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Thrombin-stimulated elevation of human endothelial-cell
cytoplasmic free calcium concentration causes prostacyclin
production
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Endothelial cells are known to release prostacyclin (PGI2) in response to agonists, and this has generally
been assumed to be caused, at least in part, by activation of a phospholipase A2 by elevated concentrations
of cytoplasmic free calcium ([Ca2+]1). However, it has been shown in the blood platelet that agonists can
cause arachidonate release without elevating [Ca2+]i. In the present study, rigorous analysis is made of the
[Ca2+],-dependence of PGI2 production in the human umbilical-vein endothelial cell. Thrombin caused a
rapid increase in [Ca2+]i from the resting basal value of 0.1 um to a peak, within 10-15 s, of approx. 2 ,tM.
In the absence of extracellular Ca2+, [Ca21]i then declined back to the resting value within 2-3 min. In the
presence of extracellular Ca2+, [Ca2+]i partly decreased to a new steady-state value of approx. 1 /SM. The
elevated [Ca2+]1 was maintained while the stimulus and the source of extracellular Ca2+ were present,
suggesting that it was dependent on influx of Ca2' across the plasma membrane. Thrombin stimulated the
production of PGI2 in the presence or in the absence of extracellular Ca2+. However, the production of
PGI2 was more prolonged in the presence of extracellular Ca2+. Total accumulated amounts of 6-oxo-
prostaglandin F on stimulation with thrombin without extracellular Ca2+ were only 65 % of those
accumulated with extracellular Ca2+ present. Cells depleted of extracellular and intracellular sources of
Ca2' by incubation with 1 mm extracellular EGTA and exposing them to ionomycin to discharge
intracellular stores produced no elevation of [Ca2+]i on stimulation with thrombin or production of PGI2.
The threshold [Ca2+]i required to support the production of PGI2 was measured to be 0.8-1.0 /M by using
different doses of ionomycin selectively to increase [Ca2+]i. This relationship between [Ca2+]i and PGI2
production was similar to that produced by using different doses of thrombin. Our results show that the
major and probably exclusive intracellular stimulus for the production of PGI2 by the vascular endothelial
cell in response to thrombin is the elevation of [Ca2+]i.

INTRODUCTION

Prostacyclin (PGI2), a labile and potent vasodilator
in many vascular beds and an inhibitor of platelet
aggregation, is released from endothelial cells in response
to a variety of vasoactive stimuli, including histamine,
bradykinin, ATP and thrombin [1-6]. The intracellular
mechanisms, activated by external ligands binding to
endothelial receptors, that lead to the release of PGI2 are
as yet poorly defined.
There is no conclusive evidence that alterations in

cellular concentrations of cyclic AMP or cyclic GMP are
causally related to PGI2 synthesis [7-9]. Several lines of
evidence suggest indirectly that agonist-induced eleva-
tions of intracellular free calcium concentration ([Ca2+]i)
cause PGI2 production.

(1) Ca2+ ionophores increase PGI2 release from
cultured endothelial cells [1]. However, it is not clear
from such studies whether effective concentrations of
ionophores caused excessive, unphysiological, elevations
of [Ca2+]1 to produce the response.

(2) Endothelial PGI2 production is decreased or
blocked by the removal of extracellular Ca2+ or by

the use of membrane-potential-sensitive Ca2"-channel
antagonists [7,10,11].

(3) PGI2 release in response to agonists or Ca2+
ionophores is decreased by agents such as TMB-8 or W7
that can inhibit the movement of Ca21 or the effect of
elevated [Ca2+]i [7,10,1 1]. These agents are, however, not
selective: TMB-8 partly inhibited the conversion of
arachidonate (but not PGH2) into PGI2 [7], and has been
shown in the platelet to be more effective at inhibiting
responses mediated by the action of protein kinase C
than those mediated by elevated [Ca2+]1 [12].

(4) Most recently, elevations in [Ca2+], have been
measured directly, by using fluorescent Ca2+ indicators,
in response to bradykinin, histamine, ATP and thrombin
[13-17].

In none of the studies to date has it been demonstrated
that the values of [Ca2+] stimulated by excitatory agonists
were sufficient or even necessary to cause PGI2 pro-
duction. The most complete data (e.g. [17]) correlate
dose-dependent rises in [Ca2+]i and PGI2, which are
merely consistent with the interpretation of a causal
relationship. Although it is usually assumed that phos-
pholipase A2 activity (the likely cause of arachidonate
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liberation for PGI2 synthesis) is. stimulated by an
elevation in [Ca2+]i, it has not been shown that this is the
only mechanism. Indeed, it has been challenged in
studies in the fura-2-loaded human blood platelet, where
Pollock et al. [18,19] showed that, although elevations in
[Ca2+]i alone caused by the Ca21 ionophore ionomycin
can stimulate arachidonic acid release, collagen fails to
raise [Ca2+]i significantly, but does cause the release of
substantial amounts of arachidonic acid from phosphat-
idylcholine. Several other platelet responses can also be
evoked by agonists that normally raise [Ca2+]i, but under
conditions where the rise is prevented (for review see
Hallam & Rink [20]).
Very few investigators have measured [Ca2+]1 in cells

attached to a substratum. This is likely to be important
in the generation of responses, particularly in cell types
such as the endothelium, which forms a flattened,
polarized and closely apposed cell monolayer with
junctional communication. Hamilton & Sims [21] investi-
gated histamine-induced changes in [Ca2+]i in indo- 1-
loaded endothelial cells on micro-carrier beads, and
Hassid & Oudinet [22] examined vasopressin-stimulated
[Ca2+]1 changes in fura-2-loaded arterial smooth-muscle
cells on cover-slips, and correlated these with their
measurements (in separate experiments) of PGI9 syn-
thesis. We recently showed that [Ca2+], and its elevation
by agonists can be measured at short time intervals in
adherent confluent monolayers of fura-2-loaded endo-
thelial cells [13,14].

In the present study we have examined agonist-
stimulated rises in [Ca2+], and in PGI2 formation in the
same cells, and tested whether the two are causally
related. We found clear differences between the [Ca2+]i-
dependence of agonist-induced arachidonic acid metabo-
lite production in the endothelial cell and in the blood
platelet, the only other cell type where rigorous analysis
has been made.

METHODS
Endothelial cells were obtained from 20 cm segments

ofhuman umbilical-cord veins by filling the vessel lumen
with collagenase (0.5 mg/ml), incubating at 37 °C for
10 min and flushing out the loosened sheets of cells [23].
The cells were collected by centrifugation at 100 g for
5 min, resuspended in Medium 199 containing 10%
(v/v) foetal-calf serum, 10% (w/v) newborn-calf serum,
penicillin and streptomycin (each 50 uunits/ml). Cells
from each segment of vessel were plated into 25 cm2
tissue-culture flasks and incubated at 37 °C in air/CO2
(19: 1). Confluent primary cultures, which formed in 3-6
days, were detached from the flasks by brief treatment
with 0.05 trypsin and 0.02% EDTA in phophate-buffered
saline (Flow Laboratories, cat. no. 16-891-49), and re-
seeded in complete medium on to 22 mm x 11 mm glass
cover-slips at confluent density.

After 24 h, the cell monolayer was loaded with fura-2
[24,25] by incubation with 2 /tM of the membrane-
permeant penta-acetoxymethyl ester form of fura-2
(fura-2AM) in complete medium for 45 min at 37 °C
(fura-2AM was added from a 2 mm stock in dimethyl
sulphoxide; the incubation medium thus contained
0.1 % dimethyl sulphoxide). During this period the
esterified dye was hydrolysed by cytosolic esterases to its
Ca2"-sensitive membrane-impermeant form. At this
stage the cell monolayer contained 50-100 #,M-fura-2.

[Cytoplasmic concentrations of free dye were estimated
from the relative amount of Ca2"-sensitive fluorescence
and autofluorescence from cells in suspension compared
with added fura-2 standards of known concentration.
We have assumed that, for cells in monolayer on a cover-
slip, the relative ratio of Ca2"-sensitive fluorescence to
autofluorescence of the cells, after subtraction of the
fluorescence owing to the glass cover-slip, will be
equivalent to that of cells in suspension.] The cover-slips
were removed and placed in a physiological saline
consisting of 145 mM-NaCl, 5 mM-KCl, 1 mM-MgSO4,
10 mM-Hepes, 0.5 mM-CaCl2, 10 mM-glucose, pH 7.4 at
37 'C. The cover-slips were then allowed to cool to 25 'C
until ready for use (within 60 min). This procedure
minimizes the leakage of active dye from the cells.

For each experiment, a cover-slip was placed across
the diagonal of a quartz cuvette containing the above
physiological saline but with either 1 mM-CaCl2 or 1 mM-
EGTA. The cuvette was then placed in a thermostatically
controlled holder at 37 'C in a Spex dual-wavelength
excitation fluorescence spectrophotometer. Fluorescence
of the fura-2 was then recorded at 0.5 s intervals during
the experiment with alternating (30 Hz) excitation wave-
lengths of 340 nm and 380 nm and measuring emitted
light at 500 nm. The slit-widths allowed a band-pass of
4.6 nm on the excitation monochromators and 9.2 nm on
the emission monochromator. Although excitation at
340 nm gives an increase in the emitted light at 500 nm
with increasing [Ca2+]1, excitation at 380 nm gives a
decrease in the light output with increasing [Ca2+]i. A
ratio of the two outputs therefore gives greater sensitivity,
and [Ca2+]1 can be determined directly from these ratios,
after subtracting the relative component of the fluor-
escence that is due to the inherent fluorescence of the cell
monolayer, the glass cover-slip, the cuvette and other
optics. To determine the extent of autofluorescence, at
the end of each experimental run (i.e. for every cover-
slip) 2 ,tM-ionomycin with 2 mM-MnCl2 were added to
the cuvette. Mn21 is rapidly translocated across the
plasma membrane by ionomycin into the cytoplasm,
where it binds much more avidly than Ca2+ to fura-2, and
completely quenches the fura-2 fluorescence at all
wavelengths. The relative quenched values for fluores-
cence at 340 nm and 380 nm thus represent the auto-
fluorescence values for the system and the cells. We
found that ionomycin was a more suitable agent to
translocate Mn21 than was digitonin, which (unlike
ionomycin) caused a decrease in autofluorescence from
monolayers of human umbilical-vein endothelial cells
that had not been loaded with fura-2. The corrected
fluorescence values with excitation at 340 nm were then
divided by those at 380 nm to give a ratio trace. The ratio
trace was then processed according to the relation:

[Ca2+ K-K (R - Rmin.) ___
(R,,x.- R) Sb2

Kd for the fura-2/Ca2+ complex was taken to be 224 nm
at 37 'C [25]. In our system Rmax was 19, Rmin was 0.9
and Sf2/Sb2 was 10.3. Rmax. and Rmin. are the maximal and
minimal fluorescence ratios of fura-2 in medium con-
taining saturating [Ca2+] (1 mM), or Ca2+-free, with
EGTA. Sf2 and Sb2 are the fluorescent values at 380 nm in
the absence and in the presence of saturating [Ca2l]
respectively.
PGI2 formation and release was estimated by taking
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Fig. 1. Stimulated dual-wavelength fluorescence changes of fura-
2-loaded human endothelial cells in confluent monolayer

(a) Confluent monolayer shows the raw fluorescence
intensity emission at 500 nm with 340 nm excitation (top
trace) or 380 nm excitation (bottom trace). Thrombin
(0.5 unit/ml), ionomycin (2 /LM) and MnCl2 (2 mM) were
added where indicated. Panel (b) shows the calculated
[Ca2+]1 trace from the raw data shown in (a).
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Fig. 2. Effects of manipulating extracellular Ca2+ concentration
on thrombin-stimulated ICa2l;i changes

(a) In the presence of 1 mM-Ca2+; thrombin (0.5 unit/ml)
and EGTA (2 mM) were added where indicated. (b) In the
presence of 1 mM-EGTA; thrombin (0.5 unit/ml), CaCl2
(2 mM) and hirudin (5 units/,l) were added where
indicated.

small samples of the supernatant at defined time points
after stimulation and measuring the amounts of the
stable hydrolysis product 6-oxo-PGFl1 by radio-
immunoassay [26].

For the measurement of inositol phosphate formation,
cells were plated on to 12-well tissue-culture plates. When
confluent, the cells were fed with Medium 199 + 20%
foetal-calf serum with 10 ,uCi of [3H]inositol/ml for
2.5 h. The cells were loaded with fura-2 AM by addition
from a stock solution and incubated for 45 min. The
incubation medium was then removed and replaced with
the Hepes-buffered physiological saline described above.
Stimulations were initiated by the addition of agonist
(50,l) to 1 ml of medium and stopped by addition of
HC104 (6 %, w/v).,

Samples were extracted with Freon and trioctylamine,
and inositol phosphates were separated by anion-
exchange chromatography as described by Downes et al.
[27].

RESULTS

Thrombin-induced elevations in ICa2+jj
Fig. 1(a) shows the effect of thrombin (0.5 unit/ml) on

the fluorescence of human umbilical-vein endothelial

cells loaded with fura-2 in the presence of 1 mm
extracellular CaCl2. Ionomycin and Mn2+ were added at
the end of the experiment to estimate the amount of
autofluorescence necessary for calibration and calcu-
lation of ratios, and hence [Ca2+]1 (see the Methods
section). These measurements were obtained with approx.
5 x 104 cells in the light beam. Fig. 1(b) shows the
calculated [Ca21]i values from the data collected in
Fig. l(a). Thrombin stimulated a very rapid increase in
[Ca2+],, beginning within 2 s and reaching a peak within
10- 15 s. [Ca2+]i increased about 30-fold, from a resting
value of around 100 nm to a peak of 2-3 /SM. [Ca2+]1 then
declined until a new steady-state value was achieved, of
approx. 1 ,uM, which was maintained for at least 8 min.
Removing the source of extracellular Ca2' by adding
2mM-EGTA during the elevated steady-state phase
resulted in a rapid decrease in the [Ca2+]1 to resting
pre-stimulated values (Fig. 2a).

In the absence of extracellular Ca2+ (i.e. with 1 mm-
EGTA added before the stimulus), the initial thrombin-
stimulated elevation in [Ca2+]i was very similar to that
seen in the presence of extracellular Ca2+, again reaching
a peak between 10 and 15 s (Fig. 2b). In contrast with the
substantial elevated steady-state [Ca2+]1 seen in the
presence of extracellular Ca2 , with no extracellular Ca2+
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(Fig. 3b), ionomycin produced a transient elevation in
[Ca2"], similar to that evoked by thrombin under identical
conditions. However, subsequent addition of thrombin
produced no further elevation in [Ca2+]j. This is pre-
sumably because the intracellular stores cannot re-
accumulate Ca2" while ionophore is still present.

Dependence of thrombin-evoked PGI2 production on
extracellular free [Ca2"] and [Ca2"],
The effects of extracellular free Ca2" on the time-

course of 6-oxo-PGF1. accumulation after stimulation
with thrombin are shown in Fig. 4. Fig. 4(a) shows a
typical [Ca2+]i transient produced on stimulation with
thrombin (0.5 unit/ml) in the presence of 1 mm extra-
cellular free Ca2". The accompanying accumulation of

I 6-oxo-PGF shown gives the mean values from four4 6 8 l
experiments, including that shown in Fig. 4(a). After an
initial delay of 10-20 s, there was a marked increase in

Thrombin the rate of PGI2 synthesis. Although the rate was
maximal between 45 and 90 s after the addition of
thrombin, 6-oxo-PGF1. continued to accumulate
throughout the first 5 min of stimulation. Fig. 4(b) shows
the results from similar experiments in the absence of
extracellular Ca2+ with 1 mM-EGTA. Again, after addi-
tion of thrombin [Ca2+], rose before any increase in
6-oxo-PGF1. was detected. A short delay of 10-20 s was
evident, and then the rate of 6-oxo-PGF1. accumulation
increased maximally over the following 45-90 s. In

xwi~am..._.mS contrast with the continued production of 6-oxo-PGF1,
in the presence of extracellular Ca2 , in its absence the
rate of accumulation of 6-oxo-PGF1. decreased rapidly
I2 min after addition of thrombin, resulting in a final

2+4 6 8 value only 65 % of that produced with extracellular Ca
e (min) To determine whether thrombin can cause the pro-
t/ml) andionomycin (2 /pM) on duction and release of PGI2 by a mechanism other than
tracellular stores the stimulated elevation of [Ca 2]1, the cells were depleted

of all sources of Ca+, including agonist-releasable
d in the presence ofI mm- intracellular pools, with ionomycin in the absence of

extracellular Ca2+. As shown in Fig. 3, under these
conditions thrombin can no longer produce any further
elevation in [Ca2+],. Fig. 5 shows results from experiments
in the presence of1 mM-EGTA, where ionomycin was

I to the basal value within added followed by thrombin. The time course and extent
lition of 2 mM-CaCl2 (to of the [Ca21]i transient and the accumulation of 6-oxo-

[Ca2+] to about 1 mM) PGF1. on addition of ionomycin were very similar to
the [Ca2+]i to a value very those stimulated by thrombin under similar conditions.
state value observed after As expected, addition of thrombin after ionomycin had
presence of extracellular little, if any, further effect on [Ca2+],. Likewise, no

Ldin, a potent inhibitor of increase in 6-oxo-PGF1 awas detectable, suggesting that
irombin, [Ca2"], decreased PGI2 production required arise in [Ca2 ]1. To check that
id 100nm (Fig. 2b). The lack of thrombin-stimulated PGI2 synthesis was not
data is that (a) the initial because arachidonate-rich phospholipids had been al-

lischarge of Ca21 from an ready depleted, extracellular Ca2+ was then added. In the
aintained elevated [Ca2+]1 continued presence of ionophore and thrombin, [Ca2+]1
extracellular free Ca21is rapidly increased to >1,UM and was accompanied by a
oss the plasma membrane, further increase in 6-oxo-PGF1. These results strongly
continued presence of the suggest that raised [Ca2+]i is necessary for thrombin-

induced PGI2 production. The lack of effect of thrombin
F adding ionomycin (2JtM) on endothelial cells depleted of their intracellular stores

already been stimulated of Ca2+ could, however, be due to the experimental
in the absence of extra- conditions, i.e. incubation with ionomycin in medium
ese conditions [Ca2+]i in- containing1 mM-EGTA somehow inhibited the ability of
und 0.3,UM, showing that the thrombin receptor to bind or respond to the agonist.
alar stores of Ca2' exist To investigate this possibility, measurements of inositol
Led by previous stimulation phosphates produced by endothelial cells on stimulation
of additions was reversed with thrombin were made. Stimulation of fura-2-loaded
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Fig. 4. Effect of extraceliular Ca2l on the thrombin-stimulated elevation of ICa2ll] and accumulation of 6-oxo-PGF1, in the cuvette

Thrombin (0.5 unit/ml) was added at zero time, (a) in the presence of 1 mM-Ca2+ or (b) in the presence of I mM-EGTA. The
6-oxo-PGF1, values are the means+ S.E.M. (error bars) for four experiments; the [Ca2+]1 traces are typical from one of those
experiments.

cells with 0.5 unit of thrombin/ml for 15 s in EGTA-
containing medium produced a 4.6-fold increase in
inositol trisphosphates compared with non-stimulated
controls (controls 424 + 64 d.p.m., n = 4; thrombin
1928 +95 d.p.m., n = 4), presumably because the acti-
vated receptor is coupled to and stimulates a phospha-
tidylinositol 4,5-bisphosphate-specific phospholipase C.
When cells were treated with thrombin after 5 min
preincubation with ionomycin in the presence of EGTA
(by the procedure in Fig. 5), the amounts of inositol
trisphosphates increased by 2.3-fold over 15 s compared
with cells not treated with thrombin (controls
422 + 46 d.p.m., n = 4; thrombin 959 + 40 d.p.m., n = 6).
The results demonstrate that thrombin binds to a
functional receptor that successfully couples to stimulate
phospholipase C, even after incubation with EGTA and
ionomycin where the intracellular stores are discharged
and there is no rise in [Ca2+]i.
ICa2+jj threshold for PGI2 production
To estimate the threshold [Ca2+]i required to stimulate

the production of PGI2, in the absence of receptor-
mediated responses that may be linked to multiple
intracellular activation pathways, endothelial cells were
exposed to ionomycin (5 nM-4 gM) in the absence of
extracellular Ca2+. The resulting accumulation of 6-oxo-
PGF<, after 5 min was measured with the corresponding
transient [Ca2+]i response for each dose of ionomycin.
The * symbols in Fig. 6 show the relation between
6-oxo-PGF1. concentrations and the peak stimulated
[Ca2+]i values in these experiments. The data show that no
PGI2 formation is stimulated unless [Ca2+]i reaches a
threshold value of between 800 nm and 1 ,UtM. PGI2
formation increased with increasing [Ca2+], above this

threshold, up to the limit of resolution of the fluorescent
dye, approx. 3 /M.
To test whether the same relationship between

[Ca2+]i and PGI2 production exists for stimulation with
thrombin, similar experiments were performed with
concentrations of agonist between 0.002 and 2.0 units/
ml. These data are shown in Fig. 6 as CZ symbols. No
significant difference is apparent between the activation
curves obtained in response to ionophore or thrombin.
Threshold thrombin doses for effects on [Ca2+]i and
PGI2 synthesis were approx. 0.05 and 0.25 unit/ml
respectively.

DISCUSSION

Recent studies of endothelial cells using fluorescent
Ca2l indicators have suggested that [Ca21]i can be raised
in response to platelet-activating factor, histamine or
thrombin by discharge of Ca2" from intracellular stores
[15,21,28]. Our results demonstrate that thrombin rapidly
discharges Ca21 from an intracellular store that is
sufficient to elevate [Ca2+]1 to > 1 ,UM, and that thrombin
also maintains an elevated steady-state [Ca21]i in the
presence of extracellular Ca2+. The latter is presumably
caused by the balance of a stimulated Ca21 influx and
plasma-membrane Ca2+-ATPase, which acts to maintain
the huge 10000-fold concentration gradient across the
plasma membrane.

This conclusion is supported by the finding that
removal of extracellular Ca2' during this sustained
elevation in [Ca2+]i caused an immediate fall of [Ca2+]i to
the unstimulated value. This elevated steady-state value
could be reconstituted, by adding extracellular Ca2",
after discharging internal stores of Ca21 with thrombin in
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Fig. 6. [Ca2j1i-activation curve for PGI2 production from intact
fura-2-loaded endothelial cells stimulated with ionomycin
(O) and thrombin (O)

In the presence of 1 mM-EGTA, samples of cells were
stimulated with various doses of ionomycin (5 nm-4 /M)
or thrombin (0.002-2 units/ml). The total accumulated
amount of 6-oxo-PGF10 was measured after 5 min
stimulation and plotted here against the peak stimulated
[Ca2+]i.

I , L , I Rotrosen & Gallin [15] detected a substantial Ca2l influx
0 2 4 6 8 10 in response to histamine using similar cells. In the study

Time (min) by Jaffe et al. [17], analysis of the effect of removing
Fig. 5. Effect of thrombin on 6-oxo-PGFi, accumulation from extracellular Ca2" was made complicated by rapidly

cells depleted of extracellular and intracellular sources of decaying fluorescence signals, producing a sloping
Ca2+ baseline, caused by both settling of cells out ofsuspension

The cells were incubated in the presence of I mM-EGTA. and bleaching of the dye. In our study these problems

lonomycin (2 /LM), thrombin (0.5 unit/ml) and CaCl2 were avoided by using cells in monolayer, at 37 °C,
(2 mM) were added where indicated. Panel (a) shows a arguably a more physiologically appropriate state, and

typical [Ca2+]i trace from one of four experiments, where by using the far more fluorescent dual-wavelength dye,

the simultaneous 6-oxo-PGF10 values are shown as fura-2, with the added advantage of having far less

means+S.E.M. (error bars) in panel (b). cytoplasmic Ca2+-buffering.
Thrombin-induced rises in [Ca2+]1, in agreement with

the results of Jaffe et al. [17], temporally preceded PGI2
synthesis. In addition we have shown (Fig. 6) that

the absence of extracellular Ca2+. Alternative interpre- stimulated [Ca2+], rises are observed with lower doses of
tations of these results, e.g. that removal of extracellular thrombin than stimulated PGI2 synthesis, again con-
Ca2+ with EGTA rapidly depletes an internal store of sistent with a causal relationship between the two events.
Ca2+ or prevents its fully effective discharge, are unlikely, The inability of thrombin to stimulate PGI2 synthesis
because the initial transient peak in [Ca2+]1, attributable when extracellular and intracellular sources of Ca2+ were
to release of Ca2+ from an internal store, was very similar depleted, despite evidence from the inositol phospholipid
in the presence or in the absence of extracellular Ca2 . turnover experiments that the agonist still bound
The rapidity with which [Ca2+], declined from the elevated effectively to receptors, demonstrates that raised [Ca2+],
steady-state value after removal of active agonist (with is necessary for PGI2 synthesis. The indistinguishable
hirudin) or removal of extracellular Ca2+ (with EGTA) dose-response relationships between [Ca2+]1 and 6-oxo-
illustrates that the mechanisms for Ca2+ extrusion from PGF1a concentrations whether stimulated by ionomycin
the cytoplasm, i.e. the plasma-membrane and internal or thrombin, imply, moreover, that raised [Ca2+]1 is the

store-membrane Ca2+-ATPases, are well activated under major, and perhaps the exclusive, regulator of endothelial
these conditions. PGI2 synthesis in response to thrombin. These data also

Jaffe et al. [17] failed to detect a thrombin-stimulated show that the threshold [Ca2+], required to stimulate

Ca2+ influx into human umbilical-vein endothelial cells. PGI2 production is 0.8-1 /SM. This value is consistent

In their study, however, quin2-loaded cells in suspension with the data in Fig. 4, which show that, when [Ca2+]1 is

were used at room temperature. Failure to observe any maintained above this threshold for a longer period,
maintained Ca2+ influx may have been due to the lower PGI2 synthesis is stimulated for longer. Hence with no

temperature. It is unlikely that quin2-loaded cells in external Ca2+ the production of PGI2 was curtailed

suspension would account for the difference, because sooner and the total accumulated 6-oxo-PGF1. after
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10 min was correspondingly lower than in the presence
of extracellular Ca2l. The concept that a substantial
elevation in [Ca2"], is needed to induce endothelial PGI2
synthesis is borne out in experiments under identical
conditions where platelet-activating factor was used as
the agonist: this caused rises in [Ca2"] to 2-3-fold greater
than the basal values, but did not lead to PGI2 release
([28,29]; T. J. Hallam & P. G. Hellewell, unpublished
work).
We conclude that elevations in [Ca2+], above a critical

threshold are necessary for the stimulated production of
endothelial PGI2 in response to thrombin. Our data do
not demonstrate where Ca2+ acts intracellularly. Release
of arachidonate from endothelial membrane phospho-
lipids in response to agonists could involve phospholipase
A2 or the combined actions of phospholipase C and
diacylglycerol lipase. Both phospholipases have been
shoyvn to be active when endothelial cells are stimulated
with bradykinin [30,3 1]. Phospholipase A2 is well
recognized to be activated by Ca21 [32], although the
elegant data of Pollock et al. [18,19] show that collagen
can stimulate the platelet enzyme without a rise in
[Ca2+],. In endothelial cells and platelets it has been shown
that ionophore-induced rises in [Ca2 J do not cause acti-
vation of phospholipase C [31,33]. In our experiments the
activation of phospholipase C by thrombin in cells
manipulated to prevent a rise in [Ca2+]i did not cause
PGI2 production. It is therefore likely that arachidonic
acid is liberated by stimulation of phospholipase A2 by
agonist-induced elevation of [Ca2+]i. Activation of
phospholipase C generates another second messenger,
diacylglycerol, known to mediate cellular responses by
activating protein kinase C [34]. Since ionophore and
thrombin produced similar [Ca2+]i-activation curves for
PGI2 production, modulation of phospholipase A2
activity via protein kinase C does not appear to play a
significant role in thrombin-stimulated PGI2 synthesis in
endothelium.

We thank the staff of the Delivery Suite, Northwick Park
Hospital, for their expert help in the collection of umbilical
cords, and Dr. J. L. Gordon for valuable discussion.
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