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ABSTRACT. Bovine aortic endothelial cells contain two coexisting receptors for extracellular ATP, named
the P,y and P, purinoceptors. Previous studies have shown that these receptors are linked to phospholipase C
in a manner that is modulated in part by protein kinase C (PKC). In this study, we investigate the influence of
PKC in the regulation of endothelial nitric oxide synthase (NOS) by these two purinoceptors. Activation of
either P,y or P, purinoceptors by either 2-methylthio-ATP or UTP, respectively, stimulated the formation of
[PH]-citrulline in [*H]-arginine-labelled cells in a concentration-dependent manner. This stimulation was sen-
sitive to inhibition by N®-nitro-L-arginine. Ten minutes of pretreatment with the PKC activator tetradecanoyl
phorbol acetate (TPA) failed to affect NOS activity, either alone or when stimulated with 2-methylthio-ATP
or UTP. However, under these conditions TPA caused almost complete translocation of PKC-a from the cytosol
to the membrane. Ten minutes of pretreatment with the PKC inhibitor Ro 31-8220 significantly inhibited the
agonist-induced stimulation of NOS. These results show that both P,y and P,; purinoceptors stimulate endo-
thelial NOS in a manner that is dependent on PKC activity. Copyright © 1996 Elsevier Science Inc. BIOCHEM
PHARMACOL 52;12:1849-1854, 1996.
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Genetic analysis has revealed the presence of three types
NOS#; these can be classified as the neuronal Ca**/cal-
modulin-dependent form (ncNOS or type 1), the Ca?*-
independent inducible form (iNOS or type II) and the en-
dothelial Ca?*/calmodulin-dependent form (ecNOS or type
II), as discussed recently by Nathan and Xie [1]. Endothe-
lial Ca?*-dependent NOS activity is present in both mem-
brane-bound and cytosolic states in BAE cells but predomi-
nantly in particulate form [2]. Endothelial nitric oxide re-
lease is elevated in response to different agonists acting on
G-protein-coupled receptors, including the P, purinocep-
tors, which respond to ATP and related agonists in a man-
ner implicating a rise in intracellular Ca?* [3-7]. We have
recently shown that the P,-purinergic response of bovine
aortic endothelial cells is mediated by two coexisting re-
ceptors, P,y and P, purinoceptors, which are both differ-
entially coupled to phospholipase C activation and vasore-
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laxation [8-10]. Of these two receptors, the response to
stimulation of the P,y purinoceptor (but not the P, pu-
rinoceptor) is regulated by PKC activation and inhibition,
such that activation of PKC inhibits agonist induced stimu-
lation of Ins(1,4,5)P;, and inhibition of PKC leads to an
enhancement of agonist induced stimulation of
Ins(1,4,5)P5 in a manner consistent with the involvement
of a short PKC-dependent inhibitory feedback mechanism
[8, 9].

Besides its role in the regulation of induction of iINOS
(e.g. [11]), PKC has been reported to modulate endothelial
NOS activity. Some reports indicate that this is an inhibi-
tory effect within the endothelial cell, such that both basal
and agonist stimulated NOS activity are attenuated by
mechanisms that include direct phosphorylation of the en-
zyme [12-14]. Other results with different cells show that
PKC may exert a positive influence on agonist-stimulated
NOS activity [15, 16]. In this report, we present evidence
that conflicts with this earlier work, indicating that PKC
activity is necessary for P,y and P,y purinoceptor-
stimulated endothelial NOS activity and that PKC activa-
tion does not exert an inhibitory influence on this activity.

MATERIALS AND METHODS

Materials

[PH]-Arginine, secondary horseradish peroxidase-labelled
antibodies and reagents for enhanced chemiluminescence
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detection were obtained from Amersham International
(Buckinghamshire, UK). Rabbit polyclonal antibodies
raised against PKC-{ were a kind gift from Dr. P. ]. Parker
(ICRF, London UK). Mouse monoclonal antibody against
PKC-a was purchased from UBI (TCS, Buckingham, UK).
Ro 31-8220 was a kind gift from Dr. G. Lawton (Roche
Products Ltd, Welwyn, Herts, UK). Cell culture supplies
were obtained from GIBCO Life Technologies (Paisley,
Scotland), 2ZMeSATP was obtained from Research Bio-
chemicals (Semat, Herts, UK), and other biochemicals

were obtained from Sigma (Poole, Dorset, UK) or Fisons
(Loughborough, UK}).

Cell Culture

BAE cells were prepared by the method of Booyse et al. [17]
and, as described in Wilkinson et al. [9], were cultured in
Minimum Essential Medium D-valine with 10% foetal calf
serum, 25 IU - mL™! penicillin, 25 pg - mL™! streptomycin,
10 mg* mg™! gentamycin, and 27 mg* mL™! glutamine in
95:5% air:CO, at 37°C. The cells were essentially 100%
positive for factor VIII:R immunofluorescence and were
used in 24-well plates.

NOS assay

NOS activity was measured by a modification of the
method of Bredt and Snyder [18]. Cells maintained at 37°C
were washed twice with 1 mL of BSS [NaCl 125 mM, KCl
5.4 mM, NaHCQO; 16.2 mM, N-2-hyroxyethylpiperazine-
N-2-ethanesulphonic acid (HEPES) 15 mM, NaH,PO, 1
mM, MgSO, 0.8 mM, CaCl, 1.8 mM, glucose 5.5 mM, pH
7.4] and gassed with 95% O,, 5% CO,. Cells were incu-
bated with 1.5-3.0 nCi-mL™" of [PH]L-arginine (57 Ci
mmol ') in 200 pL of BSS. This labelling period formed a
preincubation of 10 min, followed by an incubation that
was started by the addition of agonists at 10 times final
concentration. When included, activators or inhibitors of
PKC were present 10 min prior to and during the agonist
stimulation period. Incubations were stopped by the aspi-
ration of the incubate, washing with 3 x 1 mL of ice cold
BSS without Ca** and addition of 0.5 mL of ice-cold 0.5 M
trichloroacetic acid. After 2 hr on ice, the extract was
washed 3 times with 2 mL of water saturated diethylether,
and 0.25 mL was taken and buffered with 0.75 mL 20 mM
HEPES (pH 6.0). The extract was then applied to a 1-mL
column of Dowex 50 Na* form, citrulline was eluted with
4.0 mL of water and arginine was eluted with 4 mL of 0.1
M NaOH. Recovery of radioactivity through the columns
was over 95%, and when [PH]-arginine was applied directly
to the columns over 95% was recovered in the NaOH wash.

PKC Western Blotting

Cultured endothelial cells were washed and maintained in
culture for another 24-hr period in serum-free medium.
Cells were then incubated with or without phorbol ester for
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the time periods indicated in the caption to Fig. 4. To
obtain cytosolic or membrane fractions, the cells were
washed with ice-cold PBS and scraped into ice-cold ho-
mogenisation buffer containing 25 mM Tris, 2.5 mM
EDTA, 2.5 mM EGTA, 1| mM dithiothreitol, 25 pug- ml™
leupeptin, I mM phenylsulphonylfluoride, after which the
cells were lysed in a teflon pestle tissue grinder and centri-
fuged for 10 min at 14,000g. The supernatants were used as
a source for the cytosolic fraction of PKC. The pellets were
sonicated in homogenisation buffer containing Triton
X-100 and centrifuged at 14,000g for 10 min. The PKC
fractions were subject to SDS-PAGE [19]. Separated pro-
teins were then transferred to nitrocellulose paper by using
a Bio Rad (Hercules, CA) transblot apparatus. After trans-
fer, the nitrocellulose membranes were treated overnight
with 10% (w/v) nonfat dried milk, which was used as a
blocking agent. Membranes were then incubated for 4 hr at
room temp with antibodies raised against the different PKC
isoforms and incubated for another hour with donkey
horseradish peroxidase-conjugated second antibodies. Im-
munoreactive proteins were detected using the ECL detec-
tion system (Amersham).

Data Analysis and Presentation

Data are expressed as mean + SEM for the indicated num-
ber of experiments, with significance determined by Stu-
dent’s ¢ test.

RESULTS

Preliminary experiments (data not shown) established that
cells incubated in the presence of [*H]-arginine rapidly ac-
cumulated radioactivity, reaching a maximum within 10
min; the accumulation of PH]-arginine was not affected
by the presence of the PKC stimulator TPA. The formation
of citrulline from arginine has been stoichiometrically
linked to the synthesis of NO and therefore provides an
assay for intracellular NOS activity. Figure 1 shows the
accumulation of [*’H]-citrulline in these cells in response to
2MeSATP and UTP, selective agonists for P,y and P,y
purinoceptors, respectively, under these conditions [9].
Both agonists stimulated the accumulation of [*H]-
citrulline. For the first 5 min of stimulation, the response to
maximally effective concentrations of the two agonists was
the same (Fig. 1A), but by 10 min UTP reliably gave a
larger response than did 2MeSATP. Figure 1B shows the
concentration response relationship for responses to the
two agonists with 5-min stimulations. The response to
2MeSATP was located to the left of the response to UTP
(pAsg values were 5.96 + 0.22 and 4.89 + 0.22, respectively;
mean + SEM, n = 5), and the maximal response to UTP
was 99.9 + 5.0% of that seen with 2MeSATP. Figure 2
shows the effect of increasing L-NAME concentrations on
the separate stimulation of P,y and P,(; purinoceptors by
2MeSATP and UTP, respectively, showing that the re-

sponse to each receptor was inhibited in a similar manner
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FIG. 1. (A) BAE cells preincubated with [*H]-L-arginine (3
pCi/mL) for 10 min were stimulated with either 30 pM
2MeSATP (solid circle) or 300 pM UTP (open circle) for
the times indicated. Data are mean + SEM of three experi-
ments performed in triplicate. (B) BAE cells preincubated
with [*H]-L-arginine as described in A were stimulated with
either 2MeSATP (solid circle) or UTP (open circle) at the
concentrations indicated for 5 min. Data are mean + SEM of
three experiments performed in triplicate.

and in a concentration range consistent with that reported
by others for NOS inhibition.

To investigate the influence of PKC on these responses,
we used PKC stimulation by TPA and the relatively selec-
tive PKC inhibitor Ro318220 [20]. In each experiment,
there was a decrease in unstimulated NOS activity with 100
nM TPA to 47-84% of controls (68.5 + 7.7%, mean *
SEM, n = 4), whereas Ro318220 had no affect on the
unstimulated levels (83 + 13%, mean * SEM, n = 4). Fig-
ure 3A shows that TPA at 100 nM had no effect on the
activity stimulated by maximally effective concentrations
of ZMeSATP or UTP (n = 4). By contrast, inhibition of
PKC with Ro318220 significantly attenuated agonist-
stimulated NOS activity (¥*53.5 + 4.7% and **50.8 * 3.9%
of the responses in the absence of Ro318220 for ZMeSATP
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FIG. 2. Cells prelabelled with [*H]-L-arginine were stimu-
lated in the presence of either 30 pM 2MeSATP (solid
circle) or 300 pM UTP (open circle) for 5 min in the pres-
ence of increasing concentrations of the NOS inhibitor L-
NAME. Data are mean + SEM of three experiments per-
formed in triplicate.

and UTP, respectively; mean + SEM, n = 4; *p < 0.02, **p
< 0.05), with no effect on basal levels.

Figure 4 shows the effect of treatment with TPA for up to
10 min on the distribution of PKC-a and PKC-{ immuno-
reactivity, as revealed by Western blots. A very substantial
translocation of PKC-« occurs within 10 min of treatment
with TPA, indicating that this isoform is activated under
these conditions in these cells. However, there was no evi-
dence of translocation of PKC-{ in these experiments.

DISCUSSION

Endothelial synthesis and release of NO is one of several
aspects of vascular endothelial cell function that are regu-
lated by receptors for ATP and ADP (the P, purinocep-
tors), as summarised in a recent review [21]. In studies on
bovine intercostal artery rings, we showed that endothe-
lium-dependent vasorelaxation occurs when either P,y or
P,y purinoceptors were stimulated. The relaxation in re-
sponse to P,y-purinoceptor stimulation was completely
blocked by indomethacin, whereas the response to P,;-
purinoceptor activation was unaffected by this cyclooxy-
genase inhibitor [10]. This result suggests that the two re-
ceptors produce relaxation by release of different mediators
and that the P,y-purinoceptor relaxation response was not
predominantly due to release of NO. The data reported
here, however, shows that both these receptors are linked
to NOS stimulation in BAE cells in culture. The apparent
discrepancy between this observation and the differential
release of NO from intercostal endothelial cells in situ may
be due to the different origin of the cells or to changes
occurring in culture. However, aortic endothelial cells in
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FIG. 3. (A) Cells prelabelled with [*H]-L-arginine were
stimulated with either 30 ptM 2MeSATP or 300 pM UTP as
indicated in the absence (open bar) or presence (hatched
bar) of the PKC activator TPA (100 nM) for 5 min. Data are
mean x SEM of four experiments performed in triplicate.
(B) BAE cells were stimulated as described in A except in
the presence of the pKC inhibitor Ro318220 (10 pM). Data
are mean + SEM of four experiments performed in triplicate
(*p < 0.02; **p < 0.05 significantly different from stimula-
tion with agonist alone).

culture do maintain differential responses to the P,y and
P, purinoceptors with respect to second messenger path-
ways [8].

2MeSATP stimulated NOS with a much higher potency
than did UTP, which is similar to the stimulation of
Ins(1,4,5)P5 by these two agonists and is consistent with
the notion that stimulation of NOS is downstream of
stimulation of hydrolysis of inositol phospholipids by phos-
pholipase C. Although a number of pathways may lead from
phospholipid hydrolysis to NOS stimulation, initial consid-
erations must concentrate on the elevation of intracellular
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FIG. 4. Translocation of PKC isoforms a and { in response
to TPA. Cells were exposed to 1 pM TPA for 0, 1, 5 or 10
min, and membrane and cytosolic fractions were separated
and analysed by Western blot using antisera specific for
PKC-a (A) or PKC-{ (B). In A and B lanes 1-4 contain
cytosolic PKC and lanes 5-8 contain membrane. Lanes 1
and 5 contain control without TPA treatment. The remain-
ing lanes were exposed to TPA for 1 min (2 and 6), 5 min (3
and 7) and 10 min (4 and 8).

Ca®" and the stimulation of PKC. Endothelial cells contain
both soluble and membrane-bound forms of Ca®*/calmod-
ulin-sensitive NOS [2], and evidence has been presented to
suggest that an increase in Ca®* downstream of phospholi-
pase C stimulation provides the signal transduction to NOS
[2, 5].

The present study used PKC activation and inhibition
protocols, which have been well characterised in these
cells, with an inhibitor that is both effective and relatively
selective under the conditions used here [8, 19, 20, 22, 23].
We show that activation of PKC with TPA does not at-
tenuate P,y- or P,yy-purinoceptor stimulation of BAE cells
but that inhibition of PKC does remove most of this stimu-
lated NOS. Taken together with our earlier work showing
an inhibitory effect of activation of PKC on the P,y-
mediated accumulation of Ins(1,4,5)P; [8], these results
show that stimulation of NOS activity by 2MeSATP occurs
under conditions where TPA profoundly reduces the accu-
mulation of Ins(1,4,5)P;. These results indicate an apparent
dissociation between the accumulation of Ca?* mobilising
Ins(1,4,5)P5 and stimulation of NOS. One possible expla-
nation is the sensitization of NOS to Ca’?* mediated by
PKC, which has previously been reported for NOS in cer-
ebellar slices [15], leading to an increase in NOS activity
despite the reduction in the Ca®* response. However, this
possibility is unlikely to be the case in this study because
the effect of activation or inhibition of PKC is the same for
both 2MeSATP and UTP, despite the differential effect of
PKC on the Ins(1,4,5)P; response mediated by these recep-
tors. These observations suggest that the P, purinoceptor
control of NOS is not solely determined by the level of
Ca®* mobilising Ins(1,4,5)P;, but that there is also a re-
quirement for PKC in this response, although activation of
PKC alone is not in itself sufficient to stimulate NOS ac-
tivity. Another possibility that must be considered is that in
the presence of Ro318220 there is altered metabolism or
transport of citrulline or arginine, which may give rise to
the observed effects of this compound. However, these ef-
fects of PKC are similar to those reported for P,-
purinoceptor-mediated stimulation of PG, [23], where ago-
nist-induced accumulation is enhanced by activation of

PKC and abolished by inhibition of PKC. Understanding
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these events and the apparent discrepancy between these
results and others in the literature will require elucidation
of the role of individual PKC isoforms.

In a separate study, we have undertaken a substantial
investigation into PKC isoforms in these cells [23] in which
we report that, of eight isoforms tested, only PKC-a, PKC-€
and PKC-{ are present. Elsewhere it has been shown that in
addition PKC-B is detectable in BAE cells [12]. Our obser-
vation that PKC-B is undetectable in our cells raises the
possibility that different cell cultures of BAE cells contain
different PKC isoforms. Our results with translocation of
PKC-« confirm that this isoform is rapidly activated by the
TPA treatment used elsewhere in this report, whereas par-
allel studies failed to show evidence of translocation of
PKC-€ or of PKC-{. The report of rapid translocation of
PKC-a is important in the present context because it pro-
vides a direct demonstration that PKC activation is occur-
ring in those conditions in which TPA does not inhibit
agonist-stimulated NOS.

The role of PKC in the control of agonist-stimulated
NOS has been investigated in previous reports, with con-
flicting conclusions. Agonist activation of NOS through a
PKC-dependent mechanism has been reported in cultures
of rat striatal neurons [16], and activation of NOS by
metabotropic glutamate receptors in rat brain cerebellar
slices has also been reported to be PKC dependent [15].
However, a number of previous studies have reported that
that PKC inhibits endothelium-dependent relaxation of ar-
terial vascular rings {24-27]. Subsequently, Hecker et al.
[12] showed that TPA attenuates and PKC inhibition po-
tentiates bradykinin-stimulated NO release from cultured
porcine and bovine endothelial cells. Davda et al. [13] pre-
sented evidence that both direct inhibition of endothelial
NOS and receptor uncoupling were involved in the inhi-
bition of the ATP-stimulated response in bovine pulmo-
nary artery cells. This result was further clarified by Hirata
et al. [14] who showed that phosphorylation of NOS by
PKC occurs in a reconstituted cell-free system and in BAE
cells stimulated with TPA and that in these intact cells this
phosphorylation corresponds to a reduction in the NOS
response to P,-purinoceptor stimulation. None of these
studies unequivocally demonstrated that agonist-stimulated
endothelial NOS is inhibited by phosphorylation by PKC
because each study with agonists involved intact cells in
which receptor decoupling was likely to be taking place.
Experiments with ionomycin show a partial inhibition of
stimulated NOS activity on exposure of cells to TPA; how-
ever, this ionomycin stimulation of NOS is much larger
than the agonist-stimulated NOS, even after partial loss
following PKC activation [13].

[t is difficult to explain the difference between our results
and some of the earlier reports on NOS in endothelial cells.
However, it is instructive to note that there is a similar
degree of inconsistency in reports of TPA effects on ago-
nist-stimulated phospholipase A,, with both stimulation
and inhibition being reported in endothelial cells [12, 28].
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