IP3)
production in C7- and C11-MDCK cells. The cells were preincubated
with or without 10mM of U73122 IP3 for 30 min, followed by stimu-
lation with 100 mM ATP for 5 min. IP3 production in ATP- and
U73122-untreated cells was taken as 100%. Means ±SE obtained in
experiments performed in quadruplicate are given.

Fig. 6. Effect of ATP (100mM), indomethacin (indo—10mM) and
forskolin (forsk—10mM) on cAMP production in C7- and C11-MDCK
cells. The cells were incubated with the above-listed compounds for 1
hr, and cAMP content was measured as described in Materials and
Methods. Baseline cAMP production in C7 and C11 cells was not
significantly different (5.3 ± 1.7 and 6.3 ± 2.0 pmol per mg of protein
per hr, respectively). Means ±SE obtained in experiments performed in
quadruplicate are given.
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in these cells; or (ii) by peculiarities of P2Y receptor-
triggered signaling pathways. Two isoforms of
Na+,K+,Cl− cotransport have been cloned up to now.
The renal-specific isoform of Na+,K+,Cl− cotransporter
(NKCC2) is selectively expressed in apical membranes
of the thick ascending limb of Henle’s loop and DT,
whereas NKCC1 is expressed in all types of nonepithe-
lial cells studied so far, including basolateral membranes
of REC (Payne & Forbush, 1994; Payne et al., 1995;
Kaplan et al., 1996b), CD (Kaplan et al., 1996a) and
particularly MDCK cells (Deppe et al., 1997). The tar-
geted expression of NKCC1 in REC from CD is also
supported by the basolateral location of bumetanide-
sensitive ion fluxes in MDCK monolayers (Aiton et al.,
1982; Simmons, Brown & Rug, 1984). Using monoclo-
nal antibodies against a 74-amino acid carboxy-terminal
tail of NKCC1, Kaplan and coworkers (1996a) demon-
strated that this isoform of Na+,K+,Cl− cotransporter is
not uniformly expressed along the nephron, and the CD
of the mouse kidney is highly abundant with this carrier
compared to other tubular segments. In contrast to this
observation, we showed that the absolute values of bu-
metanide-sensitive86Rb influx are higher in REC from
rabbit PT vs. DT and CD (Table 1). To explain this
contradiction we propose that (i) the sequence of C-
terminus used as epitope for NKCC1 antibodies is dif-
ferent in PT and CD because of post-translation modifi-

cation or alternative splicing; (ii) the pattern of NKCC1
expression along the tubule is species-dependent; and
(iii) the level of NKCC1 expression is potentiated in
cultured REC from PT. The lack of data on the sequence
of P2Y receptors from the canine cDNA library does not
allow comparison of the expression of this superfamily
in C7- and C11-MDCK.

As mentioned in the Results, stimulation of P2Y re-
ceptors leads to PLC activation coupled to IP3 and dia-
cylglycerol production. IP3 production causes intracel-
lular Ca2+ release, whereas diacylglycerol activates PKC.
In MDCK cells, this signaling pathway is also coupled to
activation of PLA2 and PGE2 release. Using a pharma-
cological approach, Post and coworkers (1998) demon-
strated that in MDCK cells with high transepithelial re-
sistance, PLC-mediated signaling is triggered by P2Y2

receptors, whereas P2Y1 and P2Y11 receptors contribute to
PLA2-independent cAMP production. Employing
modulators of Ca2+-signaling (BAPTA, thapsigargin,
A23187), PLC (U73122) and PLA2 (arachidonic acid,
indomethacin, NDGA, AACOCF3) as well as an activa-
tor of cAMP signaling (forskolin) and inhibitors of PKC
(staurosporin, calphostin C, chronic PMA treatment), we
showed that none of the above-listed signaling pathways
is involved in the supression of Na+,K+,Cl− cotransport
in MDCK cells by agonists of P2 purinoceptors (Gagnon
et al., 1998; 1999a). The present study demonstrated
about the same effect of ATP on [Ca2+] i elevation, cAMP
and IP3 production (Figs. 5–7) in C11- and C7-MDCK
cells, possessing and lacking ATP-sensitive Na+,K+,Cl−

cotransport, respectively, further confirming this conclu-
sion.

In the last few years, it has been documented that
besides receptor tyrosine kinases, G protein-coupled re-
ceptors are able to activate the MAP kinase cascade
(Rocca et al., 1997). It has been demonstrated recently
that activation of P2Y receptors by ATP leads to ERK1/2
phosphorylation in MDCK cells (Xing et al., 1997; Gag-
non et al., 1999a). In the present study, we showed that
apart from ERK (Fig. 8), extracellular ATP is also able to
induce JNK1 phosphorylation (Fig. 9A) but does not af-
fect phosphorylation of p38, another member of stress-
activated MAP kinases (Fig. 9B). ATP-induced phos-
phorylation of ERK and JNK has been observed in C11-
MDCK, and rIMCD where ATP inhibits Na+,K+,Cl−

cotransporter. In contrast, in C7 cells lacking ATP-
sensitive Na+,K+,Cl− cotransporter, ATP does not affect
phosphorylation of these MAP kinases. Our results sug-
gest that purinergic regulation of Na+,K+,Cl− cotrans-
porter is mediated by activation of the MAP kinase sig-
naling cascade.

Transcriptional factors are the best studied sub-
strates of MAP kinases. It is well-documented that ERK
phosphorylates ternary complex factor/Elk-1, which
regulates c-fos induction, whereas JNK phosphorylates

Fig. 7. Effect of ATP and thapsigargin on intracellular free calcium
concentration ([Ca2+] i) in C7-MDCK cells (a andb) and C11-MDCK
cells (c andd). Fluo 3-loaded cells were incubated in medium B, and
100 mM ATP, 0.5 mM thapsigargin (TG), 1.2 mM EGTA and 3 mM

CaCl2 were added at the times indicated by arrows.
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N-terminal c-Jun and activating transcriptional factor 2
(Vojtek & Der, 1998). Activation of the ERK-triggered
pathway can be blocked selectively by, PD98059, an
inhibitor of ERK kinase MEK; specific inhibitors of JNK
kinase are currently not available. Using MDCK, we
demonstrated that 50mM PD98059 inhibited ATP-
induced ERK1/2 phosphorylation but did not affect regu-
lation of Na+,K+,Cl− cotransport (Gagnon et al., 1999a).
We, therefore, hypothesize that purinergic inhibition of
Na+,K+,Cl− cotransport in intercalated cells may be me-
diated by the MAP kinase cascade at a step upstream of
MEK. This hypothesis is currently being examined in
our laboratory.
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