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Extracellular ATP and UTP activation of phospholipase D is
mediated by protein kinase C-e in rat renal mesangial cells
'Josef Pfeilschifter & Claire Merriweather

Department of Pharmacology, Biocenter, University of Basel, Klingelbergstrasse 70, CH-4056 Basel, Switzerland

1 We have studied whether a nucleotide receptor mediates the effects of extracellular ATP and UTP on
phosphatidylcholine metabolism in rat cultured glomerular mesangial cells.
2 ATP and UTP stimulated a biphasic 1,2-diacylglycerol (DAG) formation in [3H]-arachidonic acid-
labelled mesangial cells. In contrast, in cells labelled with [3H]-myristic acid, a tracer that preferentially
marks phosphatidylcholine, both nucleotides induced a delayed monophasic production of DAG with a
concomitant increase in phosphatidic acid and choline formation.
3 A phospholipase D-mediated phosphatidylcholine hydrolysis was further suggested by the observa-
tion that ATP and UTP stimulate the accumulation of phosphatidylethanol, when ethanol was added to
mesangial cells.
4 The rank order of potency of a series of nucleotide analogues for stimulation of phosphatidylethanol
formation was UTP = ATP> ITP> ATPyS> P3-imido-ATP = ADP> 2-methylthio-ATP = P-
methylene-ATP = ADPPS, while AMP, adenosine, CTP and GTP were inactive, indicating the presence
of a nucleotide receptor.
5 Elevation of cytosolic free Ca2" by the calcium ionophore A23187 (1 fLM) or the Ca2+-ATPase
inhibitor, thapsigargin (200 nM) slightly increased phosphatidylethanol formation. However, chelation of
cytosolic Ca2" with high concentrations of Quin 2 did not attenuate ATP- and UTP-induced phos-
phatidylethanol production, thus suggesting that Ca2" is not crucially involved in agonist-stimulated
phospholipase D activation.
6 The protein kinase C (PKC) activator, phorbol 12-myristate 13-acetate (PMA), but not the
biologically inactive 4a-phorbol 12,13-didecanoate, increased phospholipase D activity in mesangial cells,
suggesting that PKC may mediate nucleotide-induced phosphatidylcholine hydrolysis.
7 Down-regulation of PKC-a and -6 isoenzymes by 8 h PMA treatment still resulted in full phos-
pholipase D activation. In contrast, a 24 h treatment of mesangial cells with PMA, a regimen that also
causes depletion of PKC-e, markedly attenuated nucleotide-evoked phosphatidylethanol formation. In
addition, the selective PKC inhibitor, calphostin C attenuated ATP- and UTP-induced phos-
phatidylethanol production.
8 In summary, these data suggest that extracellular ATP and UTP use a common nucleotide receptor
to activate phospholipase D-mediated phosphatidylcholine hydrolysis. Stimulation of phospholipase D
appears to involve the PKC-8 isoenzyme, activated by DAG derived from phosphoinositide hydrolysis
by phospholipase C.
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Introduction

Extracellular adenine nucleotides have an important impact
on a wide range of physiological responses of cells (Gordon,
1986). These effects of extracellular adenosine 5'-triphosphate
(ATP) on cells appear to be mediated through specific P2-
type purinoceptors (Burnstock, 1978). In 1985, Burnstock &
Kennedy proposed a further subclassification of P2-
purinoceptors into P2X, and P2y subtypes on the basis of
agonist potency order and functional responses. Later, addi-
tional subtypes of P2-purinoceptors have been described on
platelets (P2T-type) and on mast cells (P2z-type) (Gordon,
1986). Extracellular ATP has been demonstrated to couple
via P2-purinoceptor to polyphosphoinositide degrading phos-
pholipase C in hepatocytes (Charest et al., 1985), endothelial
cells (Pirotton et al., 1987), HL-60 cells (Cockcroft &
Stutchfield, 1989), macrophages (Pfeilschifter et al., 1989) and
various other cell types (for review see El-Moatassim et al.,
1992). In the kidney, ATP has been reported to stimulate the
inositol lipid signalling cascade and subsequent Ca2"
mobilization in mesangial cells (Pfeilschifter, 1990a,b;
Schulze-Lohoff et al., 1992; Pavenstadt et al., 1993),

' Author for correspondence.

glomerular epithelial cells (Pavenstadt et al., 1992) and
MDCK cells (Paulmichl et al., 1991).
More recently another nucleotide, UTP, was shown to be

involved in the regulation of diverse cell functions (for review
see Seifert & Schulz, 1989). Haussinger et al. (1987) and von
Kugelgen et al. (1987) were the first to suggest that the action
of UTP could involve a receptor distinct from the P2-
purinoceptor in rat liver. However, in certain other tissues,
ATP and UTP may use a common nucleotide receptor for
triggering their biological responses (Pfeilschifter, 1990b;
Davidson et al., 1990; for review see O'Connor, 1992). This
latter receptor type appears to be distinct from previously
described P2-purinoceptor subtypes. Using rat mesangial
cells, we have previously demonstrated that UTP and ATP
stimulated phosphoinositide turnover, and that responses to
both agonists were affected equally well by pertussis toxin
and phorbol ester, non-additive at maximal concentrations,
similarly attenuated by reactive blue 2 and displayed cross-
desensitization. These features are all consistent with the
hypothesis that ATP and UTP activate a common nucleotide
receptor (Pfeilschifter, 1990b).
Another important signalling pathway appears to act

exclusively on phosphatidylcholine in response to a wide
variety of agonists and thus generates phosphatidic acid and
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1,2-diacylglycerol (DAG) from lipid sources other than phos-
phoinositides (for review see Billah & Anthes, 1990). In
mesangial cells, platelet-derived growth factor (Pfeilschifter &
Hosang, 1991), angiotensin II (Pfeilschifter et al., 1992),
endothelin (Kester et al., 1992) and vasopressin (Troyer et
al., 1992) have been reported to stimulate phosphatidyl-
choline hydrolysis by phospholipase D activity. In the pres-
ent study we have investigated the effects of ATP and UTP
on phosphatidylcholine hydrolysis. We present evidence that
ATP and UTP activate with similar potencies and charac-
teristics phospholipase D-mediated phosphatidylcholine tur-
nover, thus suggesting that a common nucleotide receptor
not only triggers phosphoinositide, but also phosphatidyl-
choline signalling cascades in rat mesangial cells.

Methods

Cell culture

Rat glomerular mesangial cells were cultured as described
previously (Pfeilschifter et al., 1984). In a second step, single
cells were cloned by limited dilution using 96-micro-well
plates. Clones with apparent mesangial cell morphology were
used for further processing. The cells exhibited the typical
stellate morphology. Moreover, there was positive staining
for the intermediate filaments desmin and vimentin, which
are considered to be specific for myogenic cells (Travo et al.,
1982), positive staining for Thy 1.1 antigen, negative staining
for factor VIII-related antigen and cytokeratin excluded
endothelial and epithelial contaminations, respectively. The
generation of inositol trisphosphate upon activation of the
angiotensin II AT, receptor was used as a functional criterion
for characterizing the cloned cell line (Pfeilschifter, 1990c).
The cells were grown in RPMI 1640 supplemented with 10%
fetal calf serum, penicillin (100 u ml-'), streptomycin
(100 fg ml-') and bovine insulin at 0.66 u ml-' (Sigma).

Extraction and separation of diacylglycerol

Mesangial cells were labelled for 24 h with [3H]-arachidonic
acid (1.0 gtCi ml-'; specific activity 240 Ci mmol ') or [3H]-
myristic acid (2.0 gCi ml-'; specific activity 54 Ci mmolh') in
RPMI 1640 containing 10% fetal calf serum. The lipid ex-
traction was performed according to Bligh & Dyer (1959).
For separation of DAG the lipid extracts were dissolved in
chloroform/methanol and spotted onto thin layer chromato-
graphy (t.l.c.) plates (precoated silica gel 60 with concentra-
tion zone, 0.25 mm thick). The chromatographs were
developed in one dimension using n-heptane/diethyl ether/
acetic acid (75:25:4, by vol.) as described by Pfeilschifter et
al. (1984).

Assay ofphospholipase D-catalyzed phosphatidylcholine
hydrolysis

Nucleotide stimulated phosphatidylcholine hydrolysis was
measured in cells prelabelled for 40 h with [methyl-3H]-choline
(5 jiCi ml'; specific activity 76 Ci mmol ') or for 24 h with
[3H]-myristic acid (2.0 fiCi ml1'; specific activity 54
Ci mmol -). Prelabelled confluent cells were washed several
times with medium to remove unincorporated label. The cells
were incubated for a further 1 h. Ethanol was added to cell
monolayers prelabelled with [3H]-myristic acid 5 min prior to
the addition of ATP or UTP. Incubations were terminated
by collecting the medium and adding ice-cold methanol to
the cells. After harvesting the cells from the dishes with a
rubber policeman, lipids were extracted according to Bligh &
Dyer (1959). Radioactivity in aliquots of medium, aqueous
phase and chloroform phase was determined. Lipid extracts
were separated by t.l.c., developed with either the top phase
of ethyl acetate /2,2,4-trimethyl pentane/acetic acid/water
(13:2:3:10, by vol.) for separation of phosphatidylethanol

and phosphatidic acid or with chloroform/methanol/acetic
acid/water (100:30:35:3, by vol.), for separation of phos-
pholipids. Aqueous cell extracts and media were separated by
ion-exchange chromatography on Dowex 50-WH+ columns
exactly as described by Cook & Wakelam (1989). Separation
of aqueous extracts was cross-checked by a t.l.c. procedure
modified from that described by Pritchard & Vance (1981) on
silica gel G plates, developed with 0.5% NaCl/methanol/
concentrated NH40H (10:10:1, by vol).

Statistical analysis
Statistical analysis was performed by one way analysis of
variance (ANOVA). For multiple comparisons with the same
control group, the limit of significance was divided by the
number of comparisons according to Bonferroni.

Chemicals

[3H]-choline and [3H]-myristic acid were purchased from
Amersham International, UK; [3H]-arachidonic acid was
from Du Pont de Nemours International, Regensdorf,
Switzerland; ATP ATP'yS, ADP, AMP, UTP, GTP, CTP,
ITP, adenosine, cell culture media and nutrients were from
Boehringer-Mannheim, Rotkreuz, Switzerland; Pfy-imido-ATP,
Pfy-methylene-ATP and ADPPS were from Fluka Chemie,
Buchs, Switzerland; 2-methylthio-ATP and calphostin C were
from Ciba-Geigy Ltd., Basel, Switzerland; suramin was from
Sigma Chemicals, Buchs, Switzerland; and phorbol 12-
myristate 13-acetate (PMA), 4a-phorbol 12,13-didecanoate
were from Calbiochem, Lucerne, Switzerland.

T.l.c. plates and all other chemicals used were from Merck,
Darmstadt, Germany.

Results

ATP and UTP stimulate a biphasic DAG formation

Previously we have shown that [3H]-myristic acid is selec-
tively incorporated into phosphatidylcholine, whereas [3H]-
archidonic acid is equally distributed in phosphatidylcholine,
phosphatidylethanolamine and phosphoinositides (Pfeil-
schifter et al., 1992). Stimulation of mesangial cells with ATP
(100 iM) or UTP (100I1M) increased the labelling of DAG,
irrespective of the tracer used. The production of DAG was
biphasic in [3H]-arachidonic acid-labelled cells, with a first
peak occurring at 20 s after the exposure to either ATP or
UTP and a second peak at 5 min (Figure la). The first peak
corresponds to the formation of inositol 1,4,5-trisphosphate
(Pfeilschifter 1990a,b). DAG formation, therefore, may
derive from phospholipase C-induced phosphoinositide
hydrolysis. The second DAG peak occurred after inositol
1,4,5-trisphosphate levels had returned to control values. The
time course of ATP- and UTP-stimulated DAG production
in [3H]-myristic acid-labelled cells is depicted in Figure lb.
DAG formation started to increase at 1 min and reached a
maximum at 10min. ATP- and UTP-induced production of
DAG was dose-dependent as shown in Figure 2. There was
no significant difference in the DAG response to ATP and
UTP stimulation as regards the time-course and potency of
both nucleotides, although UTP tended to be slightly more
potent than ATP. In parallel to the nucleotide-triggered
DAG formation there was a marked stimulation of phos-
phatidic acid generation (Figure 3).

ATP and UTP activate phospholipase D

Mesangial cells were labelled with [3H]-choline and phos-
phatidylcholine hydrolysis was studied by analysis of the
hydrophilic degradation products. Exposure of the cells to
ATP (100 JM) or UTP (100 JM) caused a strong increase in
choline production (Figure 4). There was no significant in-
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Figure 1 Time course of ATP and UTP-stimulated 1,2-diacylgly-
cerol (DAG) formation in mesangial cells. Confluent cells were

labelled with either [3H]-arachidonic acid (a) or [3H]-myristic acid (b)
for 24 h. Cultures were then stimulated with ATP (100 tlM, Oi), UTP
(100 gM, O) or vehicle (A) for the indicated time periods. [3H]-DAG
formation was determined as described in Methods. Data are ex-

pressed as percentage of total incorporated radioactivity and are

means of four experiments; the s.d. ranged from 5-12%.

crease in [3H]-choline phosphate or in [3H]-glycerophospho-
choline upon stimulation of cells with ATP or UTP (data not
shown). These data suggest that extracellular nucleotides
activate a phospholipase D in mesangial cells, which degrades
phosphatidylcholine. Phospholipase D can be more
specifically assessed by its ability to catalyze a phosphatidyl
transfer reaction in which ethanol or other primary alcohols
act as the phosphatidyl moiety acceptor, thus generating
phosphatidylethanol (Billah & Anthes, 1990). In the absence
of ethanol, ATP and UTP stimulated the formation of phos-
phatidic acid and DAG (Figure 5). In the presence of 1%
ethanol, ATP and UTP triggered the production of phos-
phatidylethanol, paralleled by a concomitant decline in phos-
phatidic acid and DAG accumulation (Figure 5). Obviously,
both nucleotides triggered phospholipase D activation to a
comparable extent. Preincubation of the cells with the
putative P2-receptor antagonist, suramin, dose-dependently
attenuated both ATP- and UTP-induced phosphatidylethanol
formation (Figure 6).

Table 1 shows the specificity for nucleotides and one
nucleoside (100I1M each) in stimulating the production of
phosphatidylethanol in mesangial cells. ITP, ATP'S, ADP
and P7-imido-ATP potently stimulated phosphatidylethanol
production. 3y-Methylene-ATP, 2-methylthio-ATP and ADPPS
had only a weak effect on phosphatidylethanol formation,
while AMP, CTP, GTP and adenosine were completely
ineffective in this capacity. The rank order of potency of
the nucleotide analogues is compatible with a (common)

10 100
Nucleotide (,uM)

Figure 2 Dose-response curve of ATP- and UTP-stimulated 1,2-
diacylglycerol (DAG) formation in mesangial cells. Confluent cells
were labelled with [3H]-myristic acid for 24h and then stimulated
with the indicated concentrations of ATP (0) or UTP (O) for
10 min. [3H]-DAG formation was determined as described in
Methods. Data are expressed as percentage of total incorporated
radioactivity and are means of four experiments; the s.d. ranged
from 4-18%.
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Figure 3 Time course of ATP- and UTP- stimulated phosphatidic
acid (PA) formation in mesangial cells. Confluent cells were labelled
with [3H]-myristic acid for 24 h and then stimulated with ATP
(I00 JAM, 0), UTP (100 jAM, O) or vehicle (A) for the indicated time
periods. [3HI-PA formation was determined as described in Methods.
Data are expressed as percentage of total incorporated radioactivity
and are means of four experiments; the s.d. ranged from 6-17%.

Time (min)

Figure 4 Time course of ATP- and UTP-stimulated choline forma-
tion in mesangial cells. Confluent cells were labelled for 40 h with
[3H]-choline. Cultures were then stimulated with ATP (100 JiM, 0),
UTP (100 I1M, O), or vehicle (A) for the indicated time periods.
[3H]-choline formation was determined in the culture supernatant.
Results are means of four experiments, the s.d. ranged from 6-17%.
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PEt
Table 1 Effects of different nucleotides and one nucleoside
on phosphatidylethanol (PEt) formation in mesangial cells

Addition

£zO.
Con ATP UTP

Figure 5 Effect of ATP and UTP on phosphatidic acid (PA), 1,2-
diacylglycerol (DAG) and phosphatidylethanol (PEt) formation in
mesangial cells. Confluent cells were labelled with [3H]-myristic acid
and then exposed to ATP (100 JM), UTP (100I1M) or vehicle (Con)
for 10 min, either in the presence (hatched columns) or absence
(open columns) of 1% ethanol. [3H]-phosphatidic acid (PA), [3H]-
phosphatidylethanol (PEt) and [3H]-DAG formation was determined
as described in Methods. Data are expressed as percentage of total
incorporated radioactivity and are means of four experiments; the
s.d. ranged from 3-13%. Significant differences from corresponding
control (without ethanol): **P<0.01 and ***P<0.001, ANOVA.

PEt (% of total radioactivity)

Control
ATP
UTP
ITP
CTP
GTP
ADP
AMP
Adenosine
ATP'yS
Py-imido-ATP
Py-methylene-ATP
2-methylthio-ATP
ADPPS
ATP + UTP

0.21 ± 0.05
1.85 ± 0.19***
1.97 ± 0.21***
1.64 ± 0.09***
0.30 + 0.07
0.30 ± 0.06
1.14 0.1 I***
0.24 ± 0.03
0.19 ± 0.05
1.42 0.14***
1.12 + 0.10***
0.57 0.09
0.64 ± 0.08*
0.53 0.07
1.98 ± 0.22***

Confluent mesangial cells were incubated for 24 h with
[3H]-myristic acid and then exposed to the different
nucleotides or one nucleoside (100I1M each) for 10min in
the presence of 1% ethanol. Lipid extraction and separation
was performed as described in Methods. Results are
means ± s.d. of four experiments.
Significant differences from control: *P< 0.05 and
***P<0.001; ANOVA.

Ca2" ionophore, A23187, the Ca2" ATPase inhibitor, thap-
sigargin and by chelation of intracellular Ca2" with high
concentrations of Quin 2. As shown in Figure 7, A23187
(1 JAM) and thapsigargin (200 nM) slightly increased
phophatidylethanol formation. However, chelation of
cytosolic Ca2+ with high doses of the Ca2+ buffer, Quin 2,
did not attenuate ATP- or UTP-stimulated phos-
phatidylethanol formation, thus suggesting that an increase
in cytosolic free Ca2+ is not essential for phospholipase D
activation by nucleotides in mesangial cells.
The possible involvement of PKC in the nucleotide

stimulation of phospholipase D activity was examined using
phorbol esters, PKC down-regulation experiments, as well as
a specific inhibitor of PKC. As shown in Figure 8, the PKC
activator PMA caused a dose-dependent increase in phos-

000L..L..i.U1.U0 phatidylethanol production. In contrast, the biologically inac-
1000 10 000 tive phorbol ester, 4a-phorbol 12,13-didecanoate, did not

Figure 6 Effect of suramin on ATP- and UTP-stimulated phos-
phatidylethanol (PEt) formation in mesangial cells. Confluent cells
were labelled for 24h with [3H]-myristic acid and pretreated for
30 min with the indicated concentrations of suramin. Cultures were

then stimulated with ATP (1001AM, 0), UTP (100 1AM, O) or vehicle
(A) for 10min in the presence of 1% ethanol. Lipid extraction and
separation was performed as described in Methods. Results are

means of four experiments; s.d. ranged from 5-18%.

nucleotide receptor-mediated phospholipase D activation.
Further evidence for this suggestion was provided by the lack
of additivity of maximal doses of ATP and UTP on phos-
phatidylethanol formation (Table 1).
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It has been previously demonstrated that ATP and UTP
evoke an increased inositol 1,4,5-trisphosphate and DAG
generation from phosphatidylinositol 4,5-bisphosphate which
trigger Ca2" mobilization and PKC activation, respectively
(Pfeilschifter, 1990a,b). We were, therefore, interested to
investigate what role, if any, the increased intracellular Ca2+
and PKC play in ATP- and UTP-stimulated phospholipase
D-mediated phosphatidylcholine hydrolysis. The requirement
of Ca2" for phospholipase D activity was examined using the

Figure 7 Effects of Ca2" on phosphatidylethanol (PEt) formation in
mesangial cells. Confluent cells were labelled for 24 h with [3H]-
myristic acid and pretreated for 60 min with 100 1M Quin 2/AM
where indicated. Cultures were then stimulated with ATP (100 1M),
UTP (100 gM), the Ca2" ionophore A23187 (1 1M) or the Ca2+-
ATPase inhibitor, thapsigargin (Tg, 200 nM) for 10 min in the
presence of 1% ethanol. Lipid extraction and separation was per-
formed as described in Methods. Results are means of four
experiments; s.d. ranged from 4-11%. Significant differences from
control: ***P<0.001; ANOVA.
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activate phospholipase D (Figure 8). Furthermore, PKC
down-regulation by prolonged PMA treatment (24 h)
blocked ATP- and UTP-stimulated phosphatidylethanol syn-

thesis (Figure 9). However, a 8 h treatment with PMA that
causes depletion of a- and 6-isoenzymes of PKC in mesangial
cells (Huwiler et al., 1991; 1992) was not sufficient to
eliminate nucleotide-induced phospholipase D activation
(Figure 9). It was necessary to preincubate the cells for 24 h
with PMA, a regimen that also causes depletion of PKC-c
(Huwiler et al., 1991), to prevent completely the responses to
ATP and UTP (Figure 9). Moreover, the selective PKC
inhibitor, calphostin C (1 fLM) (Kobayashi et al., 1989)
attenuated ATP- and UTP-stimulated phosphatidylethanol
formation (Figure 10).
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Figure 8 Dose-response curve of phorbol ester-s
phatidylethanol (PEt) formation in mesangial

were labelled for 24 h with [3H]-myristic acid

with the indicated concentrations of phorbol 12-my

(PMA, 0), or 4ax-phorbol 12,13-didecanoate

presence of 1% ethanol. Lipid extraction and

formed as described in Methods. Results

experiments; s.d. ranged from 3-9%.
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Figure 9 Effects of protein kinase C (PKC) dov
ATP- and UTP-stimulated phosphatidylethanol (PI
mesangial cells. Confluent cells were labelled

myristic acid and either non-pretreated (control) I
or 24h with phorbol 12-myristate 13-acetate

indicated. Cultures were then washed and

(100MLm, open columns), UTP(1001 m, hatched

(cross-hatched columns) for 10 mm in the presence

Lipid extraction and separation was performed

Methods. Results are means of four experiments;

5519%. Significant differences from corresponding

stimulation): ***P <0.001; ANOVA. Significant

corresponding control ATP and UTP stimulation
pretreatment): tttP<0.001; ANOVA.

Figure 10 Effect of calphostin C on ATP- and UTP-stimulated
_o0 phosphatidylethanol (PEt) formation in mesangial cells. Confluent

cells were labelled for 24 h with [3H]-myristic acid and pretreated for
30 min with calphosin C (I !LM, hatched columns) or vehicle (open
columns). Cultures were then stimulated with ATP (100 pM), UTP
(100 pM) or vehicle for10 min in the presence of1% ethanol. Lipid
extraction and separation was performed as described in Methods.
Results are means of four experiments; s.d. ranged from 7-14%.
Significant differences from corresponding control: ***P<0.001;
ANOVA. Significant differences from corresponding ATP or UTP
stimulation in the absence of inhibitor. ttP<0.01, ANOVA.

Discussion
,,,,1 ,,, ,,,,,

1000 10000 The presence of a nucleotide receptor with pharmacological
characteristics different from those classically reported for a
P2-purinoceptor have been described first for sheep pituitarystimulated phos- cells (Davidson et al., 1990) and rat renal mesangial cells

then stimulated (Pfeilschifter, 1990b). ATP and UTP display similar potencies
ristate 13-acetate in activating the inositol lipid signalling cascade and subse-

or 10 min in the quent Ca2" mobilization whereas classical P2y agonists (2-
aration was per- methylthio-ATP, ADPPS) and P2, agonists(a,,B-methylene-
means of four ATP; P,3-methylene-ATP) were either inactive or showed

only minor activity (Pfeilschifter, 1990b; Davidson et al.,
1990). The presence of this putative nucleotide receptor has
also been described for human airway epithelial cells (Brown
et al., 1991), rat hepatocytes (Keppens et al., 1992), the
neuronal cell line NlE-l 15 (Iredale et al., 1992), PC-12
phaeochromocytoma cells (Murrin & Boarder, 1992; Raha et
al., 1993) and a variety of other cell types (for review see

O'Connor, 1992).
In the present study we have shown that ATP and UTP

activate a phosphatidylcholine degrading phospholipase D in
mesangial cells. Again, ATP and UTP displayed comparable
potencies and characteristics in triggering this important sig-
nalling cascade, consistent with the hypothesis that ATP and
UTP act via a common nucleotide receptor.

ttt ttt Phosphatidylcholine hydrolysis stimulated by ATP and
UTP has also been demonstrated in endothelial cells (Purkiss
& Boarder, 1992). Ultimate proof of a common nucleotide
receptor mediating the described functional cell responses

PMA, 24 h requires the development of convincing antagonists for either
P2-purinoceptors or the proposed nucleotide and

n-regulation on pyrimidinoceptors.
Et) formation in We also have addressed the question concerning the path-
24 h with[3H] - ways leading to activation of phospholipase D. There is

pretreated for 8 h substantial evidence for a role ofCa"+ and PKC in the
MA, 500 nm) as activation of phospholipase D, indicating that activation of
lated with ATP this enzyme is secondary to phosphoinositide hydrolysis (Bil-
lumns) or vehicle lah & Anthes, 1990). In mesangial cells Ca2 mobilization by
of1i% ethanol. the Ca2 ionophore, A23187, and theCa2+-ATPase inhibitor,s.d.ranged from thapsigagrin, is able to trigger a small increase in phos-c ontrol (without pholipase D activity. However, chelation of intracellular

differences from Ca"+ with high concentrations of Quin 2 did not affect ATP-
(without PMA and UTP-induced phospholipase D activation, indicating

that agonist stimulation of the enzyme does not crucially
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depend on Ca2". In this connection it is noteworthy that
endothelin-stimulated phospholipase D was found to be
Ca2"-independent in mesangial cells (Kester et al., 1992). In
contrast, several lines of evidence indicate that PKC plays a
major role in regulating phospholipase D activity in mesan-
gial cells. First, the tumour promoting phorbol ester, PMA,
activated phosphatidylcholine metabolism, whereas a
biological inactive phorbol ester did not increase phos-
phatidylethanol production. Second, calphostin C, a specific
inhibitor of PKC, interacting with the regulatory domain of
the enzyme, attenuated nucleotide-stimulated phospholipase
D activity. Third, down-regulation of PKC blocked ATP-
and UTP-induced phosphatidylethanol formation.
PKC exists as a family of at least 10 isoenzymes, all having

closely related structures but differing in tissue and cellular
distribution and in their individual enzymological characteris-
tics (Nishizuka, 1992). By immunoblot analysis we have
shown previously that mesangial cells express four PKC
isoenzymes, PKC-a, -6, -a and -L (Huwiler et al., 1991; 1992;
1993). No PKC-P, -y and -il isoforms were detected. On
exposure to PMA, these isoenzymes displayed distinctly
different down-regulation kinetics. An 8 h treatment with
PMA was sufficient to deplete mesangial cells completely of
PKC-a and -6 isotypes and a 24 h incubation with PMA was
necessary to down-regulate PKC-s. In contrast, PMA treat-
ment for 24 h did not induce any depletion of PKC-4
(Huwiler et al., 1991; 1992; 1993). By comparing the down-
regulation kinetics of the mesangial cell PKC isoenzymes
with the time course of removal of the specific cellular func-
tions, we have suggested that PKC-a and -6 may negatively
regulate phosphoinositide turnover in response to angiotensin
II (Huwiler et al., 1991; 1992; Ochsner et al., 1993) whereas
PKC-c is a candidate for regulation of phospholipase A2
and prostaglandin synthesis in mesangial cells (Huwiler et al.,
1991). The data in Figure 9 show that an 8 h treatment with
PMA still caused full activation of phospholipase D in
mesangial cells, thus clearly ruling out a contribution of
PKC-a or -6 isoenzymes to this cell response. In order to
prevent ATP- and UTP-stimulated phosphatidylethanol
formation, a 24 h incubation with PMA was required, sug-

gesting that PKC-c may not only trigger phospholipase A2,
but also phosphatidylcholine-specific phospholiase D. PKC-
a is a typical representative of the Ca2'-independent group
B isoenzymes (Stabel & Parker, 1991). In this connection it is
worth noting that inhibitors of PKC which display a selec-
tivity for the Ca2+-dependent group A isoenzymes as com-
pared to the Ca2'-independent group B isotypes, such as
staurosporine (McGlynn et al., 1992), K-252a (Gschwendt et
al., 1989) or the specific PKC inhibitor CGP 41251 (Mate,
B.M., Meyer, T., Stabel, S., Jaken, S., Fabbro, D. & Hynes,
N.E., personal communication), did not inhibit ATP- or
UTP-induced phospholipase D activation (Pfeilschifter &
Merriweather, unpublished observations). Failure to achieve
inhibition of phospholipase D with PKC inhibitors has led to
the suggestion that phorbol ester may act in part through a
PKC-independent mechanism (for review, see Billah &
Anthes, 1990). Our observations could provide an alternative
explanation for some of these reports. However, one should
be aware that there may be a cell type-specific link between
certain PKC isoenzymes and phosphilipase D activation.
Overexpression of PKCP1 in fibroblasts has been reported to
enhance phospholipase D activity after PMA or endothelin-I
stimulation (Pai et al., 1991a,b). On the other hand, DAG
derived from phospholipase D-mediated phosphatidylcholine
hydrolysis has been shown to activate selectively PKC-P in
interferon-x-activated leucocytes (Pfeffer et al., 1990) and
PKC-C in activated Xenopus oocytes (Dominguez et al.,
1992). Thus, PKC-mediated activation of phospholipase D
and the subsequent generation of DAG may provide a
positive feedback loop to sustain PKC activation in cells.

In summary, our data suggest that ATP and UTP use a
common nucleotide receptor to activate a phophatidyl-
choline-specific phospholipase D in mesangial cells. Further-
more, we provide evidence for a role of PKC-c in mediating
this nucleotide-induced cell response.

This work was supported by a grant from Ciba-Geigy Ltd. to C.M.
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