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Abstract

Stimuli of prostacyclin (PGI2) biosynthesis such as thrombin,
bradykinin, histamine, and A23187 increase guanosine 3',-cyclic
monophosphate (cyclic GMP)levels in primary monolayer cul-
tures of human umbilical vein endothelium by about twofold.
This effect is dependent on the presence of extracellular Ca2".
Increases of about tenfold are observed when cyclic GMPphos-
phodiesterase activity is inhibited, which suggests that the ob-
served increases in cyclic GMPinvolve the activation of guanylate
cyclase. Activation of guanylate cyclase appears to involve an
early event in the induction of PGI2 biosynthesis, as neither ar-
achidonic acid nor its metabolites stimulate cyclic GMPaccu-
mulation. Although activators of guanylate cyclase such as
atriopeptin III, sodium nitroprusside, and tert-butylhydroperox-
ide increase cyclic GMPlevels by -2-3-fold, they do not stim-
ulate or modulate PGI2 production. Weconclude that cyclic GMP
does not play a primary role in mediating the induction or reg-
ulation of PGI2 biosynthesis in vascular endothelium.

Introduction

The interaction of extracellular messengers with specific cell
surface receptors results in the formation of intracellular mes-
sengers that ultimately mediate cellular activation. Most tissues
appear to possess two major classes of receptors for controlling
cellular function and proliferation; one class triggers the pro-
duction of cyclic AMPwhile the other induces inositol phos-
pholipid turnover. It is now accepted that phosphatidylinositol
breakdown constitutes an important part of the receptor mech-
anism involved in the elevation of cytosolic Ca2+ (reviewed in
references 1-4). Ca2' mobilization by physiological stimuli ap-
pears to be closely associated with the receptor-activated hydro-
lysis of phosphatidylinositol 4,5-bisphosphate to 1,2-diacylglyc-
erol and inositol 1,4,5-trisphosphate. Inositol 1,4,5-trisphosphate
has been directly implicated in the release of Ca2" from the en-
doplasmic reticulum into the cytosol while 1,2-diacylglycerol
has also been shown to act as a signal molecule by enhancing
the Ca2` sensitivity of protein kinase C (1-4). In several cell
types the stimulation of phosphatidylinositol hydrolysis and Ca2'
mobilization leads to the release of arachidonic acid and its me-
tabolites, and has been found to increase guanosine 3',5'-cyclic
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monophosphate (cyclic GMP)' accumulation (3, 4). Thus, Ca2+
mobilization, arachidonic acid release, and cyclic GMPfor-
mation appear to be integrated in a single receptor cascade.

Although a wide variety of agents stimulate prostacyclin
(PGI2) biosynthesis in vascular endothelium (reviewed in ref-
erence 5), little is known regarding the specific mechanisms in-
volved in the induction and regulation of PGI2 production. Re-
sults of previous studies (6) demonstrate that cyclic AMPdoes
not mediate the effects of stimuli of PGI2 biosynthesis, nor does
it appear to be involved in the short-term regulation of PGI2
production in primary cultures of human umbilical vein en-
dothelium. Conversely, Ca(+ does appear to have a predominant
role as an intracellular mediator in the secretory processes of
endothelial cells, as Ca2` ionophores such as A23 187 can stim-
ulate PGI2 production (5-8). It has not yet been demonstrated
that extracellular signals such as thrombin, bradykinin, and his-
tamine stimulate Ca2' mobilization in endothelial cells via
phosphatidylinositol hydrolysis. In light of the close association
between the stimulation of phosphatidylinositol hydrolysis and
increased cyclic GMPaccumulation that has been observed in
many cell types (3, 4), the present study was carried out to de-
termine whether a similar relationship exists in cultured endo-
thelium with respect to the induction of PGI2 biosynthesis.

The studies reported in this paper demonstrate that the in-
duction of PGI2 biosynthesis in primary cultures of human um-
bilical vein endothelium is closely associated with a rapid increase
in the intracellular concentration of cyclic GMP, and, that this
increase in cyclic GMPresults from the activation of guanylate
cyclase by factors generated before the release and metabolism
of arachidonic acid.

Methods

Materials. Unless noted otherwise, supplies and reagents were purchased
from Sigma Chemical Co., St. Louis, MO. Other materials included:
Type I collagenase from Cooper Biochemical Inc., Malvern, PA; pow-
dered Medium 199 (with Earle's salts, with L-glutamine, and without
NaHCO3), Eagle's basal medium vitamin solution (X 100), Eagle's basal
medium amino acid solution (X 100), L-glutamine, and neomycin sulfate
from Gibco, Grand Island, NY; fetal calf serum (FCS) from Armour
Pharmaceutical Co., Tarrytown, NY; fatty acid poor bovine albumin
(fraction V) from Miles Laboratories, Elkhart, IN; normal rabbit serum
from Cappel Laboratories, Cochranville, PA; fibronectin from Collab-
orative Research Inc., Boston, MA; IgG sorb from The Enzyme Center,
Malden, MA; multiwell tissue culture plates from Flow Laboratories,
McClean, VA; ['25I]2'--succinyl (iodotyrosine methyl ester) cyclic GMP
(2,000-3,000 Ci/mmol), [8-3H]cyclic GMP(5-15 Ci/mmol), and cyclic

1. Abbreviations used in this paper: cyclic GMP, guanosine 3',5'-cyclic
monophosphate; ETYA, 5,8,11,14-eicosatetraynoic acid; FCS, fetal calf
serum; MIX, 1-methyl-3-isobutylxanthine; MM-199, modified Medium-
199; PGFI and PGF2, prostaglandins F. and F2; PGI2, prostacycin;
TBS, Tris-buffered saline.
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GMPantiserum complex from NewEngland Nuclear, Boston, MA; 6-
keto-[5,8,9,11,12,14,15(n)-3H]prostaglandin Fl6 (PGF1.) (150 Ci/mmol)
from Amersham Corp., Arlington Heights, IL; 6-keto-PGF1. and other
prostaglandins from the Upjohn Co., Kalamazoo, MI; bradykinin from
Vega Biochemicals, Tucson, AZ; A23187 from Calbiochem-Behring
Corp., San Diego, CA: arachidonic acid from Nu Chek Prep, Inc., Ely-
sian, MN; atriopeptin III from Penninsula Laboratories Inc., Belmont,
CA; and, Ready-Solv CP liquid scintillation cocktail from Beckman In-
struments Inc., Fullerton, CA. Purified thrombin (-2,600 NIH U/mg
protein) (9) was provided by Dr. Ruth Ann Henriksen, Dept. of Pathology,
University of Iowa.

Endothelial cell cultures. Primary cultures of human endothelial cells
from umbilical cords were prepared by a modification of the method
originally described by Jaffe et al. (10). Umbilical cords <24-h-old were
cleaned and the veins rinsed free of blood with phosphate-buffered saline
(PBS), pH 7.4 (0.14 MNaCl, 0.003 MKCI, 0.0012 MKH2PO4, 0.008
MNa2HPO4, and 0.01 g/liter phenol red). Cords were clamped and the
vein was filled with PBScontaining 0.1% Type I collagenase. Enzymatic
digestion wag continued for 6 min at room temperature. The vein was
drained and then rinsed with a total of -50 ml of modified Medium-
199 (MM-199) (8) containing 10% heat-inactivated FCS. The cells were
sedimented at 300 g for 10 min and then resuspended with -5-10 ml
of MM-199 with 20%FCS. The cell count of the suspension was adjusted
to 4.5 X I0 cells/ml; 1 ml of this suspension was added to each well of
a 12-well tissue culture plate. Cells were incubated at 37°C under 5%
CO2. 4 h after seeding, the medium was removed and the monolayers
were rinsed with 1 ml of MM-199; 1 ml of MM-199 containing 20%
FCS was then layered onto each monolayer. Confluent endothelial cell
monolayers were used 3-4 d after seeding. Onaverage, the concentration
of protein in acid-precipitated monolayers of endothelial cells from 60
separate pools was 129±8 ,ug protein per 4.5 X I05 cells (mean±SEM).

Incubation procedure. Immediately before each experiment, culture
medium was aspirated from the monolayers, which were then rinsed
twice with 1 ml of Hanks'-Hepes buffer (0.0013 MCaCl2, 0.0054 M
KCI, 0.0003 MKH2PO4, 0.0005 MMgC12, 0.1369 MNaCl, 0.0003 M
Na2HPO4, 0.0056 Mglucose, 0.015 MHepes, and 0.01 g/liter phenol
red; pH 7.4). Monolayers were usually incubated for 5 min at 37°C with
500 gI Hanks'-Hepes buffer with or without the test stimulus. At the
end of the incubation period, the buffer was removed from the monolayers
and frozen at -20°C until it was assayed for 6-keto-PGFI.

Radioimmunoassay of 6-keto-PGF,6. The radioimmunoassay of 6-
keto-PGFI. is a modification of a previously described method (11).
Assay tubes (1.5-ml micro test tubes) were prepared by adding 100 Ml of
sample or standard (in Hanks'-Hepes buffer), 50 Ml of antiserum (to give
a total dilution of 1:2,500) in Tris-buffered saline (TBS) (0.139 MNaCl
and 15 mMTris, pH 7.4), and 50 ,ul of a solution containing - 10,000
cpm of [3H]6-keto-PGFl6 in TBS with 0.1% bovine gammaglobulin.
Six concentrations of 6-keto-PGF1. are included in the standard curve,
which ranges from 0.25 to 10 pmol/100 ul. After incubation at 37°C for
1 h, bound radioactivity was separated from free by the addition of 25
Ml of a 50% suspension of IgG sorb in TBS. The tubes were vortexed
and centrifuged at 12,000 g for 4 min. Aliquots (150 Ml) of the supernate
were added to 4 ml of Ready-Solv CPliquid scintillation cocktail (Beck-
man Instruments Inc.). The samples were counted using an LS 2800
liquid scintillation counter (Beckman Instruments Inc.) equipped with
radioimmunoassay data reduction software; data were calculated by
weighted linear regression analysis of a logit-log curve. All samples were
assayed at a minimum of two dilutions. Assay detection limits are 2.5
nM6-keto-PGFI., and 50%displacement of [3H]6-keto-PGF16 is obtained
with 2.0-2.2 pmol of 6-keto-PGF6/100 ul. This assay has 4% cross-
reactivity with PGFI., 2%with PGF2,, 1.6% with prostaglandin E2, and
<1%with prostaglandins El, E, or E2-

Extraction and isolation of cyclic GMP. To extract cyclic GMP, 1
ml of ice-cold 10% trichloroacetic acid (vol/vol) was added to each
monolayer immediately after removal of the incubation buffer. The tissue
culture plates were placed on ice for 10 min, and 25 Ml of a solution
containing -4,000 cpm of [3Hlcyclic GMPwas added to each monolayer.
To isolate cyclic GMP, the acid extract from each monolayer was added

to a column (Pasteur pipette) containing 1 ml of packed Dowex AG
SOW-4x resin that had first been washed with 0.05 NHCG, cyclic GMP
was then eluted with 3 ml of 0.05 NHC. The eluates from the Dowex
column were then applied to another set of columns containing 0.8 g of
neutral alumina that had first been washed with 5% (vol/vol) trichlo-
roacetic acid. The columns were washed with 5 ml of H20 followed by
1 ml of 0.2 Msodium acetate buffer, pH 6.2; cyclic GMPwas then eluted
with an additional 1 ml of this buffer. Recovery of [3H]cyclic GMP
ranged from 65 to 70%.

Radioimmunoassay of cyclic GMP. Cyclic GMPwas assayed ac-
cording to the protocol used for the radioimmunoassay of cyclic AMP
described by Brotherton et al. (6). 100 Ml of sample or standard solution
(in 0.2 Msodium acetate buffer, pH 6.2) was transferred to a micro test
tube and 5 Ml of freshly prepared acetic anhydride/triethylamine (1:2)
was added; this was followed by immediate vortex mixing. Assay tubes
(10 X 75-mm disposable glass culture tubes) were prepared by adding:
40 Ml of acetylated sample or standard; 40 Ml of a solution of 8,000-
12,000 cpm of [251I]2'-O-succinyl(iodotyrosine methyl ester) cyclic GMP
and 1% normal rabbit serum in 0.2 Msodium acetate buffer, pH 6.2;
and 40 Ml of cyclic GMPantiserum complex diluted according to the
manufacturer's instructions. Smaller sample volumes may be assayed,
provided that acetylated 0.2 Msodium acetate buffer is added, to give
a total sample volume of 40 gl. Alternatively, samples may be diluted
with buffer before the acetylation step. Eight concentrations of cyclic
GMPare included in the standard curve, which ranges from 2.5 to 500
fmol/40 Ml. After incubation at 4VC for 16-24 h, 1 ml of ice-cold 95%
ethanol was added to each tube to precipitate bound radioactivity. The
tubes were then centrifuged at 2,000 g for 15 min at 4VC, the supernates
aspirated, and the dried precipitates counted on a DP 5000 gamma
counter (Beckman Instruments Inc.). Under these conditions, 50% dis-
placement of [25I]2'-O-succinyl (iodotyrosine methyl ester) cyclic GMP
from cyclic GMPis obtained with 12-15 fmol of cyclic GMP/40 Ml, and
-30% of average net total counts are bound in the absence of cyclic
GMP. All samples were assayed at a minimum of two dilutions and the
concentration of cyclic GMPwas corrected for recovery.

Statistical analysis. Statistical significance was determined by the
Students t test; a P value of <0.005 was chosen to denote statistical
significance between groups. Unless indicated otherwise, the data are
reported as means±SEMof triplicate determinations from the same ex-
periment. In all cases, similar findings were obtained in a minimum of
two other experiments.

Results

A wide variety of agents that stimulate PGI2 biosynthesis in
primary monolayer cultures of human umbilical vein endothe-
lium have been found to stimulate cyclic GMPaccumulation
in these cells. As shown in Table I, thrombin, the calcium ion-
ophore A23187, bradykinin, and histamine increased the intra-
cellular concentration of cyclic GMPby an average of about
twofold during a 5-min incubation period. By contrast, arachi-
donic acid had no effect on cyclic GMPaccumulation. The con-
centration of each agent tested was selected to stimulate maximal
or near-maximal release of PGI2 (see legend of Table I). To
determine whether the observed increases in cyclic GMPresulted
from increased synthesis (activation of guanylate cyclase) or de-
creased degradation (inhibition of cyclic GMPphosphodiester-
ase), studies were carried out in the presence of l-methyl-3-iso-
butylxanthine (MIX), a cyclic nucleotide phosphodiesterase in-
hibitor. Incubation of endothelial monolayers for a total of 10
min with 1 mMMIX increased the basal level of cyclic GMP
by an average of 7.4± 1.0-fold (Table I). Nearly maximal increases
(-80%) in cyclic GMPwere obtained with 1 mMMIX; maximal
increases were observed with 4 mMMIX and half-maximal with
0.5 mMMIX. As shown in Table I, much larger increases in
the intracellular concentration of cyclic GMPwere obtained in
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Table I. Effect of Stimuli of PGI2 Biosynthesis on Cyclic GMPAccumulation

Concentration of cyclic GMPin monolayers Concentration of cyclic GMPin monolayers
preincubated without MIX preincubated with 1 mMMIX

Control + Stimulus Control + Stimulus
Fold Fold No. of

Addition pmol cyclic GMP/4.5 X 10' cells increase pmol cyclic GMP/4.5 X 105 cells increase exps.

None (control) 0.85±0.05 6.53±1.05* - 23
Thrombin (0.5 U/ml) 0.81±0.05 1.44±0.17 1.8±0.2 6.33±1.18 63.13±7.46 12.3±1.2 10
A23187 (4 MM) 0.84±0.06 1.70±0.13 2.1±0.1 6.75±1.03 57.76±4.56 10.5±1.2 20
Bradykinin (10 MM) 0.74±0.02 1.28±0.13 1.7±0.2 6.85±1.45 60.75±14.21 10.8±2.6 4
Histamine (10 MM) 0.75±0.03 1.38+0.13 1.8±0.1 7.20±1.58 62.26±11.55 10.5±2.4 4
Arachidonic acid (4 MM) 0.88±0.05 0.88±0.03t 1.0±0.1 6.69±2.00 6.35±1.56t 1.0±0.1 5

Endothelial monolayers were preincubated at 370C for 5 min with 475 Ml of Hanks'-Hepes buffer alone (controls) or Hanks'-Hepes buffer con-
taining I mMMIX. After the preincubation period, 25 Ml of Hanks'-Hepes buffer containing the test agent (at an initial concentration 20-fold
higher than the final concentration) was added to the preincubation buffer and incubations were continued for 5 min. All values are expressed as
means±SEM. The production of 6-keto-PGFI. in monolayers preincubated with buffer followed by a 5-min incubation with the indicated test
agent is as follows: 21±3 nM (control); 337±28 nM (thrombin); 510±32 nM (A23187); 212±28 nM (bradykinin); 473±39 nM (histamine); and
490±42 nM (arachidonic acid), at the concentrations and number of experiments indicated for each agent. * Preincubation of endothelial mono-
layers with 1 mMMIX increased the intracellular concentration of cyclic GMPby 7.4± 1.0-fold. t No significant difference compared with con-
trol value.

response to stimuli of PGI2 biosynthesis when endothelial
monolayers were preincubated with 1 mMMIX. With the ex-
ception of arachidonic acid, which had no effect, each of the
other agents increased cyclic GMPlevels by an average of about
tenfold in the presence of MIX (Table I). Thus, the effects of
these treatments are additive. This finding suggests that stimuli
of PGI2 biosynthesis that increase the intracellular concentration
of cyclic GMP, act by a mechanism involving activation of
guanylate cyclase and not inhibition of cyclic GMPphospho-
diesterase.

The lack of an effect of arachidonic acid on cyclic GMP
accumulation suggests that neither arachidonic acid itself nor
its metabolites activate guanylate cyclase in primary human
umbilical vein endothelium. Additional evidence in support of
this hypothesis is provided by studies of the effects of inhibitors

of arachidonic acid release and of its subsequent metabolism on
both PGI2 production and cyclic GMPaccumulation. These
agents included: quinacrine, an inhibitor of phospholipase A2;
aspirin and ibuprofen, cyclooxygenase inhibitors; and 5,8,11,14-
eicosatetraynoic acid (ETYA), a lipoxygenase inhibitor. As
shown in Table II, pretreatment of endothelial monolayers with
100 ,M quinacrine decreased PGI2 production in response to
thrombin and A23187 by -69 and 52%, respectively, but had
no effect on the stimulation of cyclic GMPaccumulation by
either of these agents in the absence or presence of MIX. Note
that quinacrine had no effect on PGI2 production in response
to arachidonic acid. In monolayers that had been pretreated
with 100 ,M aspirin or 500 ,uM ibuprofen, PGI2 production in
response to all stimuli tested was abolished; however, the stim-
ulation of cyclic GMPaccumulation was unaffected. Similar

Table IL Effect of Quinacrine on PGI2 Biosynthesis and Cyclic GMPAccumulation

Cyclic GMP(pmol/4.5 X 105 cells)

Additions 6-Keto-PGFI.* Control MIX (1 mM)

nM

Control None 23±3 0.96±0.04 4.27±0.32
Thrombin (0.5 U/ml) 210±13 1.84±0.07 45.08±3.07
A23187 (4 MM) 372±28 2.27±0.12 49.97±2.56
Arachidonic acid (4 MM) 400±32 0.90±0.05 4.02±0.29

Quinacrine (100 MM) None 9±2 1.04±0.06 4.33±0.21
Thrombin (0.5 U/ml) 69±7 1.79±0.05 47.19±2.95
A23187 (4 MM) 159±12 2.34±0.18 48.51±4.09
Arachidonic acid (4 ,M) 422±25 0.99±0.03 4.31±0.32

Endothelial monolayers were preincubated at 370C for 15 min with 475 Mil of Hanks'-Hepes buffer alone or Hanks'-Hepes buffer containing 100
MgMquinacrine with and without 1 mMMIX. After the preincubation period, 25 Md of Hanks'-Hepes buffer alone or Hanks'-Hepes buffer con-
taining the test agent (at an initial concentration 20-fold higher than the final concentration) was added to the preincubation media and the incu-
bations were continued for 5 min. Values are expressed as means of triplicate determinations; similar findings were obtained in four other experi-
ments. * 6-Keto-PGFI,. production in monolayers preincubated 15 min with Hanks'-Hepes buffer±quinacrine followed by a 5-min incubation
with the indicated stimulus.
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findings were obtained with ETYA at concentrations ranging
from 1 to 20 1AM. Taken together, these results suggest that the
increase in cyclic GMPobserved in response to stimuli of PGI2
production results from the activation of guanylate cyclase by
factors generated before the release and metabolism of arachi-
donic acid.

To examine the role of extracellular C(7i in the induction
of PGI2 biosynthesis and cyclic GMPaccumulation, experiments
were carried out using Ca2+-free buffer (Hanks'-Hepes buffer
with 1.3 mMCaC2 omitted). Incubations were as described in
Methods, with the exception that monolayers were rinsed three
times with 1 ml of Ca(-free Hanks'-Hepes buffer before the
addition of the test stimulus. Endothelial monolayers were also
grown on fibronectin-coated plates, as preliminary studies
showed that omission of Ca2E from the buffer resulted in partial
detachment of the monolayers from the surface of the tissue-
culture plate. As shown in Table III, omission of Ca2' had no
significant effect on PGI2 production in response to stimulation
by thrombin. By contrast, the effect of A23187 was decreased
by -40% as compared with values obtained in the presence of
Ca2'. However, neither thrombin nor A23187 had a significant
effect on cyclic GMPaccumulation in the absence of both Ca2(
and MIX. In monolayers that had been preincubated with 1
mMMIX, thrombin and A23 187 increased cyclic GMPlevels
by an average of only 2.0- and 3.4-fold, respectively, in Ca2+-
free buffer, whereas increases of 7.6- and 6.6-fold, respectively,
were observed in the presence of extracellular Ca2+ (Table III).
Thus, the stimulatory effect of thrombin on cyclic GMPaccu-
mulation appears to be more dependent on the availability of
extracellular Ca2' than the effect of A23 187. Significant differ-
ences therefore exist with respect to the requirements of the
endothelium for extracellular Ca2+ for the stimulation of PG12
biosynthesis as compared with cyclic GMPaccumulation in re-
sponse to thrombin or A23187 (Table III).

The relationship between cyclic GMPaccumulation in re-

Table III. Effect of Extracellular Ca2' on PGI2
Biosynthesis and Cyclic GMPAccumulation

Cyclic GMP
(pmol/4.5 X 10' cells)

Additions 6-Keto-PGFI.* Control MIX (1 mM)

nM

+Ca2+ None (control) 43±3 1.27±0.05 3.89±0.26
Thrombin

(0.5 U/ml) 266±11 1.93±0.19 29.41±1.03
A23187 (4 MM) 359±35 2.14±0.18 25.70±1.42

-Ca2+t None (control) 57±5 1.21±0.08 2.84+0.21
Thrombin

(0.5 U/ml) 276±13 1.31±0.05 5.76±0.28
A23187 (4 ;M) 147±13 1.29±0.04 9.62±0.80

Endothelial monolayers were preincubated at 37°C for 5 min with 475 j1 of
Hanks'-Hepes buffer alone (±CaCI2) (controls) or Hanks'-Hepes buffer contain-
ing I mMMIX (±CaCl2). At the end of the preincubation period, 25 jl of
Hanks'-Hepes buffer containing the test agent (at an initial concentration 20-
fold higher than the final concentration) was added to the preincubation buffer
and incubations were continued for 5 min. All values are expressed as
means±SEMof triplicate determinations from the same experiment; similar
findings were obtained in two other experiments.
* 6-Keto-PGF,. production in monolayers preincubated for 5 min with Hanks'-
Hepes buffer (±CaC12) followed by a 5-min incubation with the indicated test
agent.
$ Hanks'-Hepes buffer with 1.3 mMCaCI2 omitted.

sponse to thrombin and A23 187 and incubation time is shown
in Fig. 1. In monolayers preincubated with buffer alone (Fig. 1
A), thrombin and A23187 stimulate significant increases in cyclic
GMPby 30 s; maximum increases were reached by 2 min. In
monolayers exposed to thrombin, cyclic GMPlevels slowly re-
turned to baseline by 20 min. By contrast, cyclic GMPlevels in
monolayers exposed to A23187 remained half-maximally ele-
vated for at least 40 min (Fig. 1 A). In monolayers preincubated
with 1 mMMIX (Fig. 1 B), maximal increases in cyclic GMP
were obtained by 10 min in response to thrombin or A23187.
After 10 min, thrombin-induced increases in cyclic GMPslowly
declined; by 40 min, cyclic GMPlevels approached baseline and
were comparable with those observed after 5-min incubation.
Findings similar to those seen with thrombin were obtained with
bradykinin and histamine. In contrast to the effect of physiologic
stimuli, cyclic GMPlevels remained maximally elevated for as
long as 40 min in the presence of both A23187 and MIX (Fig.
1 B). This observation suggests that exposure of endothelial
monolayers to A23 187 results in a sustained activation of guan-
ylate cyclase, whereas exposure to thrombin, bradykinin, and
histamine results in a transient activation of this enzyme.

The concentration-response relationships of the effect of
A23187 on PGI2 biosynthesis and cyclic GMPaccumulation
are shown in Fig. 2. During a 5-min incubation period, maximal
increases in P12 production and cyclic GMPaccumulation be-
tween 4 and 10 AMof A23187. Significant increases in cyclic
GMPwere observed with 0.04 ,M A23187, whereas 0.1 M
A23187 was required to induce significant increases in PGI2
biosynthesis. Half-maximal increases in cyclic GMPand PGI2
production were obtained with 0.1 and 0.4 MMof A23187, re-
spectively (Fig. 2 A). In the presence of MIX, exposure of en-
dothelial monolayers to A23187 produced much larger increases
in cyclic GMP(Fig. 2 B) despite the inhibition of P12 biosyn-
thesis observed with this agent (6, 8). The dose-response rela-
tionships of the effect of A23187 on both cyclic GMPaccu-
mulation and P12 production parallel those observed in mono-
layers preincubated with buffer alone. Qualitatively, similar

Cyclic GMP
(pmol/4.5x 10 5 cells)

Cyclic GMP
(pmol/4.5x 10 5 cells)

II I/ ,Ic a m (
0 5 10

.le
20 40 0 5

Incubation Time (min)
5 10 ' 20 40

Figure 1. Effect of incubation time on cyclic GMPaccumulation in
the (A) absence and (B) presence of MIX. Endothelial monolayers
were preincubated at 37°C for 5 min with 475 Ml of (A) Hanks'-Hepes
buffer alone or (B) Hanks'-Hepes buffer containing 1 mMMIX. After
the preincubation period, 25 Ml of Hanks'-Hepes buffer alone or con-
taining the test agent (at an initial concentration 20-fold higher than
the final concentration) was added to the preincubation buffer and in-
cubations were continued as indicated. Values are expressed as means
of duplicate determinations; similar findings were obtained in two
other experiments.
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Concentration of A23187 (VjM)
Figure 2. Concentration-response relationships of the effect of A23 187
on cyclic GMPaccumulation and PGI2 production in the (A) absence
and (B) presence of I mMMIX. Endothelial monolayers were prein-
cubated at 37°C for 5 min with 475 Ml of (A) Hanks'-Hepes buffer
alone or (B) Hanks'-Hepes buffer containing 1 mMMIX. After the
preincubation period, 25 Ml of Hanks'-Hepes buffer alone or contain-
ing the A23 187 (at an initial concentration 20-fold higher than the fi-
nal concentration indicated) was added to the preincubation buffer
and incubations were continued for 5 min. Values are expressed as
means±SEMor triplicate determinations; similar findings were ob-
tained in two other experiments.

findings were obtained with thrombin, bradykinin, or histamine
(data not shown).

To determine whether cyclic GMPmediates the induction
or is involved in the regulation of PGI2 biosynthesis in the en-
dothelium, the effects of several agents known to increase cyclic
GMPaccumulation in other cell types were tested. These in-
cluded norepinephrine, acetylcholine, atriopeptin III, tert-bu-
tylhydroperoxide, and sodium nitroprusside. Although neither
norepinephrine or acetylcholine, at concentrations ranging from
0.1 to 100 MM, had detectable effects on PGI2 biosynthesis or
cyclic GMPaccumulation, atriopeptin III, tert-butylhydrope-
roxide, and sodium nitroprusside stimulated significant increases
in the intracellular concentration of cyclic GMPwithout an as-
sociated increase in PGI2 biosynthesis. The dose-response rela-
tionship of the effect of atriopeptin III on cyclic GMPaccu-
mulation in the absence and presence of MIX is shown in Fig.
3. Even though the stimulatory effect of atriopeptin III on cyclic
GMPaccumulation is comparable with that observed in response
to thrombin, bradykinin, histamine, or A23187 (see Table I),
no increase in PGI2 production over basal levels was observed
at any concentration of this peptide tested. Table IV shows that
cyclic GMPlevels were increased by about the same extent,
either in the absence or presence of MIX, by tert-butylhydro-
peroxide, sodium nitroprusside, or A23 187. Like atriopeptin Ill,
sodium nitroprusside had no effect on PGI2 biosynthesis; con-
versely, tert-butylhydroperoxide had a very small but statistically
significant stimulatory effect. The data shown in Fig. 4 indicate
that this effect of tert-butylhydroperoxide on PGI2 production
is unrelated to its effect on cyclic GMPaccumulation. First,
significant increases in cyclic GMPwere observed only in re-
sponse to 40 or 100 MMtert-butylhydroperoxide, whereas PGI2
production increased progressively with up to 1,000 MMof this
agent. Second, the concentration of tert-butylhydroperoxide that
had the greatest effect on PGI2 production (i.e., 400 MM) had
no detectable effect on cyclic GMPaccumulation. These findings
support the conclusion that an increase in the intracellular con-
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40 r
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Concentration of Atriopeptin III (nM)

Figure 3. Effect of atriopeptin III on cyclic GMPaccumulation in the
(A) absence and (B) presence of MIX. Endothelial monolayers were
preincubated at 370C for 5 min with 475 Ml of (A) Hanks'-Hepes
buffer alone or (B) Hanks'-Hepes buffer containing I mMMIX. After
the preincubation period, 25 Ml of Hanks'-Hepes buffer alone or con-
taining atriopeptin III (at an initial concentration 20-fold higher than
the final concentration indicated) was added to the preincubation
buffer and incubations were continued for 10 min. Values are ex-
pressed as means of duplicate determinations; similar findings were
obtained in two other experiments. The production of 6-keto-PGF1,
in monolayers preincubated with Hanks'-Hepes buffer followed by a
10-min incubation with increasing concentrations of atriopeptin III
was as follows: control, 8±1 nM; 1 nMatriopeptin III, 6+1 nM; 10
nM atriopeptin III, 5+1 nM; 100 nMatriopeptin III, 6±1 nM; 1,000
nMatriopeptin III, 7±2 nM; and 2,000 nMatriopeptin III, 5±1 nM.

centration of cyclic GMPalone is insufficient to induce PG12
biosynthesis. It is also unlikely that cyclic GMPis directly in-
volved in the regulation of PGI2 production, as preincubation
of the endothelium with atriopeptin III, sodium nitroprusside,
or tert-butylhydroperoxide had no effect on the subsequent

Table IV. Comparison of the Effect of A23187,
tert-Butyihydroperoxide, and Sodium Nitroprusside on
PGI2 Biosynthesis and Cyclic GMPAccumulation

Cyclic GMP
(pmol/4.5 X 105 cells)

Additions 6-Keto-PGF,.* Control MIX (1 mM)

nm

None 33±2 0.92±0.03 10.77±0.76
A23187 (4 AM) 705±40 2.10±0.26 79.92±4.71
tert-Butylhydroperoxide

(100 AM) 61±4 1.43±0.14 76.91±5.86
Sodium nitroprusside

(1 mM) 38±5 3.25±0.42 91.32±5.53

Endothelial monolayers were preincubated at 370C for 5 min with
475 Al of Hanks'-Hepes buffer alone (controls) or Hanks'-Hepes
buffer containing 1 mMMIX. After the preincubation period, 25 M1 of
Hanks'-Hepes buffer containing the test agent (at an initial concentra-
tion 20-fold higher than the final concentration) was added to the
preincubation buffer and incubations were continued for 10 min. All
values are expressed as means±SEMof triplicate determinations; simi-
lar findings were obtained in two other experiments.
* 6-Keto-PGFIa production in monolayers preincubated for 5 min
with Hanks'-Hepes buffer followed by a 10-min incubation with the
indicated addition.
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Figure 4. Effect of tert-butylhydroperoxide (t-BHP) on cyclic GMPac-
cumulation and PG12 production. Endothelial monolayers were incu-
bated for 5 min at 370C with the concentration of t-BHP indicated.
Values are expressed as means±SEMor triplicate determinations; sim-
ilar findings were obtained in two other experiments.

stimulation of PG12 biosynthesis by thrombin, A23 187, or ar-
achidonic acid (data not shown).

Discussion

The results of the present study demonstrate that receptor-me-
diated stimuli of PGI2 biosynthesis such as thrombin, bradykinin,
and histamine, or the calcium ionophore A23187, stimulate
cyclic GMPaccumulation in primary monolayer cultures of hu-
man umbilical vein endothelium. A similar correlation, specif-
ically, between the stimulation of phosphatidylinositol hydrolysis
and cyclic GMPaccumulation in response to activation of mus-
carinic-cholinergic, a-adrenergic, histamine Hi, bradykinin, an-
giotensin, and thrombin receptors, has previously been reported
in a number of other cell types (for reviews see references 1-4,
and reference 12). Although it has not yet been shown that phos-
phatidylinositol hydrolysis mediates the induction of P02 bio-
synthesis in endothelial cells, the observed increase in cyclic GMP
provides indirect evidence suggesting that this pathway is likely
to be involved.

Studies with the cyclic nucleotide phosphodiesterase inhib-
itor, MIX, show that increases in the intracellular concentration
of cyclic GMPresult from activation of guanylate cyclase and
not from inhibition of cyclic GMPphosphodiesterase activity.
At present, the mechanism by which physiologic stimuli mediate
the activation of guanylate cyclase in intact cells is poorly un-
derstood. Although Ca2' is required for full expression of guan-
ylate cyclase activity in cell-free systems (13), it is not known
whether Ca2+ is the primary mediator of hormonal activation
of guanylate cyclase in intact cells (14). In some cell types, hor-
monally induced increases in cyclic GMPcan be blocked by
agents that interfere with the release or metabolism of unsatu-
rated fatty acids (15, 16). Onthe basis of these and other studies
that show that unsaturated fatty acids and fatty acid peroxides
can activate guanylate cyclase directly (17), it has been concluded
that these substances are the physiological activators of soluble
guanylate cyclase in intact cells. However, evidence is given here
that clearly shows that neither arachidonic acid nor its metab-
olites are involved in mediating the effects of stimulatory agonists
with respect to activation of guanylate cyclase. First, exposure
of endothelial monolayers to arachidonic acid had no effect on
cyclic GMPaccumulation either in the absence or presence of
MIX, despite marked production of PGI2. Second, inhibition

of cyclooxygenase activity with aspirin or ibuprofen had no effect
on the stimulation of cyclic GMPaccumulation observed in
response to thrombin, bradykinin, histamine, or A23187. Third,
inhibition of lipoxygenase and cyclooxygenase with ETYAhad
no effect on the stimulation of cyclic GMPaccumulation by
any of the agents tested. Fourth, inhibition of arachidonic acid
release by quinacrine, presumably via inhibition of phospholipase
A2 activity, had no effect on increases in the intracellular con-
centration of cyclic GMPinduced by any of the stimuli tested.
These findings strongly support the view that activation of guan-
ylate cyclase is not mediated by arachidonic acid or by its me-
tabolites, which include products of cyclooxygenase activity such
as prostaglandin endoperoxides, PG12, and/or products of li-
poxygenase activity such as 1 5-hydroxyeicosatetraenoic acid.

The activation of guanylate cyclase must therefore be me-
diated by a factor generated by an initial step in the stimulus-
response coupling mechanism. Although it has not yet been es-
tablished that extracellular signals stimulate Ca2" mobilization
via phosphatidylinositol hydrolysis in endothelial cells, it is clear
that Ca2' plays an important role in mediating the effects of
these agents. It is therefore likely that Ca2+ is involved in the
activation of guanylate cyclase in these cells. A central role for
Ca2+ in the activation of guanylate cyclase is also suggested by
the observation that the stimulatory effects of A23 187, and par-
ticularly of thrombin, on cyclic GMPaccumulation are depen-
dent on the presence of extracellular Ca2+. It is interesting to
note that PG12 production in response to thrombin, but not
A23187, was unaffected by the absence of extracellular Ca2+.
This observation suggests that different pools of Ca2' are involved
in mediating the effects of thrombin with respect to the biosyn-
thesis of PG12 and cyclic GMP. The interaction of thrombin
with its putative receptor may simultaneously trigger the acti-
vation of two parallel pathways, one leading to PG12 production
and the other to cyclic GMPaccumulation.

Examination of the time-courses and dose-response rela-
tionships of the effect of thrombin and A23187 suggests that a
close, albeit undefined, relationship clearly exists between en-
hanced production of P0I2 and cyclic GMPaccumulation. Sig-
nificant increases in cyclic GMPwere observed within 30 s of
the addition of a stimulus to endothelial monolayers. Maximal
increases in cyclic GMP, attained by 2 min, slowly returned to
baseline by 20 min in the presence of thrombin, histamine, and
bradykinin, whereas they remained half-maximally elevated for
at least 40 min in the presence of A23 187. These findings suggest
that guanylate cyclase is rapidly activated upon exposure of the
endothelium to a stimulus, and that it remains in an activated
state for a relatively long period of time. The induction of P0I2
biosynthesis also occurs very rapidly. Studies with the thrombin
inhibitor DAPA (dansylarginine-N-(3-ethyl-1,5-pentane-
diyl)amide) (18), indicate that exposure of the endothelium to
active thrombin for as little as 6 s is sufficient to induce maximal
release of PG12 (Brotherton, A. F. A., unpublished results). The
concentration response relationships of each stimulus tested with
respect to both PG12 production and cyclic GMPproduction
were also found to be nearly identical, with the exception that
a somewhat lower concentration of each agent stimulated a sig-
nificant increase in cyclic GMPwithout effect on PG12 produc-
tion.

Investigation of the effects of a number of agents known to
increase cyclic GMPaccumulation in other cell types provides
evidence which suggests that an increase in the intracellular con-
centration of cyclic GMPdoes not, by itself, mediate the induc-
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tion of PGI2 biosynthesis in endothelial cells. Although significant
increases in cyclic GMPwere observed upon exposure of the
endothelium to sodium nitroprusside or atriopeptin III, no in-
crease in PGI2 production over baseline was observed. Since
sodium nitroprusside and atriopeptin III have been shown to
activate only the soluble (19) or particulate (20) forms of guan-
ylate cyclase, respectively, it is reasonable to conclude that one
or both of these agents increases cyclic GMPlevels via the same
mechanism as stimuli of PGI2 biosynthesis. Although tert-bu-
tylhydroperoxide had a small stimulatory effect on PGI2 pro-
duction, it is unlikely that this effect is mediated by cyclic GMP,
as higher concentrations of this agent stimulated larger increases
in PGI2 without a concomitant effect on cyclic GMPaccumu-
lation. These findings argue against a primary role for cyclic
GMPin mediating the induction of PGI2 biosynthesis in response
to extracellular stimuli.

Even though a wide variety of hormones, regulatory sub-
stances, experimental conditions, and drugs have been reported
to increase the intracellular concentration of cyclic GMPin an
equally wide variety of intact tissue and cell preparations, the
precise physiological role of this cyclic nucleotide remains a
mystery. By analogy with cyclic AMP, it has been assumed that
cyclic GMPfunctions as an intracellular messenger for at least
some of the extracellular signals that affect cyclic GMPlevels.
However, in sharp contrast to the well-characterized cyclic AMP
system, there are only a few cell types in which unequivocal
effects of cyclic GMPhave been demonstrated. Most notably,
there is convincing evidence that cyclic GMPmediates relaxation
of both vascular and nonvascular smooth muscle (21, 22), and
that it plays a central role in the regulation of rod membrane
voltage (23, 24). It has been suggested by Walter (25) that dif-
ficulties encountered with establishing a clear-cut role for cyclic
GMPmay stem from a dogmatic adherence to the criteria de-
veloped by Sutherland et al. (26) for cyclic AMP. For example,
the inability to correlate a hormone or drug-induced change in
the cellular level of cyclic GMPwith the physiological effect
produced by these agents, or the inability to mimic the hormone
or drug-induced physiological effect by extracellular application
of cyclic GMPor cyclic GMPanalogues, may in fact be attrib-
utable to the likelihood that the induction of the effect involves
several second messengers. In such a case, Ca2' may function
as the primary intracellular messenger, while cyclic GMPmay
have an important, albeit subtle, role in the short- or perhaps
long-term modulation of the response. Experimentally, it would
be difficult to mimic the action of cyclic GMPsolely by manip-
ulating the intracellular concentration of the cyclic nucleotide
or by the addition of analogues if it acts to modulate the effects
of the primary intracellular messenger. These experimental
problems are further confounded by the limited understanding
of the effector mechanisms of cyclic GMPin intact, physiolog-
ically responsive cells.

In light of the above considerations, full appreciation and
interpretation of the results of the present study must await fur-
ther investigation of the mechanism of action of cyclic GMPin
these cells. Results of preliminary studies indicate that thrombin
and A23 187 stimulate specific protein phosphorylation in intact
primary human umbilical vein endothelium (27); studies are
currently in progress to determine whether cyclic GMPmediates
this response.

Although it is clear that cyclic GMPdoes not, by itself, me-
diate the induction of PGI2 biosynthesis in the endothelium, it
may have an important role in modulating this response. For

example, it is possible that cyclic GMPis involved in mediating
the reuptake of Ca2" into intracellular stores. Alternatively, in-
creases in the intracellular concentration of cyclic GMPthat
occur as a result of the induction of PGI2 biosynthesis by extra-
cellular stimuli may, by some mechanism, trigger the synthesis
of cyclooxygenase. This latter possibility is particularly intriguing
as we have shown that this enzyme is rapidly deactivated as a
result of PGI2 biosynthesis (28).

At present, the only other well-described cell culture system
available for investigation of physiological role of cyclic GMP
is the murine neuroblastoma clone N1 E- 115. These cells were
originally derived from a neuroblastoma and are reported to
display many of the characteristic properties of normal differ-
entiated neurons (29). Although the stimulation of neurotrans-
mitter receptors on these cells by muscarinic or histamine HI
agonists, bradykinin, or thrombin, has been shown to cause rapid
and transient increases in cyclic GMPthat are dependent on
the presence of extracellular Ca2` (29, 30), the role of cyclic
GMPin mediating or modulating the effects of these agents is
not known. In sharp contrast to the findings of the present study,
it has been suggested (30) that increases in cyclic GMPformation
observed in response to stimulation of neurotransmitter receptors
involves the release of arachidonic acid, and that an oxidative
metabolite of this fatty acid stimulates soluble guanylate cyclase
activity.

For many reasons, primary monolayer cultures of human
umbilical vein endothelium provide an ideal model system for
investigation of the role of cyclic GMPin signal transduction.
Most importantly, these cells represent a homogeneous popu-
lation of normal, untransformed human cells that are responsive
to a wide variety of agents, exhibit numerous, well-described
properties and physiologic responses, and are easy to grow. In
addition, as the results of the present study show, the induction
of PGI2 biosynthesis is closely associated with cyclic GMPac-
cumulation; and, the activation of guanylate cyclase is mediated
by a factor or factors generated by an initial step in the stimulus-
response coupling mechanism and not by oxidative metabolites
of arachidonic acid. The marked and relatively prolonged ac-
tivation of guanylate cyclase, which results in the maintenance
of a significant, net increase in the intracellular concentration
of cyclic GMPfor several minutes, may ultimately provide in-
sight as to the mechanism of action of cyclic GMPin these cells.
Lastly, we have found (31) that early passage (1st through 3rd)
of primary cultures of human umbilical vein endothelium results
in a progressive, parallel loss of the capacity of these cells to
produce PGI2 or to synthesize cyclic GMPin response to extra-
cellular stimuli. As these passaged cells retain all other charac-
teristic morphologic and physiologic properties of primary en-
dothelial cultures (32), it is clear that the co-availability of phys-
iologically responsive (i.e., with respect to PGI2 and cyclic GMP
biosynthesis) and progressively nonresponsive populations of the
same cell type provides a unique opportunity to examine the
factors involved in the expression of stimulus-response coupling
mechanisms as well as the regulatory role of cyclic GMP.
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