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Bradykinin-induced release of PG12 from aortic endothelial cell
lines: responses mediated selectively by Ca2+ ions or a

staurosporine-sensitive kinase
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1 Bradykinin (100 nM) triggers release of nitric oxide and prostacyclin from both AG07680A and
AG04762 bovine cultured aortic endothelial cells. The exposure of these cells to bradykinin is in each
case associated with a striking rise in intracellular calcium ion concentration.
2 Exposure of AG07680A cells to 250 nM ionomycin was followed also by a significant release of
prostacyclin, whereas 250 nM ionomycin had no capacity to stimulate release of prostacyclin from
AG04762 cells.
3 There was a similar concentration-dependent increase in intracellular calcium ion concentration on

exposure of AG07680A and AG04762 cells to ionomycin.
4 Exposure of AG04762 cells for 10 min to staurosporine produced a concentration-dependent inhibi-
tion (IC5o = 107 ± 14 nM) in bradykinin-stimulated prostacyclin release. There was no similar inhibitory
effect of staurosporine in AG07680A cells.
5 Bradykinin (10 nM) triggered release of nitric oxide from both AG07680A and AG04762 cells, and
the effect was not inhibited by 500 nM staurosporine. There was a similar ionomycin-dependent release
of nitric oxide from both cell types.
6 These results identify a common pathway for bradykinin-dependent nitric oxide release from both
AG07680A and AG04762 cells, involving increases in intracellular calcium ion concentration. In
contrast, the bradykinin-dependent release of prostacyclin may involve one of two pathways (involving
an increase in intracellular calcium or activation of a staurosporine-sensitive kinase), and the two
pathways are selectively exploited in AG07680A and AG04762 cells, respectively.
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Introduction

A monolayer of endothelial cells lines the luminal surface of
blood vessels and provides a physical barrier between the
circulating blood and underlying vascular smooth muscle.
Endothelial cells also serve a role in regulating vascular
smooth muscle tone by release of dilator substances such as
prostacyclin (epoprostenol, PGI2; Moncada et al., 1976) and
nitric oxide (endothelium-derived relaxing factor, NO; Fur-
chgott & Zawadzki, 1980; Palmer et al., 1987; Ignarro, 1991),
or constrictor substances such as endothelin (Yanagisawa et
al., 1988). The release of PGI2 and NO from endothelial cells
may be triggered by hormones or vasoactive mediators
whose receptors are coupled to phospholipase C (PLC).
Examples include bradykinin, angiotensin II and acetyl-
choline (reviewed in Jacob et al., 1990). Receptor-dependent
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) by
PLC yields inositol 1,4,5-trisphosphate and diacylglycerol
which are implicated in release of Ca2+ from endoplasmic
reticulum to the cytosol, and activation of protein kinase C
(PKC) respectively (Berridge, 1987). The receptor-dependent
release of NO involves activation of the constitutively ex-
pressed NO synthase, an effect which is mediated by in-
creases in intracellular Ca2+ concentration, [Ca2+], (Moncada
et al., 1991). In contrast, the release of PGI2 may involve
more than one pathway of transduction, with complex pat-
terns of interaction between these pathways (reviewed in

Jacob et al., 1990). PGI2 release may be triggered by Ca2+-
dependent activation of PLA2 (with subsequent release of
arachidonic acid) (Hallam et al., 1988). Alternatively, PGI2
release may involve activation of PKC, with little or no
significant rise in [Ca2+]i (Carter et al., 1989). The mechanism
of PKC-dependent release of PGI2 appears to involve altered
sensitivity to [Ca2+]i, mediated by phosphorylation of an
unidentified substrate, which (it has been proposed) might be
PLA2 itself, or perhaps a G protein that couples activated
cell-surface receptors to PLC (Carter et al., 1989).

In primary human endothelial cultures, the release of PGI2
appears to be mediated by a variable contribution from both
signalling pathways, although the consensus view suggests a
primary role for receptor-dependent elevations in [Ca2+],
(Hallam et al., 1988). However, we have now identified two
related bovine aortic endothelial lines, which are available
from the Institute of Aging Cell Repository (U.S.A.), in
which the two pathways involved in receptor-dependent
release of PGI2 segregate between the two cell lines. These
cell lines provide a unique resource for further examination
of the complex signalling pathways involved in release of
PGI2 from endothelium.

Methods
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Cells

Bovine aortic endothelial cells were obtained from the
National Institute of Aging Cell Repository (Institute for
Medical Research, Copewood and Davis Streets, Camden,
NJ 08103, U.S.A.). Two cell lines were obtained, namely
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AG04762 (previously listed as AG4762) and AG07680A
(previously listed as AG7680). These cells were obtained
originally by collagenase digestion of a bovine thoracic aortic
segment (Holstein breed), and they are known to express
factor VIII immunoreactivity and angiotensin converting
enzyme. AG04762 is reported to be a later passage of the
AG07680A cell line.
The cells were cultured in 75 cm2 flasks or 3.5 cm

(diameter) wells in Dulbecco's modified Eagle's medium
(DMEM, Gibco) containing 15% (v/v) foetal calf serum
(Gibco), 1.5mM glutamine, 60uml-' penicillin, 50 gml-l
streptomycin and 251g ml-' gentamicin. The culture medium
in each flask was changed twice a week.

Confluent cells were divided in a ratio 1:4. The medium
was aspirated and the cells washed once with Dulbecco's
phosphate-buffered saline (without Ca2+ or Mg2' ions,
Gibco). Thereafter the cells were exposed to 0.05% (w/v)
trypsin and 0.02% (w/v) EDTA in PBS (Flow Laboratories)
for 1-2min at 37°C. The detached cells were pelleted by
centrifugation at 150 g for 3 min, resuspended in culture
medium and plated into new flasks or dishes, or on to cover
slips for fluorescence measurements.
For some experiments, cells were sub-cultured on to micro-

carrier beads which were then loaded on to 2 ml columns
(described fully in Parsaee et al., 1992). This arrangement
allowed perfusion of the cells on the column with Krebs-
Henseleit buffer (gassed with 5% CO2 and 95% air) at
2 ml min-'. The eluate from these columns was then analysed
for its content of PGI2 and NO. Although it was not possible
to measure exactly the cell number on each column, similar
numbers of confluent beads were loaded on to all columns,
and the cell number approximated 2 x 107. The release of
PGI2 was also measured from endothelial cells cultured in
3.5cm plates as described previously (Carter et al., 1988;
Parsaee et al., 1992).

Bioassay for NO

NO was measured by a modification (described fully in Par-
saee et al., 1992) of the method of Furchgott & Zawadzki
(1980). Briefly, eluate from the columns was allowed to
superfuse a rat aortic ring, preconstricted with 1 ftM
phenylephrine. Measurements were then made of the relaxa-
tion of the ring. In pilot experiments, endothelial cell-
dependent relaxation of the aortic ring was shown to be
inhibited by prior perfusion of the column with N0-mono-
methyl-L-arginine (L-NMMA), or simultaneous superfusion
of the aortic ring with haemoglobin. These findings
confirmed the identity of NO in the column eluate.

Prostacyclin determination

Prostacyclin was measured as its stable hydrolysis product
6-oxo-prostaglandin F,, (PGF1.) in 50 gl fractions taken from
the column eluate. The analysis was by radioimmunoassay,
and the antibody was a generous gift from Dr Susan Barrow
(UMDS, University of London).

Measurement offree intracellular calcium ion
concentration [Ca"i1
The method employed was a modification (Parsaee et al.,
1992) of that described by Hallam et al. (1988). Briefly,
fluorescence intensity was measured in Fura 2-loaded
endothelial cells cultured on 10 mm glass cover slips (Chance
Proper). Recordings were made at 37°C in a Shimadzu
RF5000 spectrophotofluorimeter, with excitation at 340 nm
and 380 rum, and emission measured at 500 nm. The value of
[Ca2J]i was calculated from the ratio of the two fluorescence
signals according to the equation of Grynkiewicz et al.
(1985).
The results were analysed with GraphPAD InPlot com-

puter software, and curves were fitted to a simple one-site

model, assuming Michaelis-Menton kinetics. [3H]-6-oxo-
PGFI, was obtained from Amersham International (UK);
Fura 2-AM was obtained from Calbiochem (UK). 6-Oxo-
prostaglandin Flr (free acid), ionomycin (Ca2" salt),
bradykinin (triacetate salt), phenylephrine (free base) and
staurosporine were obtained from Sigma (UK). General
reagents were also obtained from Sigma (UK) except where
indicated.

Results

The release of 6-oxo-PGF1. from AG07680A cells was
measured. Figure la shows that exposure of these cells to a
saturating (100 nM) concentration of bradykinin was fol-
lowed by a rapid release of 6-oxo-PGF,r which was sustained
for about 5-10min. In similar experiments, AG04762 cells
were also shown to release 6-oxo-PGF,a following exposure
to 100 nM bradykinin (Figure lb). Figure la and b is
representative of three similar experiments. Basal release
from AG07680A and AG04762 cells was 6.0 ± 3.6 and
10.4 ± 3.0 pg 6-oxo-PGF,I 50 fil-', and stimulated release
reached a maximum of 1698 ± 87 and 523 ± 112 pg 6-oxo-
PGF,I 50 ILI-I respectively (n =3).

In contrast to the effect of bradykinin on the two
endothelial cell lines, there was a striking difference in their
sensitivity to ionomycin. In separate experiments (n = 3 for
each cell line) AG07680A or AG04762 cells were exposed to
250 nM ionomycin, and measurements made of the release of
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Figure 1 Release of prostacyclin (PGI2) (measured as 6-oxo-PGFI,)
from cultured endothelial cells. AG07680A cells (a and c) or
AG04762 cells (b and d) were subcultured on to microcarrier beads
and perfused on columns with Krebs-Henseleit buffer. Prior to any
measurements or stimulation of the cells, the system was allowed to
settle at a perfusion rate of 2 ml min ' for at least 30 min.The cells
were then exposed to 100 nM bradykinin (a and b) or 250 nM
ionomycin (c and d) in the perfusate during the interval of collection
of fractions 2-4 (3 min). Eluate factions (2 ml) from the columns
were collected and analysed for their content of 6-oxo-PGF,I/50 Ill.
The results are representative of 3 similar experiments.
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6-oxo-PGF1.. Figure Ic and d shows representative examples
of the responsiveness of AG07680A cells to ionomycin, with
absolutely no response seen in AG04762 cells.

These results prompted further experiments in which the
capacity of bradykinin or ionomycin to trigger rises in [Ca2+]i
was measured. The resting [Ca2+], levels in AG07680A and
AG04762 cells were 141 ± 12 nM (n = 1 1) and 172 ± 26 nM
(n = 6), and increased on exposure to 500 nM bradykinin to
517 ± 56 nM (n = 9) and 548 ± 41 nM (n = 6) respectively.
The response to bradykinin is concentration-dependent in
AG07680A cells, and the bradykinin concentration (ECm)
required for the half-maximum increase in [Ca2+]i has been
reported previously by us as 4.8 nM (Parsaee et al., 1992). A
similar result was obtained with AG04762 (data not present-
ed).

In later experiments, cells of both endothelial cell lines
were exposed to ionomycin at concentrations between 10 nM
and 500 nM, and the results are shown in Figure 2. There was
no difference between the two cell lines in the rise in [Ca2]i
with increasing ionomycin concentrations, notwithstanding
their striking difference in sensitivity to ionomycin in terms
of 6-oxo-PGFI,, release.

These findings prompted us to compare the effect of
staurosporine on bradykinin-dependent release of 6-oxo-
PGFi,, in the two cell lines. Exposure of AG04762 cells for
10 min to 500 nM staurosporine attenuated by about 55% the
increase in 6-oxo-PGFI,j triggered by 100 nM bradykinin
(Figure 3b). In contrast, the same concentration of stauro-
sporine had no capacity to reduce bradykinin-dependent
release of 6-oxo-PGFI. from AG07680A cells (Figure 3a).
Exposure of AG04762 cells to selected concentrations of
staurosporine revealed a concentration-dependent inhibition
of 6-oxo-PGF1. release triggered by bradykinin, and the IC50
value for this effect was 107 ± 14 nM (Figure 4). Analysis of
the data in Figure 4 revealed that the bradykinin-dependent
effect could only be inhibited by staurosporine under these
experimental conditions by 65.2%.

Finally, measurements were made of the capacity of
bradykinin or ionomycin to release NO. In these experiments
no differences were observed between NO release from
AG07680 or AG04762 cells. The bradykinin-dependent re-
lease of NO is shown in Figure 5, and the effect was
unaltered by the prior exposure of these cells to 500nM
staurosporine. Exposure of AG07680A cells to selected con-
centrations of bradykinin revealed a concentration-dependent
response, with an EC50 value reported previously by us (Par-

100a

100

00-

0 iI
0 -8 -7 -6

b

/0

0

0 -8 -7 -6

log [lonomycin] M

Figure 2 Concentration-response relationships of ionomycin-depen-
dent increases in [Ca2+], in cultured endothelial cells. AG07680A cells
(a) or AG04762 cells (b) were subcultured on to glass cover slips and
loaded with Fura-2. The cells were then exposed to selected concen-
trations of ionomycin, and fluorescence intensity measured in a

spectrophotofluorimeter. The results show mean values for increases
in [Ca2i], (n = 3-6, ± s.e.mean. When omitted, the error bars are
incorporated into the symbol).

saee et al., 1992) of 0.70 ± 0.14 nM (n = 3). Similar results
were obtained with AG04762 cells (data not presented).
Ionomycin has been reported previously by us to trigger
release of NO from AG07680A cells (Parsaee et al., 1992),
and once again similar results were obtained with AG{4762
cells (data not presented).
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Figue3Braykiin-dpenentrelaseof prostacyclin (measured as
6-oxo-PGF1,,, from endothelial cells. AG07680A cells (a) or
AG04762 cells (b) were perfused on columns as described in the
legend to Figure 1. Prior to exposure of the cells to 100 nM
bradykinin (during collection of fractions 2-4), the column was
perfused for 10 min with Krebs-Henseleit buffer containing 500 nM
staurosporine (0), or Krebs-Henseleit buffer alone (@). Individual
2 ml fractions from the columns were analysed for their content of
6-oxo-PGF1a. The results are typical of 3 similar experiments.
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Figure 4 Concentration-response relationship for staurosporine-
dependent inhibition of 6-oxo-PGF1,, release from AG04762 cells
following exposure to bradykinin. Cells were cultured in 3.5 cm
(i'Aam.) dishes, and, then epsdto- selected conenprtratio%ns of
staurosporine (or culture medium control) for 10 min. Thereafter, the
medium was changed, the cells washed, and the cells then exposed to
100 nm bradykinin for 5 min. The culture medium was then analysed
for its content of 6-oxo-PGFI,, and the results are expressed as the
mean staurosporine-dependent inhibition of the bradykinin-depen-
dent increase in 6-oxo-PGFI. release (n = 4; values given ± s.e.mean).
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Figure 5 The release of nitric oxide from cultured endothelial cells. AG04762 cells (a) or AG07680A cells (b) were perfused on
columns as described in the legend to Figure 1. The column eluates were superfused on to rat aortic rings, which had been
pre-constricted with 1 gLM phenylephrine. The results show the relaxation mediated by repeated exposure to 10 nM bradykinin for
45 s. At a point shown on the curve, the eluate from the column was temporarily diverted, and the ring allowed to relax. The
endothelial cells were then exposed to 500 nM staurosporine for 10 min. The ring then contracted again with 1 gm phenylephrine,
and the eluate from the column used to superfuse the ring. The results show the nitric oxide-dependent relaxations of the rings
mediated by subsequent exposure of the endothelial cells to 10 nM bradykinin. The relaxations produced by 10 nm bradykinin were
19.2 ± 1.7 before, and 18.3 ± 3.0mm (n = 3) after exposure of AG04762 cells to staurosporine. The bradykinin-dependent
relaxations were 12.8 ± 0.6 before, and 13.7 ± 2.0 mm (n = 3) after exposure of AG07680A cells to staurosporine (results are
means ± s.e.mean).

Discussion

Results published previously have suggested that the release
of PGI2 from endothelial cells may be triggered either by
increases in [Ca2+]J (Hallam et al., 1988), or by a complex
pathway involving reduced sensitivity to [Ca2+], mediated by
activation of PKC (Carter et al., 1989). Either (or both)
pathways might be activated by receptor-dependent activa-
tion of PLC (reviewed in Jacob et al., 1990), and results are
now presented which show that two closely related endo-
thelial cell lines exploit selectively a rise in [Ca2+], or
activation of a staurosporine-sensitive kinase in bradykinin-
dependent release of PGI2. In contrast, we confirm earlier
reports that the release of NO from endothelial cells appears
to be coupled in all cases to rises in [Ca2+]j, most probably
by direct activation of NO synthase (Moncada et al., 1991).
Intriguingly, the threshold of [Ca2+]i required for activation
of NO synthase is substantially lower than that involved in
activation of PLA2 and release of PGI2 (Parsaee et al., 1992).

Bradykinin triggers a rapid and significant rise in [Ca2+], in
both AG07680A and AG04762 cells, and these changes in
[Ca2J]i are accompanied by a very striking increase in the
release PGI2. Ionomycin also increased [Ca2+]j, and to very
high levels when the cells were exposed to ionomycin at
concentrations above lOOnM. However, despite [Ca2+]i at
concentrations above 2 tM in both cell types, ionomycin
triggered release of PGI2 from only AG07680A cells and not
from AG04762 cells.

It followed that bradykinin-dependent release of 6-oxo-
PGFI. from AG04762 cells was not simply dependent on

increases in [Ca2+]j. Further experiments revealed that the
bradykinin-dependent release of 6-oxo-PGFI, from these cells
was inhibited by staurosporine, which suggests the involve-
ment of a staurosporine-sensitive kinase. In view of the
previous work on endothelial cell signalling, this kinase is
identified most probably as one of the many PKC isoforms.
The finding that staurosporine inhibited bradykinin-de-
pendent release of PGI2 only partially (about 60%) also
suggests the possibility that other signalling pathways may be
involved (perhaps in a cascade of protein phosphorylation).
Further extensive studies will be required to identify with
confidence the individual kinase(s), and these are not
included in the present report. There are now upwards of 11
PKC isoenzymes that have been identified or sequenced,
some of which are insensitive to phorbol ester, and for many
of which no specific inhibitors are currently available. The
published evidence to date suggests, at least in the rat, that
the most abundant PKC isoenzyme in endothelial cells is
PKC, (Mattila, 1991).

Details of the pathways implicated in receptor-dependent
release of PGI2 have proved very difficult to examine experi-
mentally in endothelial cells, most particularly because of the
variable involvement of [Ca2+]j. Exploitation of these two cell
lines in further studies may permit more precise assignment
of the biochemical pathways involved.
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