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Abstract. Extracellular nucleotides modulate renal ion Key words: M-1 cell — Cortical collecting duct —
transport. Our previous results in M-1 cortical collecting ENaC — ATP — P2-Receptor — Nalransport

duct cells indicate that luminal and basolateral ATP via
P2Y, receptors stimulate luminal &&activated CI
channels and inhibit Natransport. Here we address the
mechanism of ATP-mediated inhibition of N&ansport. o :
M-1 cells had a transepithelial voltag¥,{ of -31.4 + Epithelial _cells frequently express a variety of P2-
1.3mV and a transepithelial resistan&a) of 1151 + 28 receptors in the luminal and basolateral membrane [14,

Qcn?. The amiloride-sensitive short circuit curreny) -2 20 21] Like other membrane receptor families, P2-
was -28.0 + 1.luAlcm?. The ATP-mediated activation receptors are subdivided into metabotropic (G-protein-

of CI” channels was inhibited when cytosolic Can- coupled) P2Y (P2Y, P2Y,, P2Y,, P2Yq, P2Yyy, P2Yy,)

; : : ; d ionotropic (nonselective €apermeable cation
creases were blocked with cyclopiazonic acid (CPA).2"
Without CPA the ATP-induced [G4]; increase was par- che_mnel) P2X (P2X ) receptors [3.3]' P2 receptors are
alleled by a rapid and transieR dlecrease (297 + 51 activated by extracellular nucleotides, most commonly
e - .
Qcn?). In the presence of CPA, basolateral ATP led oATP, UTP, ADP. or UDP. In the mammallan renal tu-
anR, increase by 144 + 19cn and decreased,, from bular system, evidence for the expression of P2-receptors
e - e

31+ 2.6 0 -26.6 + 2.5 mVI . dropped from —28.6 + 219ng the entire nephron has been presented [1, 4, 24,
24 t0 -21.6 + 1.9pAlcm? Ssicmilafeaffects were ob- 26l Ourunderstanding of ATP’s functional significance

served with luminal ATP. In the presence of amiloride,m the nephron or other epithelia, however, remains

ATP was without effect. This reflects ATP-mediated in- largely obscure. Renal tubula}r cells most commonly ex-
hibition of Na" absorption. Lowering [CZ], by removal press P2Y receptors, predominantly coupled to thednsP

of extracellular C&" did not alter the ATP effect. PKC Ca" signaling casc_:ade [.l’ 4, 6]. EVidence has also been
inhibition or activation were without effect. Nabsorp- presented_ compatible with the expression of P2X recep-
tion was activated by ptalkalinization and inhibited by tors e.g., in mIMCD-K2 cells [2.6]' In rat inner medul-
pH, acidification. ATP slightly acidified M-1 cells by lary collecting duct the expression of luminal and baso-
0.05 £ 0.005 pH units, quantitatively not explaining the lateral P2Y; receptors has been proposgd .[17] and the
ATP-induced effect. In summary this indicates that ex-SaMe group and others demonstrated in intact tubules
tracellular ATP via luminal and basolateral P2¥cep- that basolateral ATP inhibits ADH-stimulated® trans-

tors inhibits N& absorption. This effect is not mediated POt [16, 35]. In a previous paper we used mouse M-1

via [C&"];, does not involve PKC and is to a small part cortical collecting duct cells to investigate the effect of
mediated“via intracellular acidification luminal and basolateral ATP and other nucleotides on

ion transport in Ussing chamber experiments [2]. M-1
cells have previously been shown to be a suitable cell
line with close functional similarity to cortical collecting
Correspondence tal. Leipziger duct principal cells [37]. As monolayers on filter mem-
leipziger@fi.au.dk branes they express epithelial sodium channels (ENaC)
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and exhibit an amiloride-sensitive short circuit current incircuit current was obtained by Ohm'’s lak(= V;/R,). The calcu-
the range of 20—5QLA/CIT12 [2 37]' Previous experi— latedl,. changes were derived from peak values. An important feature
ments showed that ATP or UTP via a luminal and baSO-Of this specially designed chamber is that it permits the use of fluores-
lateral PZ\Q receptor and a subsequent f(f]aincrease cent indicator dyes to measure, e.g., {gain parallel with .

activate a Cl conductance in the luminal membrane [2].

Our data indicated that extracellular nucleotides in addi™M EASUREMENT OF[CaZ*]i

tion inhibit the amiloride-sensitive short circuit current.

A previ from rabbi nnectin I I
previous swdy 0 abbit connect 9 tubule ce Susing single-photon counting as described previously [29]. The studies

Slmllarly identified Ium'_nal and basolateral _nge_cep' were performed on an inverted microscope (Axiovert 10, Zeiss, Jena,
tors. Here the nucleotides ATP and UTP inhibited"Na Germany). Before mounting the cells into the experimental chamber,

and C&" absorption [18]. The authors suggest that in-confluence was evaluated by transmission optics and by meas®jing
hibition of amiloride-sensitive short circuit current was andV, in the filter cup with the Epithelial Voltohmmeter (EVOM
independent of an increase in [%:h Other data, how- Stix-electrode, World Precision Instruments, USA). The above-
ever, in isolated rabbit CCD tubules, indicate that"Na Mentioned chamber was used to measure simultaneousfy]{R

absorption is inhibited in a [@ﬂi-dependent manner [8, apdvte. Afllterwa§ positioned in this chamber with the gells (luminal
13 38] side) facing downside. The cells grown on Trans®€&bl filters were

. . . . used at day 3-5. Autofluorescence of the cells and TranSwdl

In this study we specifically investigate the P2Y fiters amounted to app. 10% of the entire fluorescence signal at the
mediated effect on the amiloride-sensitive short circuitbeginning of the experiment and was subtracted. A long-distance ob-
current and its mechanism of inhibition in mouse M-1 jective (LD-Achroplan 40x%/0.6, Zeiss, Germany) was used to visualize
cortical collecting duct principal cells. For this purpose the c_eIIs. The distance from the glass base_to the cell layer was 2_mm.
we Simultaneously measured the amiloride-sensitve shoH‘ this chamber the upper “basolateral” side was freely accessible.

. . . T The cells were loaded for 60 min in a 5% @@6% O, atmosphere at
circuit current and the intracellular €aactivity in a 37°C in the modified culture medium to which fura-2-AM (104),

speC|aIIy deS|gned Ussing chamber. pluronic F127 (1.6pm) and probenecid (5 mn) had been added.
Pluronic F127 is a surfactant polyol that helps to solubilize water-
. insoluble dyes like fura-2-AM. Probenecid has been added to the in-
Materials and Methods cubation-solution to achieve an improved dye-loading of the cells.
As a measure of [G4]; the fluorescence emission ratio at 340nm/
380nm excitation was calculated. In each experiment the fluorescence
CeLL CULTURE signal was recorded from approximately 10 cells. The closed side of

) ) the Ussing chamber had a “luminal” chamber volume of g0@nd the
M-1 CCD cells (kindly provided by Dr. C. Korbmacher, Oxford, Great open “basoleteral” side, some 5@0. Both sides were continuously

Britain) have been developed from a mouse transgenic for the earlye fysed with a flow rate of approximately 2 mi/min. All experiments
region of simian virus 40, Tg(SV40E)Bri/7 [37]. M-1 cells show many \yere performed at 37°C. The fura-2 [€h data will be shown quali-
characteristics of the cortical collecting duct when grown in monolay- tatively as a change in fluorescence ratio.

ers with a high transepithelial resistand®.f and a lumen negative

transepithelial voltagev,). As described below, our measurgd and

Ve values were consistent with the original publication [37]. M-1 cells MEASUREMENT OF pH,

were grown on collagen/fibronectin-coated plastic flasks in DMEM-

Ham’s F-12 medium (Life Technologies, Karlsruhe, Germany), to The intracellular pH was measured with the pH-dyg72bis-(2-

which 100 ml/I fetal calf serum (FCS), 100 mg/l penicillin/ carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester

streptomycin and 0.pmol/l dexamethasone was added. Inverted filter (BCECF-AM) using the same experimental setup as described above.

membranes (TranswéHlCol filter, 12 mm diameter, 0.4m pore size,  The cells were loaded for 30 min in a 5% @a@6% O, atmosphere at

Costar, Bodenheim, Germany) were immersed in culture medium int@7°C in culture medium to which BCECF-AM (im), pluronic F127

a 4 cm deep special cup. Subsequently cells were seeded onto the.6 um) and probenecid (5 m) had been added. As a measure of pH

lower side of the filter membrane. This allows an unobstructed opticalthe fluorescence emission ratio at 488nm/436nm excitation was calcu-

access and visualization of single cellular fluorescence in the invertedated. Calibration of the fluorescence signal was performed with solu-

microscope. After 2 days the filters were turned around and placed irtions of different pH containing high K (145 mv) and the K/H*

24-well culture plates (Costar, Bodenheim, Germany). During cultureexchanger nigericin (4um). Under these conditions the intracellular

the luminal and the basolateral side were covered with medium.  pH (pH) is clamped to that of the extracellular solution. Calibration
curves were linear within a pHange from 6.5 to 7.8.

Measurement of [Cd]; was performed with the G&dye fura-2-AM

UsSING CHAMBER EXPERIMENTS

SOLUTIONS AND CHEMICALS
To measure the electrogenic Naansport, the Ussing chamber tech-
nigue was applied. This technique allows for the measurement ofPluronic F127, fura-2-AM and BCECF-AM were obtained from Mo-
transepithelial voltageM,) and transepithelial resistanc®). Our lecular Probes (Eugene, Oregon, USA). All other chemicals were of
chamber had an aperture of 1&nThe measurements were performed the highest grade of purity available and were obtained from Sigma
in ‘open-circuit’ mode. V,, was referred to the basolateral sid, was (Deisenhofen, Germany) and Merck (Darmstadt, Germany). The ex-
calculated from the voltage deflections induced by short (0.6 sec) curperiments were performed with the following solution (imjn 145
rent pulses [23]. These deflections were corrected for those obtainetlaCl, 1 MgCl, 1.3 Ca-gluconate, ®-glucose, 0.4 KBPO,, 1.6
with the empty chamber with a filter membrane. The equivalent shortk ,HPQ,. The 10um C&*-solution contained (in m) 145 NacCl, 1
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MgCl,, 0.1 Ca-gluconate, ®-glucose, 0.4 KHPO,, 1.6 K,HPO,.

To all solutions 5 mu probenecid was added. All solutions were ti-

trated to pH 7.4.

STATISTICS

The data shown are either original traces or mean valussmt(n),
wheren refers to the number of experiments. A paitedst was used
to compare mean values within one experimental seriep.value of
<0.05 was accepted to indicate statistical significance.

ABBREVIATIONS

PMA, Phorbol 12-myristate 13-acetate; ENaC, epithelial blzannel;

CPA, cyclopiazonic acid; CCD, cortical collecting duct; BIM, Bisin-

dolylmaleimide.
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demonstrated. Therefore, the ATP effect is most likely
mediated via this P2Y-receptor subtype located in the
luminal and basolateral membrane of M-1 CCD cells [2].
In the preceding paper [2] a number of arguments were
presented indicating that ATP and UTP stimulaté©a
activated CI channels in the luminal membrane. Fur-
thermore, inhibition of amiloride-sensitive, by ATP
was suggested. Here we investigate this phenomenon in
detail. To investigate this we tried to inhibit the Ta
activated CI conductance by depletion of intracellular
[Ca®"]; stores. This was successfully achieved with, e.g.,
basolateral cyclopiazonic acid (CPA, jbv), a well
described inhibitor of sarcoplasmatic/endoplasmatic re-
ticulum C&* ATPases (SERCA) [27]. This is a widely
used protocol to preverinsP;-mediated [C&"]; eleva-
tions in nonexcitable cells. As seen in Figh,Jaddition

of 5 wm basolateral CPA induced a slow increase of
[C&a®"]; (mean fluorescence 340nm/380nm peak ratio in-
crease: 0.34 + 0.05 = 13). Interestingly, this never
altered transepithelial electrical parameteRs,,V.e).
The subsequent addition of basolateral ATP (100)

Similar to previous studies, confluent M-1 cells had demonstrated that the intracellularCatores had been
properties of a very tight epithelium. In the presence ofaimost completely emptied. Under these conditions no

0.1 wm dexamethasone the mean restijgwas 1151 +

significant drop ofR, was measured. In contrast, ATP

28 Qcn?. Vte amountedto -31.4+ 1.3 mV (Iumen nega- now increased?{e by 144 + 17Qcn? (n = 20) Inspec-
tive) and the resulting calculated short circuit currenttion of thelsc trace now C|ear|y shows an ATP-induced

(Is) was -28.0 + 1.1uA/cm? (n = 95). Thel,, was

reversible decrease &f. (I, decrease: 7.02 £ 0.59A/

almost completely and reversibly inhibited by luminal cn?, n = 20). A repeated application of basolateral ATP

amiloride (10 um) (-3.05 + 0.61wA/cm?). Luminal

amiloride reversibly increasdg], from 970 + 59 to 1170
+81 Qcn? (n = 8). Basolateral amiloride (10@mol/l)

had no effect o, (n = 5).

[Ca®"]; STORE DEPLETION UNMASKS THE ATP-INDUCED
INHIBITION OF AMILORIDE-SENSITIVE SHORT
CIrcuIT CURRENT

elicited the same response. At the end of the experiment
luminal amiloride (10uwm) inhibited N& absorption, re-
flected in complete inhibition ol,. Now basolateral
ATP (100 wmol/l) elicited no further effect on the elec-
trical transepithelial parameteYg, andR,,, (1. decrease:
0.37 £ 0.07uA/cm? n = 7). Also basolateral UTP (100
wM) under continuous [Cd];-store depletion inhibited
the amiloride-sensitivé,, by 5.01 + 1.76uA/cm? (n =

4). These data indicate that [€}-store depletion in-
hibits the previously described activation of a luminal

Figure 1A shows an original Ussing chamber experimentCI~ conductance. Under these conditions the observed

with the simultaneous measurement of{Ga From top

effect is consistent with an ATP-mediated inhibition of

to bottom the recordings of the transepithelial voltageamiloride-sensitivd,. The ATP-mediated inhibition of

(Vio), the transepithelial resistanci.), the correspond-

Na" transport was always transient as depicted in Fig.

ing short circuit currentl() and the fura-2 fluorescence 1B. In a series of 6 experiments, where basolateral ATP
ratio 340nm/380nm are depicted. The application of bawas given for a longer period, a maximal decreask,of

solateral ATP (10Qum) induced a rapid [CH]; rise with

by -6.92 + 1.19.A/cm? was observed after 101.5 + 4.2

an initial peak and a secondary plateau (mean fluoressec. After 4 min the ATP-mediatet,. decrease
cence 340nm/380nm peak ratio increase: 0.45 + 07, amounted only to 4.0 + 1.18A/cm?.
= 6). Similar to the data presented in the previous study

[2], basolateral ATP reversibly reducé&g, from —-35.1
+5.2mV to -202 + 4 mV andreducedR, from 1275 +
46 to 805 + 42Q0cn?. | initially showed a drop from

-27.3+3.5t0 -24 + 3.uA/cm?, parallel to the decrease

LumINAL ATP INHIBITS THE AMILORIDE-SENSITIVE |

in R, (n = 6). Similar results were obtained with the Subsequently we investigated the effect of luminal ATP

addition of luminal ATP @ata not showp The previous

on the amiloride-sensitivie.in M-1 cells. In this and all

work showed that ATP and UTP were equipotent. Fur-subsequent experiments the intracellular*Catores

thermore, the expression of P2¥eceptor mRNA was

were depleted with CPA (bm). An original experiment
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Fig. 1. Effect of basolateral ATP (10Qm) in M-1 cells grown on permeable filtersA) Effect on transepithelial voltagd/(; a), transepithelial
resistanceR,; b), equivalent short circuit current.(; ¢) and Fura-2 [C&7;-fluorescence ratio 340nm/380nm (original recordidyy;Basolateral
ATP induced a drop in lumen-negati,, strongly decreaseR,, induced a “complex’l,. response and increased fCla Subsequently, under
intracellular C&"-store depletion with cyclopiazonic acid (&), the ATP [C&"]; response was inhibited. Now ATP increasgand induced an
inhibition of I This reflects a reduction in Neabsorption as seen by the subsequent addition of luminal amiloridgn).OAmiloride induced

1) a reduction of lumen-negatié,, 2) an increase iR, and 3) a drop in negativie, consistent with near-to-complete inhibition of electrogenic
Na* absorption. B) Upper panel:equivalent short circuit current(). Lower panel:Fura-2 [C&"]; fluorescence ratio 340nm/380nm (original
recording). Basolateral ATP applied for longer periods (here 4 min) always transiently reduté&duhgport.

is shown in Fig. 2. The upper panel showskhendthe minutes of basolateral stimulation luminal ATP induced
lower panel the measurement of fC As obvious, a further decrease of Nabsorption by 2.7 + 0.54A/
also luminal ATP inhibited the amiloride-sensitivg. cn? (n = 5). These results indicate that luminal and
This experiment shows that the inhibition of amiloride- basolateral ATP inhibit Natransport additively.
sensitivel ;. by maximal luminal ATP stimulation (100 Next we determined the concentration response re-
M) was smallerl. decrease: 2.47 + 0.46A/cm?, n = lationship for basolateral ATP on amiloride-sensitiyge
8) compared to maximal basolateral ATP stimulationFigure 3A shows an original experiment, in which baso-
(100 um) (I decrease: 7.02 + 0.59A/cm? n = 20). lateral ATP reduced/,, and increase®,, in a concen-
Similar to basolateral ATP also luminal ATP increasedtration-dependent manner, resulting in a decrease of the
R and decreaseld,, (data not showh For all further  amiloride-sensitivel,. The summary of these experi-
experiments we used the stimulation with basolateraments is shown in Fig.B. Thel sinhibition (@) (IC5.:
ATP under continuous intracellular €astore depletion 4.13um) and the corresponding decrease of transepithe-
with CPA. lial conductancelCsy: 6.34 um) (G,o) (A) are shown as
Subsequently we investigated the effect of luminala function of basolateral ATP concentration. Concentra-
ATP (100 pm) in the presence of 10fum basolateral tions resulting in 50% inhibitionICs, values) were ob-
ATP. Initially basolateral ATP was added and in this tained by fitting the data to the Michaelis-Menten equa-
series inhibitedl.. by 4.9 £ 1.31pnA/cm? After two  tion.
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Fig. 2. Effect of basolateral and luminal ATP (1Qv) in M-1 cells
grown on permeable filters on equivalent short circuit currég) (
(upper panel and Fura-2 [C&7];-fluorescence ratio 340nm/380nm
(lower panel,original recording). Intracellular G4 stores were con-
tinuously depleted with cyclopiazonic acid (). As can be seen, the
ATP-mediated inhibition of . depicted in Fig. 1 was similarly induc-
ible with luminal ATP. Also shown in Fig. 2 is the observation that
under luminal amiloride (1Gum) basolateral ATP (10Gwm) did not
alter I

ATP INHIBITS AMILORIDE-SENSITIVE | ¢
INDEPENDENTLY OF[Ca2"];

The presented data strongly suggest that the ATP
mediated inhibition of N& transport was not mediated

via an increase of [Cd],. However, this has been a

controversial issue [13, 18]. To investigate this topic
more vigorously, we performed the following experi-
ments. C&'-store depletion is well known to activate

store-operated G&entry pathways in the basolateral

membrane of renal epithelia [11]. Thus, in certain sub-
cellular regions, [C&]; could be persistently high but

undetectable with our fura-2 method. We therefore low-
ered the extracellular G&concentration to 10 on

119

Fig. 4A, lowering [C&"]; did not alter the ATP-mediated
inhibition of Na" absorption. The data are summarized
in Fig. 4B. These experiments strongly indicate, that the
ATP-induced inhibition oflg. in M-1 cells is regulated
independently of [CA]..

THE ATP-INDUCED INHIBITION OF AMILORIDE-SENSITIVE
lsc1s NoT MEDIATED ViA PKC

Previous studies in either rat or rabbit distal nephron
segments have proposed that distal tubulaf alasorp-
tion is inhibited via activation of protein kinases C
(PKC) [3, 7]. We therefore investigated the involvement
of PKC. For this purpose different PKC inhibitors or
PKC activators were applied. Figure 5 depicts an origi-
nal experiment with the PKC inhibitor bisindolylma-
leimide (BIM, 1 umol/l). Ca*-store depletion was again
performed with CPA (jum). We compared the effect of
basolateral ATP (10Q.m) onlg.in the absence and pres-
ence of BIM (1uMm). As obvious from Fig. 5, BIM did
not affect the ATP-mediated inhibition of amiloride-
sensitivel,. In summary, in this series basolateral ATP
inhibited | in the pre-control period by 5.03 + 0.6, with
BIM by 3.76 + 0.48 and after washout of the PKC in-
hibitor by 3.77 + 0.45.A/cm? (n = 5). Similarly stau-
rosporine (10 mol/l), a nonspecific PKC inhibitor, did
not affect the ATP-induced decrease of the amiloride-
sensitivel . (data not showpn Higher concentrations of
staurosporine could not be tested, since this decreRgsed
dramatically. Subsequently we tested if PKC-activation
with PMA (0.1 or 0.5 uM) could mimic the ATP-
stimulated inhibition of N& absorption. This was not
the case data not shown, n= 5). Furthermore, ATP
elicited an undisturbed inhibitory effect on the amiloride-
sensitivel . in the continuous presence of PMA (0.1 or
0.5 puM, data not showh Taken together, these results
indicate that PKC is not involved in mediating the ATP-

induced inhibition of amiloride-sensitivie,

BAsOLATERAL AND LUMINAL ATP AcibiFies M-1 CELLS

It is well known that ENaC is closed by acidic intracel-
lular pH (pH) [10]. Since extracellular ATP via P2 re-
ceptors can acidify epithelial cells the observed ATP
effect could be mediated via an intracellular acidifica-
tion. Therefore we measured the ;iH BCECF-loaded
M-1 monolayers. Figure 6 shows an original experiment

the basolateral side of the M-1 monolayer. This maneuwith the simultaneous measurementRy, I.. and pH.

ver did not affect transepithelial electrical parameters!

As seen in Fig. A, this produced a substantial and re-
versible reduction of [CH]; (mean fluorescence ratio
decrease: 0.13 £ 0.0®, = 5). In a strictly paired fash-

Basolateral ATP (10Quv) under CPA caused a small
acidification of the pHin M-1 cells paralleled by the
known inhibition of the amiloride-sensitivé,. This
acidification by basolateral ATP amounted to 0.05 +

ion basolateral ATP was now added during the condition0.005 pH-unitsif = 20). Basolateral acetate (20 mmol/

of “normal” or “lowered” cytosolic C&" and the inhibi-

[) acidified M-1 cells by 0.267 + 0.048 pH-units and

tory effect on Na transport was assessed. As seen frominhibited in parallel the amiloride-sensitivg. (n = 11).
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Alkalization with luminal NH/NH; (20 mmol/l) mark-  of this paper is that under continuous fCastore deple-
edly increased,. The observation that acidification in- tion luminal and basolateral ATP and UTP inhibited
hibits and alkalinization activates, is highly consistent electrogenic N& absorption.

with previous investigations addressing the issue gf pH

modulation of N& absorption [9, 30]. In our further

analysis (Fig. 7) we plotted the changd gfas a function A P2Y, RECEPTORMEDIATED EFFECT

of pH,. (A: a single ‘acetate’ experimenl: a single

NH,/NH; experiment and@®: a single ATP experiment). ) )
In the range of + 0.5 pHunits around resting pt linear In our preceding paper we suggested that the nucle_ot|de-
correlation was observed. As obvious the ATP-inducednediated effect was via a P2¥eceptor. The conclusion
effects onl,, and pH do not superimpose onto this re- Was .b_ased on two arguments: 1) The |dent|f|cat|or_1 of
gression line. We therefore conclude that the ATP-SPecific mRNA for this receptor subtype and 2), a typical
induced acidification does not play a major role as mePharmacology with UTP being as potent as ATP [2].

diator of the inhibition of amiloride-sensitivie, Subsequently we used the recently developed rat,P2Y
antibody from M. Knepper/B. Kishore and demonstrated

specific staining also of the mouse P2¥ceptor in M-1
Discussion cells unpublished observatiohsIn our recent study this

P2Y, receptor was pharmacologically identified in the
Na" absorption in the distal mammalian nephron occurduminal membrane of principal cells of isolated perfused
transcellularly through uptake of Naia luminal ENaC  mouse CCD tubules [4]. It needs, however, be borne in
channels and subsequent ATP-dependent translocationind that the pharmacological evidence, with UTP and
of Na* onto the blood side through the basolateraf/Na ATP being of similar potency, would also allow the
K*-ATPase. Key activators of this process are aldosteP2Y, receptor to be a candidate [33]. Yet, no other evi-
rone or ADH. In addition, other hormonal factors modu- dence would indicate that the latter receptor is involved.
late electrogenic Naabsorption. An activator of Na It has been described that epithelial cells can express a
absorption, e.g., is insulin, which conveys its action viavariety of different P2Y and P2X receptors [36]. We
the recently identified serum- and glucocorticoid- have not conducted a comprehensive screening of other
induced protein kinase (SGK) [31, 32]. An inhibitor of putatively important P2 receptors expressed in M-1 CCD
Na" transport is basolateral PGEL2]. The key finding cells.
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[C&®"];, AN INHIBITOR OF ELECTROGENIC Na* brane C&" ATPase and therewith Ehefflux [39]. The
ABSORPTION IN THEDISTAL NEPHRON? notion that nucleotide-mediated inhibition of Naans-

port was C&™-independent was further supported by ex-

Over the past two decades numerous studies using mperiments in which we lowered cytosolic €anore ag-
croperfused collecting ducts have established thagressively. We previously demonstrated that in renal
[Ca®"];-elevating agonists like PGEr acetylcholine in-  and other epithelial cells the store-operated‘Gantry
hibit Na" transport [13, 38]. Mostly rabbit collecting pathway is exclusively located in the basolateral mem-
ducts have been used and numerous reports firmly sugsrane [11]. Lowering extracellular €aon the basolat-
port the involvement of a cytosolic [, elevation me- eral side during activated store-operated®Cantry
diating the inhibition of N& transport [8, 13, 38]. markedly lowered cytosolic G4 This [C&"]; lowering
Downstream of the [CH]; signal PKC activation has maneuver left the ATP-mediated inhibition of Nimans-
been suggested to mediate the inhibitory effect oi Naport unaffected. Thus, the presented data show that in
transport [3]. Thus, in rabbit tissue the numerous studiesnouse M-1 cells the nucleotide-induced inhibition of
draw a homogeneous picture of these initial signalingNa" absorption is regulated independently of fa
events. These data add to the picture describingdadepen-

In contrast, in rodents intracellular €zand PKC do  dent regulation of Natransport in rodent cortical col-
not inhibit electrogenic Naabsorption [34]. The present lecting duct tissue.
study demonstrates, that in the mouse the elevation of The effect of luminal and basolateral P2-receptor
[C&a?"]; does not appear to mediate an inhibition of'Na activation has recently also been investigated in cultured
absorption. CPA initially increased [€%;, but never rabbit connecting tubule cells [18]. The authors could
altered electrogenic Natransport. This was also ob- show that extracellular nucleotides via the B2¥ceptor
served by others when thapsigargin was used to elevaecrease Naand C&* absorption. This was still true if
[C&a?"]; in M-1 cells [28]. A close inspection of Fig. 1 or cells were incubated with BAPTA-AM to buffer cyto-
2 indicates that under continuous administration of CPAsolic C&*. Although the [C&"]; signal was not mea-
basolateral ATP decreases fCJa This observation is sured in the same experiments, these data suggest that
reminiscent of a previous study from our group in intes-also in rabbit distal tubular cells the ATP/UTP-mediated
tinal epithelial cells, in which we suggested that thisinhibition of Na" and C&" absorption was regulated in-
phenomenon reflects the activation of the plasma memdependently of an increase in cytosolic’Ca
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Fig. 5. Effect of the PKC inhibitor bisindolylmaleimide (BIM, jLm)
on basolateral ATP (10@wm)-induced inhibition ofl. in M-1 cells Fig. 6. Effect of basolateral ATP (10@wm) on intracellular pH (pH in

(original recording)Upper trace:equivalent short-circuit current(). M-1 cells. Depicted ared, transepithelial resistancR(); B, equivalent
Lower trace:Fura-2 [C&"]; fluorescence ratio 340nm/380nm. Intracel- short-circuit current I¢); and C, BCECF pH-fluorescence ratio

lular C&™* stores were continuously depleted with cyclopiazonic acid (5 488nm/436nm (original recording). Basolateral ATP induced the above

pM). PKC inhibition with BIM did not affect the ATP-mediated inhi-  described transepithelial electrical changes and smalapidification.

bition of I Also depicted are an acetate (2Qu)rinduced acidification and the
corresponding inhibition of,. and an NH/NH,-stimulated alkaliniza-
tion with its corresponding activation &f.

INVOLVEMENT OF PKC
INVOLVEMENT OF pH,

!n sub_sequent exp?"”f‘e.”ts the in\_/o_lvement Of_PKC Wadur experiments revealed that ATP, indeed, acidifies
investigated. PKC inhibitors like bisindolylmaleimide or \, 1 .alls. Recent studies from other épithelia’also indi-
tsr:altjrcisporlne S.hOW?d no effe(;t. tHeri 't'%'sl r(ljo:eworthycate that P2-receptor activation induces an intracellular
that s a%rlosgorlnlfc? a concen rg lon Ic? th € otag acidification [14, 19]. The mechanism involved in these
irreversible break-down oR,, and cou us not b€ A1p_mediated acidifications remains to be elucidated.

used. Furthermore, the use of a broad-spectrum PK : : o
i . o o or M-1 cells it thus appears possible that ATP-inhibited
activator like PMA did not mimic the effect of ATP/ Na* transport occurs via a decrease in,pHowever,

:.JTP'thlf?' In M'lt cells the nutctlepudel—ln?#cedt!nh;_bp this acidification was very small and thus can not be
I?E’EC aThranspor :T\tppears.nql otlnvo Vted eac 'V? IoN - onsidered an important regulator of the ATP/UTP-
0 - 'nese results are simiiar to a study In perius€Qyqgiated inhibition of Na absorption. However, we

rat CCD [34]. feel safe to conclude that the ATP-mediated acidification

. In .rab.b|t tissue, how_ever, .th(:f' |.n.volvement of PKC contributes to a small extent to the observed phenom-
activation in agonist-mediated inhibition of Naansport

is clearly indicated. Essentially all studies addressing

this question with different inhibitory transmitters like 1 .\vism oF ATP-MEDIATED INHIBITION OF

PGE,, acetylcholine or nucleotides find an involvement \; -+ 1+ \nsporT

of PKC [3, 18, 38]. More recent studies indicate that the

PKC epsilon is the relevant kinase isoform in rabbit tis-We currently do not know either the critical transduction
sue [3]. event involved in the ATP-mediated inhibition of Na
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mediated N&transport inhibition 1) occurs indepen-
dently of [C&"];, 2) does not involve the activation of
PKC and 3) is to a small part mediated through an in-
tracellular acidification. Most probably the inhibited
membrane transport molecule is the luminal epithelial
Na“ channel. In a preliminary study we recently dem-
onstrated that also in intact, freshly isolated mouse CCD
luminal and basolateral P2¥eceptor activation inhibits
electrogenic N&absorption [22].
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