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Abstract. P, ,,y-receptors elicit multiple signaling in carrier by ATP persisted in the presence of inhibitors of
Madin-Darby canine kidney (MDCK) cells, including a epithelial N& channels (amiloride), Clchannels
transient increase of [4;, activation of phospholipases (NPPB) and N&H* exchanger (EIPA) and was insensi-
C (PLC) and A (PLA,), protein kinase C (PKC) and tive to cell volume modulation in anisosmotic media and
mitogen-activated protein kinase (MAPK). This study to depletion of cells with monovalent ions, thus ruling
examines the involvement of these signaling pathways iout the role of other ion transporters in purinoceptor-
the inhibition of N&,K*,CI” cotransport in MDCK cells induced inhibition of N&,K*,CI” cotransport. Our data
by ATP. The level of ATP-induced inhibition of this demonstrate that none of the known purinoceptor-
carrier (0% of control values) was insensitive to chol- stimulated signaling pathways mediate ATP-induced in-
era and pertussis toxins, to the PKC inhibitor calphostinhibition of Na',K*,CI™ cotransport and suggest the pres-
C, to the cyclic nucleotide-dependent protein kinase in-ence of a novel Rreceptor-coupled signaling mecha-
hibitors, H-89 and H-8 as well as to the inhibitor of nism.
serine-threonine type 1 and 2A phosphoprotein phospha-
tases okadaic acid. ATP led to a transient increase dkey words: Na',K*,CI” cotransport — Rpurinoceptors
[Ca?*]; that was abolished by a chelator of £a — Intracellular signaling — MDCK cells
BAPTA. However, neither BAPTA nor the 4iono-
phore A231287, or an inhibitor of endoplasmic reticulum |ntroduction
Cé&*-pump, thapsigargin, modified ATP-induced inhibi-
tion of N&a",K*,CI~ cotransport. An inhibitor of PLC, The regulatory properties of the ubiquitous isoform of
U73122, and an inhibitor of MAPK kinase (MEK), Na',K*,CI” cotransport (NKCC1) are extremely tissue-
PD98059, blocked ATP-induced inositol-1,4,5- specific. Thus, cyclic AMP activates N&*,CI” co-
triphosphate production and MAPK phosphorylation, re-transport in the human intestinal secretory epithelium
spectively. However, these compounds did not modify(Matthews, Autrey & Madara, 1992), shark rectal gland
the effect of ATP on N§K*,CI™ cotransport activity. (Lytle & Forbush, 1992), and fetal human nonpigmented
Inhibitors of PLA, (AACOCF,;), cycloxygenase (indo- ciliary epithelial cells (Crook & Polansky, 1994). By
methacin) and lypoxygenase (NDGA) as well as exog-contrast, CAMP inhibits this carrier in rat vascular
enous arachidonic acid also did not affect ATP-inducedsmooth muscle cells (Smith & Smith, 1987; Orlov et al.,
inhibition of Na“",K*,CI”~ cotransport. Inhibition of the 1992), monkey retinal pigment epithelium (Kennedy,
1992) and human lymphocytes (Feldman, 1992),
whereas it has no effect on N&*,CI™ cotransport in rat
- erythrocytes (Orlov et al., 1988) and bovine tracheal ep-
*S.N. Orlov was invited professor from the Laboratory of Biomem- ithelial cells (Musch & Field, 1989). It has been reported
brane_s, Faculty of Biology, MV Lomonosov Moscow State University, that cGMP activates Na(+,c|— cotransport in neuro-
Russia blastoma NB-OK-1 cells (Delporte et al., 1993), inhibits
 Prasant _ it in bovine endothelium (O’Donnell, 1989), Hela cells
Dieu,egseso f:: rgf SSrir;r: &inﬁiieﬁ%%gxf% g::;%f Fotel (Kort & Koch, 1990) and parathyroid cells (DeFeo et al.,
1991), and does not affect the carrier in rat erythrocytes
Correspondence taS.N. Orlov and vascular smooth muscle (Orlov et al., 1988, 1992).
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In rat erythrocytes and vascular smooth muscle cells, aRispersed cells were counted and inoculated at 1.25 *c&0/cnt.

activator of protein kinase C (PKe)4l3-ph0rbO| 12- Both stock cultures and cultures for experiments were grown for 6—8

myristate 13-acetate (PMA), does not modulateleys 0 aien sixenueney SO Sl ks and o el
+ 1o+ - ) : C 0TI :

Na",K ’CI_ cotranspprt (Orlov et ,al"_ 1988’, 1992)’ rum starved for 2 days in DMEM containing 0.1% BSA. MDCK cells

whereas in the rabbit traChe_al eplthellum (L'eqtke & seeded on permeable support had a transepithelial resistance of 201 -

Thomas, 1996) and NIH-3T3 fibroblasts (Hichami et al., 38 a/cn?.

1996), PMA activates this ion carrier.

_ Madin-Darby canine kidney (MDCK) cells express- MEASUREMENT OFK* (3%Rb) INFLUX

ing NKCC1 (Delpire et al., 1994) are commonly used as

a model of barrier epithelium (Lavelle et al., 1997). Re-MDCK cells growing in 24-well plates were washed twice with 2 ml of

cently, we have reported that in these cells; M4,CI~  medium A containing (in m): 150 NaCl, 1 MgC}, 1 CaC}, and 10

cotransport is insensitive ta-adrenergic, cholinergic H'?P'Etss;;risc?“f;er |(p}: 7-"&_”0:‘; t?{;‘perat}:;e) t""t"dti”g“bated f°g30
f . . H _|n al °C in 1 ml of medium B with or without teste compounds.
and dopaminergic agonists as well as to vasopressin, br%‘Iedium B contained (in m): NaCl 140, KCI 5, MgCj 1, CaC 1,

dykinin, angiotensin I_I and 8'Br'CGMP' but is Com' p-glucose 5, HEPES-tris 20 (pH 7.4). The preincubation medium was
pletely blocked by activation of PKC with PMA and is then replaced with 0.25 ml of the same medium containingsd m
partly inhibited by agonists of Ppurinergic receptors ouabain with or without 2Gum bumetanide. The cells were incubated
(Gagnon et al., 1998). It is well documented that inat 37°C for 5 min, and thereafter 0.25 ml of medium B containing 1-2
monolayers of MDCK cells, activation of,Receptorsis  rCi/ml 85RbCl was added®®Rb uptake was terminated by the addition
accompanied by augmented "Céecretion (Simmons, of 2 ml of ice-cold medium C containing 100MmMgCl, and 10 nm

. . . HEPES-tris buffer (pH 7.4). The cells were then transferred on ice,
1981) linked to rise of [C%j' (Paulmichl et al.,, 1991) washed 4 times with 2 ml of ice-cold medium C and lysed with 1 ml

and aCt,Ivatlon of phosphpllpas.e C (PLC) and(RLA,) of 1% SDS/4 mM EDTA mixture. The radioactivity of the cell lysate
(Paulmichl et al., 1991, Firestein et al., 1992; Yang et al. \yas measured with a liquid scintillation analyz&fRb (K*) influx was
1997). Recently, it has been reported that in MDCK calculated a3/ = A/amtwhereA is the radioactivity in the sample
cells, P-receptor agonists also stimulate mitogen-(cpm),ais the specific radioactivity of°Rb (K*) (cpom/nmol) in the
activated protein kinase (MAPK) (Xing et al., 1997). incubation mediumm is the protein content in the sample (mg) and
In the present study, we examined the involvement Of's the incubation time (min). Protein content was measured by modi-

. . . . P fied Lowry’s method (Hartee, 1972). As shown previously, the kinet-
these signaling pathways in ATP-induced inhibition of ics of 8Rb uptake by MDCK cells were linear up to at least 20

Na’,K*,CI” cotransporter using a set of modulators of , (Gagnon et al., 1998). Unless otherwise indicated, an incubation
signal transduction shown in scheme presented in Distime of 15 min was used to determine the initial rate of iKflux.
cussion. We demonstrated that inhibition of N&",CI” Na",K*,CI™ cotransport was estimated as the rate of ouabain-resistant
cotransport by Rreceptors in MDCK cells is not medi- bumetanide-sensitiveRb influx. The values of NgK*,CI~ cotrans-
ated by Gs/Gi GTP-binding proteins and is not related tgrort measured in the presence and absence of ouabain (46 + 6 and 5:

elevation of [C€l+]i as well as to the activation of MAPK. ¥ 9 nmol per mg prot per 15 min, respectively) were nor statistically
' different.

PLA,, polyphosphoinositide breakdown and staurospo-

rine/calphostin-sensitive PKC.
INTRACELLULAR MONOVALENT |ON CONTENT

The intracellular content of Na K™ and CI' was determined as the
distribution of isotopes between cells and extracellular medium under
steady-state conditions (Orlov et al., 1896To adjust isotope equi-
librium, MDCK cells were incubated for 2 hr in MEM containing 1
wCi/ml 8Rb, 36Cl| or 22Na, and for an additional 1 hr in medium B
containing isotopes with the same specific radioactivity, with or with-
out ouabain, PMA and ATP. To decrease the intracellular content of
monovalent ions, cells were treated for 1 hr in a nonradioactive mono-
valent ion-depleted medium containing 30@1sucrose, 1 m MgSQO,,

Materials and Methods

CELL CULTURE

MDCK cells from the American Type Culture Collection (ATCC No.
CCL 34, Rockville, MD) were used in these studies. They were cul-
tured at 37°C in a humidified atmosphere of 95% air and 5% ©O
MEM supplemented with 2.5 g/L sodium bicarbonate, 2 g/L HEPES, ;
100 U/ml penicillin, 100.g/ml streptomycin and 10% fetal bovine 1 mw CaCl, 5 mu g_lucosg and 20, m HEPES_tTIS buffgr (PH 74

. ; . 37°C) (for more detailseeFig. 7). Aliquots of the incubation medium
serum (Gibco Laboratories, Burlington, Canada). The cells were pas- . e .
saged upon reaching subconfluent density by treatment with 0.05% trypsi ere then.transferred' into scmtlllat_lon vials and the cqlls were washed
in C&*- and M¢*-free Dulbecco’s phosphate-buffered saline (Gibco _tlmes with 2 mI_of ice-cold medium C an_d lysed with SDS/EDTA
Laboratories) and scarped from the flasks with a rubber policeman. mixture, as described above. Intracellular ion content (nmol/mg pro-

tein) was calculated a8 = A/amwhereA is the radioactivity of cell

lysate (cpm)mis the protein content (mg) aralis the specific radio-
activity of the incubation medium (cpm/nmol).

1 Abbreviations: MAPK—mitogen-activated protein kinase; MDCK—

Madin-Darby canine kidney; PKA and PKG—cAMP and cGMP- |NTRACELLULAR FREE CALCIUM CONCENTRATION

dependent protein kinases, respectively; PKC—protein kinase C; PLA

and PLC—phospholipasefand C, respectively; PMA—g+phorbol Cells growing in 80 crh flasks were lifted by trypsin treatment as
12-myristate 13-acetate described above, and washed twice in DMEM containing 10% calf
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serum, followed by 2 washes in medium B. Cells resuspended in 3 miTable 1. Effect of cholera and pertussis toxins on the regulation of
of medium B were incubated for 1 hr at 37°C in the presencefi5  Na",K*,CI™ cotransport by PMA and ATP in MDCK cells

fluo 3AM and 0.02% pluronic F-127 under permanent stirring. In a
part of the samples, this medium also containedu$0BAPTA-AM Preincubation with toxins ~ NgK*,CI” cotransport, %
(BAPTA-loaded cells). The cells were centrifuged (800 x g, 3 min),

washed twice with medium B containing 1% BSA and 2.5 pro- Control PMA ATP
benecid and then kept in 3 ml of the same medium at room temperature

for no more than 3 hr. Before the measurement of fluorescence (F), 0.8lone (control) 100+ 6 4+3(96)* Bt4(43*
ml of cell suspension was centrifuged and the cells were washed witlCholera toxin 155+17# 8+5(95)* 8&+9 (50)*
the medium B containing 1 mprobenecid, then resuspended in 2.5 ml Pertussis toxin 116 £11 6 +4 (95)* 16t 4 (47)*

of the same mediunk was measured at,, = 483 nm and\.,,, = 523
nm (slits 1 and 9 nm, respectively) using a SPEX FluoroMax spectro-Cells were preincubated with or without Qug/ml cholera or pertussis
fluorimeter (Edison, NJ). Free intracellular Taconcentration was  toxins for 3 hr, followed by stimulation with 0.jtm PMA or 100 um
measured as [C4; = Ky (F — Fryi) (Fmax — F)™ whereF,,,, and ATP for 30 min in medium B. This medium was then aspirated, and
Fmin @are maximal and minimal values Bfmeasured in the presence of 0.25 ml of medium B containing 1 mouabain with or without 2@.m
0.5% triton X-100 and 2 m CaCl, or 10 mv EGTA (pH 8.9), respec-  bumetanide, 0.Jusm PMA or 100 um ATP was added. After 5 min,
tively; and Ky is the dissociation constant of the Ca-fluo 3 complex #°Rb uptake was initiated by the addition of 0.25 ml of medium B with
(864 nv at 37°C (Merritt et al., 1990)). 1-2 uCi/ml 8RbCl. The value of N§K*,CI~ cotransport in toxin-
untreated cells without PMA or ATP was taken as 100%. Meass *
obtained in experiment performed in quadruplicate are given. The per-
INosITOL TRIPHOSPHATE PRODUCTION centages of inhibition of NaK*,CI~ cotransport by PMA and ATP are
shown in parenthesesP#< 0.05 as compared with toxin-untreated

Cells seeded on 24-well plates were prelabeled overnight witiCi cells; *P < 0.005 as compared with PMA- and ATP-untreated cells.
ml myo[2-*H]-inositol. Prior to the experiment, radioactive medium

was aspirated, and cells were washed 3 times with 1 ml of medium A,

followed by 30 min preincubation in medium D containing 13@ m

NaCl, 15 nu LiCl, 5 mm KCI, 1 mm MgCl,, 1 mm CaCl, 5 mwm PD98059 and phospho-ERK antibodies, New England Biolab, (Bev-
glucose and 20 m HEPES-tris (pH 7.4; 37°C). Thereafter, this me- €rly, MA); ®°RbCl, *NaCl, H*°Cl, myo[2-*H]-inositol, Dupont (Bos-
dium was replaced with 0.25 ml of medium D for an additional 30 min ton, MA); salts,p-glucose and buffers, Sigma and Anachemia (Mon-
at 37°C, followed by the addition of 0.25 ml of medium B containing treal, Canada). Anti-p42 ERK antibodies were kindly provided by Dr.
200 um ATP for 5 min. Incubation was terminated by the addition of Michael J. Dunn (Medical College of Wisconsin, Milwaukee, WI).
SDS/EDTA mixture. Cell lysates were applied to column containing

0.5 g DOWEX-AG 1-X8 (formate form), and inositol-3-phosphate was

resolved as described previously (Orlov et al., 1992). Results

MAPK PHOSPHORYLATION
RoLE oF CHOLERA AND PERTUSSISTOXIN-SENSITIVE

Serum-starved cells grown in 6-well plates were stimulated with de-GTP-BINDING PROTEINS
sired agonists for 10 min, washed twice with ice-cold phosphate-

buffered saline and lysed in 150 of the buffer containing 25 m . . L R
HEPES-NaOH (pH 7.5), 150 mNaCl, 1.5 nu MgCl,, 1 mvi EGTA, To evaluate the role of Gp in purinergic-induced inhibi-
10% triton X-100, 1 nw phenylmethylsulphonyl fluoride, hg/ml tion of Na",K*,CI™ cotransport, we examined the effect

leupetin, 1p.g/ml aprotinin, 200um Na-orthovanadate and IvNaF.  of exogeneous ATP on this carrier in the presence of
The lysed cells were scarped and centrifuged at 14,000 rpm for 20 misholera and pertussis toxins. Previously, it has been
in a microcentrifuge. A equal volume of clear lysates containing.g0 shown that ADP ribosylation of Gi by pertussis toxin

of protein was applied on 10% polyacrylamide gel, followed by elec- K . . e
trophoresis and transfer to Immobilon-P membrane (Millipore, Bed-bIOCkS ATP-induced inositol 1,4,5-triphosphate (IgsP

ford, MA). Phosphorylation of p42/p44 MAPK was determined by prOdUCtion in MDCK cells (PaUImith et aI..,_1991; Yang_
western blot analysis with antibodies against phospho-ERK following €t al., 1997), whereas cholera toxin-sensitive Gs are in-

the manufacturer’s instructions and by documenting the electrophoretivolved in cAMP production triggered by ATP-induced
mobility shift of phosphorylated MAPK, using anti-p42 ERK antibod- PGE, release (Post et al., 1996). As shown in Table 1,

1es. treatment of MDCK cells with cholera toxin augmented
Na*,K*,CI~ cotransport by[b0%, which is consistent
CHEMICALS with a moderate elevation of its activity in MDCK cells

treated with a direct activator of adenylate cyclase, for-
PMA, ATP, ouabain, bumetanide, amiloride, probenecid, indometha-skolin (Gagnon et al., 1998). In contrast to cholera toxin,
cin, NDGA (nordihydroguaiaretic acid), arachidonic acid, DOWEX- pertussis toxin did not affect basal NK*,CI~ cotrans-
AE dl-X8, S(ijgma (St ('-0‘"3' M(()); 'i'PAl(ethy'lis"pro%'ami'O”de)' , Port activity. Neither cholera toxin nor pertussis toxin
okadaic acid, NPPB (5-nitro-2-(3-phenylpropylamino)benzoic acid, o P o~
Research Biochemicals International (Natick, MA); cholera toxin, per- modified the level of inhibition of NB’K ’,Cl . qqtrans-
tussis, toxin, thapsigargin, A23187, BAPTA-AM, staurosporine, cal- port_by ATP (40_50%) and the CompIEte 'nh'b|t_|0n_ o'f'the
phostin C, H-8, H-89, AACOCE U-73122, Calbiochem (La Jolla, carrier by PMA (Table 1). The same level of inhibition
CA); fluo 3AM, pluronic F-127, Molecular Probes (Eugene, OR); of bumetanide-sensitive®Rb influx by ATP and PMA
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Fig. 1. Effect of U73122 on ATP-induced inositol-1,4,5-triphosphate
(InsPy) production &) and inhibition of N&,K*,CI~ cotransportB) in
MDCK cells. Cells were preincubated with or without @& U73122
for 30 min, followed by stimulation with 20Q.m ATP for 5 min (A) or

30 min B). Insk; production and NgK*,CI~ cotransport values in the
absence of ATP were taken as 100%. Mearss dbtained in experi-
ments performed in quadruplicate are giveR.<0.01 as compared to
ATP-untreated cells.

was observed in the absence of ouabaiatd not
shown).

ROLE OF POLYPHOSPHOINOSITIDEBREAKDOWN

Incubation of MDCK cells with ATP resulted in a 4-5
fold increase of Inspproduction (Fig. B), which is in

accordance with previously reported data (Paulmichl eia23187, 3

al., 1991). Preincubation of MDCK cells with an inhibi-
tor of PLC, U73122, attenuated ATP-induced IgsE-
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Fig. 2. Effect of thapsigargin (TG), A23187 and ATP on intracellular
free calcium concentration ([€4,) in control and BAPTA-loaded
MDCK cells. [C&"];) was measured as described in Methods after
stimulation of intact MDCK cellsd—c) or BAPTA-loaded MDCK cells

(d) with 0.25uM thapsigargin ), 3 .M A23187 ), or 100pm ATP

(c andd).

Table 2. Regulation of Na,K*,CI™ cotransport by PMA and ATP in
MDCK cells in the presence of Eamodulating compounds

Additions, um Na*,K*,ClI~ cotransport, %
Control PMA ATP
None (control) 100+ 9 2+ 4% 47 + 6*
BAPTA-AM, 50 97 +11 3+2* 39+ 4*
Thapsigargin, 0.25 94+ 7 4+ 6% 45+ 7*
129+ 17 3+1* 36 £ 6*

Cells were preincubated in medium B with or without 0.2% BSA and

lease by 90%. However, the same treatment WithBAPTA-AM for 30 min. Thereafter, the medium was aspirated and the

U73122 failed to alter the effect of ATP on N&K™,CI”
cotransport activity (Fig. B).

RoOLE oF C&™;

It is well documented that activation of,ffeceptors in-
creases [CH]; in MDCK cells (Paulmichl et al., 1991;
Delles, Haller & Dietl, 1995). To evaluate the role of
[C&?"]; in the regulation of N&K*,CI~ cotransport, the

cells were incubated for an additional 30 min with or without thapsi-
gargin, A23187, 0.1um PMA and 100pm ATP. This medium was
them aspirated, and 0.25 ml of the same media containing bua-
bain with or without 20um bumetanide was added. After 5 mffRb
uptake was initiated by the addition of 0.25 ml of medium B with 1-2
uCi/ml 8RbCI. The value of N§K*,CI™ cotransport in the absence of
any additions was taken as 100%. Meansstobtained in experiment
performed in quadruplicate are giveR.< 0.005 as compared with
PMA- and ATP-untreated cells.

ROLE OF SERINE-THREONINE PROTEIN KINASES AND

effect of ATP and PMA on the carrier activity was mea- PHOSPHOPROTEINPHOSPHATASES

sured in the presence of €amodulating agents: an in-
tracellular C&" chelator, BAPTA, an inhibitor of endo-
plasmic reticulum C& pump, thapsigargin, and the

Cé&*-ionophore, A23187. As shown in Fig. 2, thapsigar-

gin, A23187 and ATP led to rise of [€§, up-to 500—
700 v over control values. Preincubation of MDCK
cells with BAPTA-AM decreased the basal £k and
dramatically inhibited the ATP-induced [€%; response
(Fig. 2). However, none of the [¢§;-modulating com-
pounds had any significant effect on basal*¥&,CI™
cotransport and on its inhibition by ATP and PMA
(Table 2).

To investigate the role of serine-threonine phosphoryla-
tion in the regulation of NgK™*,CI™ cotransport by ATP,
we first applied different inhibitors of serine-threonine
protein kinases and phosphatases. Table 3 shows that th
nonspecific inhibitor of protein kinases, staurosporine
(Hidaka et al., 1984), decreased basal* N4 CI~ co-
transport by[(25%, drastically attenuated the effect of
PKC activator, PMA, and had somewhat of an impact on
ATP-induced inhibition of N4K™,CI” cotransport. The
selective inhibitor of PKC calphostin C (Kobayashi et
al., 1989) enhanced the activity of the carrier by 40% and
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Table 3. Effect of staurosporine, calphostin C, H-89, H-8 and okadaicthe activation of MAPK in vascular smooth muscle
acid on the regulation of NeK*,CI™ cotransport by PMA and ATP in (Force & Bonventre, 1998). In contrast to ATP and
MDCK cells PMA, calf serum did not inhibit N§K*,CI” cotransport
in MDCK cells (Fig. ). Figure 4A shows that phos-

Additions, um Na",K*,ClI” cotransport, % ] . )
phorylation of p42/p44 ERK by ATP was abolished in
Control PMA ATP the presence of an inhibitor of MAPK kinase (MEK),
PD98059. However, this compound did not alter the
None (control) 100+ 6 6+ 4(94) 45+7(55)* Dpasal Ng,K"*,CI” cotransport or its inhibition by ATP
Staurosporine, 0.25 73+ 6 54+ 8(22) 24+3(67)* (Fig. 4B)
Calphostin C, 0.12 139+ 11 135+12(3) 626 (55)* . . )
H-89, 20 104+ 9 5+ 2(957 4247 (59)¢ As r_nent|oned above, mo.dulatllon of €ahomeo .
H-8, 20 %+ 6 3+ 2(97)* 448 (54 Stasis with BA+PT+A and thapsigargin does not affect in-
Okadaic acid, 1 229 + 20# 6+ 1(97)* 578 (75 hibition of Na',K",CI” cotransport by ATP (Table 2).

Recently, we reported that purinoceptor-induced inhibi-
Cells were preincubated in medium B with or without compounds tion of this carrier is also insensitive to PKC downregu-
listed in the left column, followed by 30 min of incubation in the same |atjon under longterm treatment with PMA (Gagnon et
medi‘?w“h or Withg“t ch“"' PMlA ?”‘; 100um AT'Z' This medium 3 1998). To further examine the role of MAPK in
was then aspirated, and 0.25 ml of the same media containing 1 m . b e
ouabain with or without 2Qwm bumetanide was added. After 5 min, ATP-dependent regulatlon of N"K ,Cl cotransport,
86Rb uptake was initiated by the addition of 0.25 ml of medium B with W€ compared the effe_Ct of BAPTA and longterm expo-
1-2 pCilml #RbCl. The value of N&K*,CI™ cotransport in the ab- sure to PMA on ATP-induced p42/p44 ERK phosphor-
sence of any additions was taken as 100%. Meass abtained in 3 ylation, using PMA-, thapsigargin- and epidermal
experiments performed in quadruplicate are given. The percentages gjrowth factor (EGF)-treated cells as controls. Figure 5
inhibition of Na',K*,CI~ cotransport by PMA and ATP are shown in shows that, in contrast to regulation of Né+,C|_ co-
parentheses.P< 0.001 as compared with control cell$? ¥ 0.001 as transport, both BAPTA and PKC downregulation de-
compared with PMA- and ATP-untreated cells. ! . SO
creased ATP-induced MAPK phosphorylation indicating
that this signaling pathway is mediated by?Gaand

completely abolished the effect of PMA. However, cal- diacyl glycerol-sensitive isoforms of PKC. BAPTA par-
phostin C had no significant influence on the level of idlly reduced PMA-induced p42/p44 phosphorylation,
ATP-induced inhibition of N&K*,CI~ cotransport whereas PKC downregulation completely abolished the
(Table 3). The selective inhibitors of cAMP- and cGMp- €ffect of acute exposure to PMA. Both BAPTA and

dependent protein kinases (PKA and PKG), H-89 and”KC downregulation completely abolished thapsigargin-
H-8, respectively (Chijiwa et al., 1990) did not influence Nduced p42/p44 phosphorylation. In contrast to ATP,

basal N&,K*,CI~ cotransport activity and its modulation PMA, and thapsigargin, the slight increment of MAPK
by PMA and ATP. Interestingly, the inhibitor of serine- Phosphorylation induced by EG@F was insensitive to
threonine phosphatases type 1 and 2A (PP1/PP2A) ok&lownregulation of PKC and C&-chelation with

daic acid (Cohen, Holmes & Tsukitani, 1990) enhanced®APTA (Fig. 5). The last observation is consistent with
Na*,K*,CI” cotransport by more than 2-fold, but did not data on the C4;- and PKC-independent mechanism of

alter regulation of the carrier by PMA and ATP (Table ERK phosphorylation by agonists of receptor tyrosine
3). These data suggest that despite the ability of PKckinases (Force & Bonventre, 1988).

and PP1/PP2A to regulate NK*,CI” cotransport, these
enzymes as well as PKA and PKG are not involved in th
inhibition of the carrier by ATP.

®RoLe PLA,-DERIVED PRODUCTS

It has been documented that PMA as well as énd B,
RoLE oF MAP KINASE receptor agonists stimulate PLA MDCK cells, result-

ing in the production of arachidonic acid followed by
In MDCK cells, both ATP and PMA induced MAPK PGE, release (Parker, Daniel & Waite, 1987; Firestein et
phosphorylation, as determined by immunoblotting ofal., 1996). In monolayers of MDCK cells, PGEnim-
cell lysate with anti-phospho-ERK antibodies (Fid)3 icked the effect of ATP on short current and Glecre-
and by documenting the electrophoretic mobility shift tion (Simmons, 1991; Steidl et al., 1991), whereas an
of the p42 isoform of ERK (Fig. 8). It should be active analogue of arachidonic acid, AACOQO#ocked
mentioned that, in contrast to vascular smooth musclehe release of arachidonic acid from ATP-treated cells
cells, calf serum only slightly potentiated MAPK phos- (Firestein et al., 1996). Therefore, we investigated a pos-
phorylation in MDCK cells (Fig. & andB). This pecu- sible role of arachidonic acid and/or its metabolites in
liarity of MDCK cells is probably caused by their rela- the regulation of N&K™,CI” cotransport by ATP.
tively low abundance of receptors to growth factor andNeither the addition of exogenous arachidonic acid (10
lysophosphatidic acid, the major components involved inwm) nor the inhibition of PLA by AACOCEF,; (25 pm), of
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Fig. 3. Effect of ATP, PMA and calf serum on
phosphorylation of MAP kinase (ERKA(and B)
I and the activity of N§K*,CI™ cotransport C).
MDCK cells or vascular smooth cells (VSMC)
were serum starved for 2 days in DMEM
containing 0.1% BSA, followed by incubation in
medium B (control—1) or in medium B with 100
M ATP (2), 0.1um PMA (3) or 10% calf serum
* (4) for 10 min @A andB), or 30 min C).
Phosphorylation of MAPK was determined by gel
retardation of p42 using anti-p42 ERK antibodies
(A), or by immunoblotting with phospho-specific
anti-p42/p44 ERK antibodiesB}. VSMC were
obtained from rat aorta as described previously in
details (Orlov et al., 199§ and were cultured
similarly to MDCK cells. Means ise obtained in
experiments performed in quadruplicate are given.
MIDCEK *P < 0.001 as compared with the controls.
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prostaglandin synthase by indomethacin (i) and of  the regulation of bumetanide-sensitivé ikflux by ATP
cycloxygenase by NDGA (10m) affected basal activity is mediated by modulation of the activity of monovalent
of Na",K*,CI™ cotransport as well as the regulation of ion transporters distinct from Ng&K*,CI~ cotransport.
this carrier by PMA and ATPdata as showpn This  To test this hypothesis, we studied the effect of inhibitors
suggests that PLAdoes not mediate the effect of ATP of the above-mentioned ion transporters on the regula-
on N& ,K",CI” cotransport. tion of Na",K*,CI~ cotransport and modulation of the
context of intracellular monovalent ions by ATP and
PMA.

We did not observe any effect of a potent inhibitor
of epithelial N& channels, amiloride (2Qm), a putative

At the basolateral membrane of MDCK cells, CI” channel blocker, NPPB (1Q0m), and an inhibi_tor of
Na",K*,CI” cotransport operates in parallel to the & Na:/H: exchanger, EIPA (2uv), on the regulation of
pump, Nd/H* exchange and intermediate conductancéNa@ ,K",CI™ cotransport by ATP and PMAdgata not
K* (26 pS) and CI (46 pS) channels. Both intermediate shown). It is well documented that at a concentration of
conductance and Gaactivated maxi-K channels (220 3-5 mv Ba®" completely blocks ion transport across dif-
pS) are expressed in the apical membrane of MDCKferent type of K channels, including C&-activated
cells. The apical membrane is also highly abundant witimaxi-K* channels in MDCK cells (Tauc et al., 1993).
maxi-CI” channels (460 pS), whereas the content of Na Surprisingly, we revealed that Ba{hhibited basal ac-
channels is rather low (for revieseelLang & Paulmichl, tivity of Na*,K*,CI™ cotransport with an I, of (Il mw
1995). Itis well documented that intracellular @lega-  (Fig. 6, curve 1). In contrast to N&",CI™ cotransport,
tively regulates N4K*,CI™ cotransport (Haas, 1994). (ouabain + bumetanide)-resistaffiRb influx termed
In addition, Breitwiezer with coworkers (1996) reported here as a passive permeability fof Kvas not signifi-
that in squid axon this carrier is also inhibited by intra- cantly affected by B& (Fig. 6, curve 2), indicating that
cellular N&. Apart from direct regulation of NaK*,CI~  the contribution of B&"-sensitive K channels to K in-
cotransport, modulation of the content of intracellularflux in MDCK cells under basal condition is negligible.
monovalent ions can alter MDCK cell volume, thus also Table 4 shows that both ATP and PMA slightly
affecting volume-sensitive N&K*,CI™ cotransporter increase K; content and decreased Naontent, which
(Haas, 1994). Considering this, it may be suggested thds probably due tdB0% activation of N4K* pump in

ROLE OF INTRACELLULAR MONOVALENT |ONS AND
CELL VOLUME
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Fig. 6. Na*,K*,CI” cotransport activity and passive permeability fdr K

Fig. 4. Effect of PD98059 on ATP-induced MAP kinase phosphory-
in MDCK cells preincubated with different BaCtoncentration for 30

lation (A) and N&,K*,CI~ cotransport inhibition B). Serum-starved
MDCK cells were preincubated in medium B with or without pf min, followed by measurement of ouabain-resistant bumetanide-

PD98059 for 1 hr, followed by stimulation with 1Qov ATP for 10 Sensitive®Rb influx (Na",K",CI” cotransport activity—curve 1), or
min (A) or 30 min @) as indicated. MAPK phosphorylation was de- (ouabain + bumetanide)-resistdfiRb influx (passive permeability for
termined by immunoblotting with phosphospecific anti-p42/p44 ERK K*—curve 2). Nd,K*,CI” cotransport values in the absence of BaCl
antibodies. Means st obtained in experiments performed in quadru- Were taken as 100%. Meansst obtained in experiment performed in

plicate are given. P < 0.01 as compared with the controls. quadruplicate are given.

1 2 3 4 Table 4. The content of monovalent ions in control and PMA- or
ATP-treated MDCK cells
Control | = _ = 2| P8
3 = i Additions, pm Intracellular ion content, nmol/mg prot
P T K* Na" CI
None (control) 719 £52 54 +5 225+ 33
PMA, 0.1 825 + 48 45+6 236 + 47
- — 4 + + +
PMA i pocrg . ] :u ATP, 100 788 + 56 42+ 4 240+ 31
Cells were incubated for 2 hr in DMEM containing dCi/ml #Rb,
T e ot #?Na or3*Cl and for an additional 1 hr in medium B containing isotopes
EGF — — ——— o 23 with the same specific radioactivity and with or without PMA or ATP.
For more details see Materials and Methods. Mearsg @btained in
experiment performed in quadruplicate are given.
H H — — o4
Thapsigargin _— e —— ;u

PMA- and ATP-treated MDCK cells (Gagnon et al.,
Fig. 5. Effect of MAPK kinase inhibition by PD98059, downregula- 1998). Neither PMA nor ATP affected ql content
tion of PKC under long-term treatment with PMA and intracellular (Table 4). To further examine the role of intracellular
calcium depletion with BAPTA on MAP kinase phosphorylation in- monovalent ions in purinergic regulation of Ni™,CI~
duced by ATP, PMA, EGF or thapsigargin. Serum-starved cells werecotransport, we pretreated cells with an inhibitor of
preincubated in DMEM containing 0.1% BSA with vehicle (1) or with Na" K+ pump, ouabain, and with monovalent ion de-
50 p PD9BOSO for 1 hr (2), Jum PMA for 24 hr (3), or S0um 1 0ray medium. Figure 7 shows that 1 hr-treatment of

BAPTA-AM for 1 hr (4), followed by stimulation with vehicle (con- . . :
trol), 100uM ATP, 0.1pm PMA, 50 ng/ml EGF or 0.5 thapsigargin ~ MDCK cells with ouabain led to 8-fold increase of Na

for 10 min. MAPK phosphorylation was determined by immunoblot- content and decreased )by 3-fold (column B). How-
ting with phosphospecific antip42/p44 ERK antibodies. ever, neither basal activity of N&™,CI™ cotransport nor
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Fig. 7. Effect of intracellular monovalent ions on
the regulation of N§K*,CI™ cotransport by PMA
and ATP in MDCK cells preincubated in medium
B (seeMaterials and Methods) for 30 min,
followed by incubation with the same medium
(A—control), medium B, containing 1 mouabain
[ (B—ouabain-treated cells) or in monovalent
ion-depleted mediumG—ion-depleted cells),
containing 300 m sucrose, 1 m MgSQ,, 1 mv
250+ m PMA CaCl, 5 mv glucose, and 20 m HEPES-tris (pH
7.4; 37°C). After 30 min, these media were
200 ATP replaced by the same media with or without 0.1
M PMA or 100 um ATP for an additional 30
min. The cells were then transferred onto ice, the
media were aspirated, and 0.25 ml of medium B
containing 1 nw ouabain with or without 2Gum
bumetanide, 0.Jum PMA or 100 um ATP was
added ®°Rb uptake was triggered by the addition
of 0.25 ml prewarmed medium B with 1Ci/ml
85RbCl and terminated after 5 min incubation at
37°C by the addition of ice-cold medium Gede
0 = - Materials and Methods). The values of \N&*,CI~
A. control B. ouabain-treated | C. ion-depleted cotransport in control cellsA) without PMA and
intracellular ion content, nmol/mg prot ATP were taken as 100%. The intracellular
. concentration of exchangeable N&* and CrI in
Na*, 54+5 423 + 37 17+4 control (&), ouabain-treateds) and monovalent
+ ion-depleted €) cells was measured as described
K i 719.£52 223+18 398+ 43 in Materials and Methods and is shown below the
cr 295 + 33 201 + 27 35+8 columns. Means £k obtained in 2 experiments
performed in quadruplicate are given.

O control

Na*, K*, CI" cotransport, (%)

its regulation by PMA and ATP was affected in ouabain-hibited this ion transporter whereas ATP decreased its

treated cells. Pretreatment of MDCK cells with mono- activity by 50—60%.

valent ion-depleted medium decreased intracelluldr, Na

K™ and CI content by 3-, 2- and 7-fold respectively (Fig. )

7, column C). In these cells, basal \&*,CI™ cotrans-  Discussion

port was increased by 2-3-fold, which is in accordance

with the data on the feedback regulation of this carrier byPuring the last decade, it was shown thatgarino-

Cl_i (Haas, 1994). Under these conditions, PMA inhib- ceptors affect the function of MDCK cells Utl'lZIng mul-

ited Na",K*,CI™ cotransport by 50% only, whereas the tiple signaling pathways, including activation of Gi/Gq

level of inhibition of the carrier by ATP was unchanged. Proteins followed by elevation of the activity of PLC,
The relatively low permeability of MDCK cells for PLA,, adenylate cyclase, PKC and MAPK (Fig. 9). Data

water and }CJ-urea (Lavelle et al., 1997), commonly ©obtained in the present study indicate that none of the

used as a marker of intracellular water space, compliabove-mentioned signaling pathways are involved in re-

cates the study of the effect of PMA and ATP on cell cently discovered purinoceptor-induced inhibition of

volume. However, the lack of a significant effect of Na",K*,CI™ cotransport (Gagnon et al., 1998).

these compounds on the total content of intracellular ions ~ The rank-order of potency of agonists of purinocep-

(Table 4), i.e., of major intracellular osmolites, suggestsiors as inhibitors of NgK*,CI” cotransport in MDCK

that they did not lead to essential cell volume perturbaells (ATFUADP > UTP >> AMP) (Gagnon et al., 1998)

tion. To examine whether or not cell volume alteration suggest that their effect is mediated by Por P,y-

can modify the sensitivity of NakK*,CI™ cotransport to  receptoré. Indeed, in contrast toR and By, the By,

PMA and ATP, we measured the activity of this carrier sSubtype exhibits the highest sensitivity to UTP, whereas

in unisosmotic media. The shrinkage of MDCK cells the B, subtype is completely insensitive to ADP and

under elevation of osmolality of the incubation medium AMP. The By subtype is activated by ADP and an-

from 200 to 480 mosm led t@10-fold activation of

Na“,K*,CI™ cotransport (Fig. 8), which is in accordance

with data obtained for the majority of cells eXpreSSinnghe apparent affinity of Rreceptors for ATP can be affected by the

NKCCL1 isoform of the carrier (Haas, 1994). However, partial hydrolysis of this compound by ecto-ATPases. This hypothesis

independently of cell volume, PMA still completely in- is currently examined in our laboratory.
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Fig. 8. Dependence of NaK*,CI™ cotransport in MDCK cells on os-
molality of the incubation medium. Cells were preincubated for 1 hr in
medium B éeeMaterials and Methods), followed by incubation with
0.1 pm PMA or 100 um ATP in the same medium. After 30 min of
stimulation, this medium was aspirated, and 0.25 ml of medium B
containing 1 nw ouabain with or without 2Qwm bumetanide, 0.1um
PMA or 100um ATP was added. After 5 mirf°Rb uptake was initi-
ated by the addition of 0.25 ml of medium B withICi/ml 8RbClI.

201

jority of cells studied so far, both-subunit of Gg and
By-dimer derived from Gi activate PLE(van Biesen et
al.,, 1996; Rocca et al., 1997). Our results demonstrate
that an inhibitor of PLC, U73122 blocked ATP-induced
InsP, production but did not affect NgK™,CI™ cotrans-
port (Fig. 1). Several laboratories have reported that
ATP-triggers an elevation of [¢]; in MDCK cells due

to InsR-induced C&" release from intracellular store
and influx via C&*-release activated channels (CRAC)
(Paulmichl et al., 1991; Delles et al., 1995). The present
study confirms this observation (Fig. 2). However, nei-
ther basal N&K*,CI™ cotransport nor its inhibition by
ATP was affected under modulation of [€3 homeo-
stasis with thapsigargin, BAPTA and A23187 (Table 2).
These results show that PLC activation triggered by P

P, -purinoceptors and coupled to Gg/Gi-mediated poly-
phosphoinositide hydrolysis and elevation of f¢Ja
(Fig. 9) is not involved in the inhibition of NaK™,CI”
cotransport by ATP.

Recently we reported that side by side with purin-
ergic inhibition of Nd,K*,CI™ cotransport, an activation
of PKC with PMA leads to complete inhibition of this
carrier (Gagnon et al., 1998). The present study con-

The final osmolality of the medium was decreased to 200 mosm andjrms this observation. To investigate whether or not

increased to 490 mosm by lowering NaCl concentration and by addi
tion of sucrose td®®Rb-containing medium, respectively. The final
osmolality values was measured with a Knauer milliosmometer (Berlin,
Germany). The values of N&™*,CI” cotransport in PMA- and ATP-
untreated cells at 295 mosm were taken as 100%. Meaa®ohtained

in 2 experiments performed in quadruplicate are given.

PKC is involved in purinergic-induced inhibition of

Na*,K*,CI” cotransport, we examined the effect of a se-
lective inhibitor of PKC, calphostin C, on the regulation
of the carrier by ATP using PMA-treated cells as a posi-
tive control. This compound as well as the nonselective
inhibitor of PKC, staurosporine, abolished the inhibitory

tagonized by ATP and AMP and appears to be exclyeffect of PMA but did not modify the regulation of

sively expressed in platelets (Dubyak & El-Moatas,
1993; Fredholm et al., 1994; Watson, Gildelstone, 1994)
The role of By-purinoceptors possessing properties of
intrinsic ion channels (Evans, 1996) in ATP-induced in-
hibition of Na',K*,CI™ cotransport seems to be unlikely

Na*,K*,CI” cotransport by ATP (Table 3). These results
are in accordance with our previous data on ATP-
induced inhibition of this carrier revealed in MDCK cells

subjected to downregulation of PKC under long-term
treatment with PMA (Gagnon et al., 1998). Depletion of

because of the electroneutral mode of operation of thidMDCK cells with monovalent ions drastically dimin-

carrier (Haas, 1994) and the lack of significant effect of
ATP on intracellular content of monovalent ions (Table

ished the inhibitory effect of PMA but did not alter the
regulation of N&,K*,CI™ cotransport by ATP (Fig. 7).

4). This conclusion is also supported by data on theé=rom this observation it seems thatieceptors are in-

same level of inhibition of N§K*,CI~ cotransport by

volved in regulating the number of functioning carrier or

ATP in ouabain-treated and monovalent ion-depletedts turnover number, whereas PMA also increases the

MDCK cells (Fig. 7) as well as in shrunken and swollen
cells (Fig. 8).
Both R,y and B receptors coupled to heterotri-

sensitivity of N&,K*,CI” cotransport to inhibition by
CI7; or/and N&,. Taken together, these results strongly
suggest that the mechanism of the inhibition of

meric GTP-binding proteins (Fredholm et al., 1994) haveNa",K*,CI~ cotransporter by PMA and ATP is different,

been characterized pharmacologically in MDCK cells,
but their relative contribution in the regulation of cellular
function is still a matter of controversy (Firestein et al.,

and PMA/calphostin C-sensitive isoforms of PKC are
not involved in the regulation of this carrier by ATP-
coupled receptors. It should be mentioned, however, that

1996; Insel et al., 1996). It has been shown that inhibi-apart from classic (PMA/diacylglycerol + G§-

tion of Gi in MDCK cells with pertussis toxin prevents
ATP-induced InsP production (Paulmichl et al., 1991;

sensitive cPKC (PKGQy, BI, Bll and y) and novel PMA/
diacylglycerol-sensitive Ca-independent nPKC (PKC-

Yang et al., 1997). In contrast to this observation, we did®, £, n and§), the atypical (PMA/diacylglycerol + C3)-
not discern any effect of pertussis toxin on the regulationinsensitive aPKC (PKQ; v, A, and ), which are more

of Na",K*,CI” cotransport by ATP (Table 1). In the ma-

resistant to staurosporine and other available PKC inhibi-
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Fig. 9. Purinergic signaling in MDCK cells,
AC—adenylate cyclase; CT—cholera toxin;
ATP DG—diacylglycerol; PL—phospholipids;
PR—PGE receptors; PT—pertussis toxin;
Qi / M RTK—receptor tyrosine kinases;
cAMP >| PKA —> TG—thapsigargin; ?—unidentified steps. and
— or - - - - activatory and inhibitory stimulus,
=@ respectively. Compounds used in the present study
PR to modulate the activity of signaling pathways are
* J shown in italics. For more details see text.

tors, have been characterized (Kikawa, Kishimoto,4). MAPK phosphorylation was also observed under
Nishizuka, 1989; Selbie et al., 1993; Akimoto et al., treatment of MDCK cells with PMA (Figs. 3 and 5),
1994). Considering this, the role of aPKC isoforms insuggesting that activation of the MAPK signaling cas-
inhibition of Na",K*,CI~ cotransport by ATP should be cade can be releated to ATP- and PMA-induced inhibi-
examined in additional experiments. tion of Na',K*,CI” cotransporter. However, the data pre-
During the last few years, it has been documentedsented below contradict this hypothesis.
that besides receptor tyrosine kinases, Gp-coupled re-
ceptors, including receptors of lysophosphatidic acid, 1. Inhibition of MAPK with PD98059 did not pre-
PGF,,, a-thrombin, A-adenosine, angiotensin l&;5-  vent the inhibition of N&K*,CI™ cotransport by ATP
and a,5-adrenergic and Mcholinergic receptors, are (Fig. 4).
able to activate MAP kinase. Both Ras-dependent and 2. Activation of MAPK with calf serum, EGF and
Ras-independent pathways of MAPK activation trig- thapsigargin (Figs. &, andB and 5) was not accompa-
gered byw-subunits angy-dimer of Gp have been iden- nied by inhibition of Nd,K*,CI” cotransport (Fig. G,
tified in this signaling mechanism. The p2%  Table 2 and our recent data (Gagnon et al., 1998).
dependent pathway involves PLC-stimulated polyphos- 3. Activation of MAPK signaling cascade by ATP
phoinositide hydrolysis, InsPinduced C3", release, was diminished after downregulation of PKC by long-
activation of Pyk2 and Src tyrosine kinase followed byterm preincubation with PMA and after loading of
recruitment of the adapter protein Shc and Crb2-SodIDCK cells with the C&*-chelator, BAPTA (Fig. 5).
complex. The p2¥~independent pathway is mediated This suggests that both pZ2%dependent and pZt
by activation of diacylglycerol-dependent isoforms of insensitive PKC-dependent pathways are involved in
PKC (Fig. 9) (for review see (van Biesen et al., 1996;purinergic-induced activation of MAPK (Fig. 9). On
Rocca et al., 1997; Force & Bonventre, 1988). Recentlycontrary, neither downregulation of PKC with PMA
it has been shown that purinergic activation leads toq(Gagnon et al., 1998) nor modulation of Lawith
phosphorylation of MAPK in MDCK cells (Xing et al., BAPTA (Table 2) affected the purinergic regulation of
1997). Our results confirm this observation (Fig. Na",K*,CI™ cotransporter.
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Considering this, it may be concluded that activation ofthe recipient of joint graduate studentship from the Canadian Hyper-
MAPK signaling is not involved in ATP-induced inhibi- tse”SiO_”OSIOCie‘y/PﬁZfezl Ca”??:/'\l"etdica't,ResleggcchetCng“ﬁ” ‘Lftga”%da-
: ot - ergei Orlov was a fellow of the International i rtension
tion I(r)]f ugéKK,((::(LIISC,O;rgR/Sa?[iOOr:]egf Breceptors leads to ,(\;TfiggrﬁwDard%‘?nd a scholar Qf Sgrvier Canada. Thye edit);prial help of
increased PLA activity via pertussis toxin-sensitive r. Ovid ba Slva are appreciaed
PKC- and MAPK-dependent signaling pathway. Indeed,
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