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Inhibition of inositol 1,4,5-trisphosphate formation by cyclic
GMP in cultured aortic endothelial cells of the pig
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1 In cultured endothelial cells of the pig the endothelium-derived relaxing factor (EDRF) releasing agent
thrombin (2 u ml-1) caused a significant increase in basal levels of both guanosine 3': 5'-cyclic mono-
phosphate (cyclic GMP) and inositol 1,4,5-trisphosphate (1P3). This increase was time dependent, with
peak levels occurring at 2 min and returning towards basal values after 5 min.
2 Pretreatment of the cells with the EDRF inhibitors haemoglobin (1 ,aM) or L-NG-nitro arginine (50,uM)
significantly reduced the cyclic GMP response to thrombin. Both agents also resulted in significant ele-
vations in basal levels of 'P3. The 'P3 response to thrombin was significantly enhanced at all time points
by haemoglobin and at 5 min for L-N0-nitro arginine, when compared with the response to thrombin
alone.
3 Pretreatment of the cells with either sodium nitroprusside (10pM) or atrial natriuretic peptide (1pM)
caused a significant elevation of basal cyclic GMP levels. Although subsequent exposure to thrombin
caused a further increase in cyclic GMP, which together with the rise induced by the previous two agents
was significantly greater than the increase caused by thrombin alone, the incremental increase induced by
thrombin was markedly less in the presence of nitroprusside or atrial natriuretic peptide. Both these
agents, as well as 8-bromo cyclic GMP, resulted in a significant suppression of the 'P3 response to
thrombin.
4 These findings show that one mechanism for the inhibitory effect of cyclic GMP on EDRF release
from endothelium may be through the inhibition of 'P3 formation in response to EDRF releasing agents.

Introduction

Inositol 1,4,5-trisphosphate (OP3) is the second messenger
which mobilizes intracellular stores of calcium in a number of
cell types (Berridge & Irvine, 1984; Hashimoto et al., 1986;
Berridge, 1987). It is produced when phosphatidyl-inositol 4,5-
bisphosphate (PIP2) is hydrolysed by phospholipase C in
response to cell-surface receptor activation (Berridge & Irvine,
1984; Berridge, 1984; Hokin, 1985; Downes & Michell, 1985).
The other product of this hydrolysis is sn 1,2-diacylglycerol
which activates protein kinase C (Nishizuka, 1984). In many
cell types a guanyl nucleotide transducing-protein (G protein)
couples the receptor to phospholipase C and in some cases
this step is sensitive to inhibition by pertussis toxin (Berridge,
1987).
A rapid formation of 'P3 in endothelial cells occurs in

response to several agonists including thrombin (Moscat et al.,
1987; Pollock et al., 1988), bradykinin (Derian & Moskowitz,
1986; Lambert et al., 1986), ADP and ATP (Forsberg et al.,
1987; Pirotton et al., 1987) and mellitin, a direct activator of
phospholipase C (Loeb et al., 1988). These agonists also stimu-
late the release of endothelium-derived relaxing factor (EDRF)
(for review see Angus & Cocks, 1989), the critical signal for
EDRF release being elevation of intracellular Ca2 + levels (for
review see Newby & Henderson, 1990).
EDRF, recently discovered to be nitric oxide (Palmer et al.,

1987) acts like the nitrovasodilator drugs through stimulation
of soluble guanylate cyclase and the elevation of intracellular
levels of guanosine 3':5'-cyclic monophosphate (cyclic GMP)
(Katsuki et al., 1977; Ignarro et al., 1981; Rapoport et al.,
1983a,b; Griffith et al., 1985; Forstermann et al., 1986). Atrial
natriuretic peptide (ANP) similarly causes intracellular cyclic
GMP levels to be elevated in vascular smooth muscle
(Winquist et al., 1989), doing so by specific activation of parti-
culate guanylate cyclase (Waldman et al., 1984).
The stimulated rise in cyclic GMP produced by EDRF and

other cyclic GMP-elevating agents which results in vascular
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smooth muscle relaxation is associated with both the inhibi-
tion of influx of extracellular calcium as well as a decrease in
the release of intracellular calcium (Karaki et al., 1984; Collins
et al., 1986). The cause of the inhibition of contraction and of
intracellular Ca2+ release, was thought to result from the
inhibitory effect of cyclic GMP on phosphatidylinositol
hydrolysis (Rapoport, 1986) in rat aorta, and inhibition of 1P3
formation by cyclic GMP has now been shown also in rabbit
aorta (Lang & Lewis, 1989).

Stimulation of EDRF release in cultured endothelium
results in elevation of cyclic GMP levels in the endothelium
itself (Martin et al., 1988; Smith & Lang, 1990). Furthermore,
elevation of endothelial cell levels of cyclic GMP with either
8-bromo cyclic GMP (Evans et al., 1988) or ANP (Hogan et
al., 1989) inhibits EDRF release. The mechanism of this effect
remains unknown however, but might be through inhibition
of the rise in 1P3 levels in endothelium induced by EDRF
releasing agents. To investigate this possibility in the present
study, we have examined the effects of alteration of endothe-
lial cell levels of cyclic GMP on 1P3 formation in cultured
cells stimulated with thrombin.

Methods
Preparation ofcultured endothelial cells

Aortae, from approximately 16 week old pigs, were removed
immediately after slaughter at the local abattoir, and flushed
with 0.9% (w/v) sterile NaCl containing benzylpenicillin
200uml1' with streptomycin 200pugml-'. The proximal end
of the vessel was tied off and the distal end cannulated with a
50ml syringe containing the same saline. The lumen of the
vessel was then filled with the saline for transportation back
to the laboratory.

Endothelial cells were isolated essentially as described by
Gordon & Martin (1983). Briefly, the intercostal arteries were
ligated, the lumen emptied of the saline and filled with 0.2%
collagenase (type II, Sigma) in Medium E199 and incubated at
37°C for 20min. The cells were then harvested into 40ml of
Medium E199 supplemented with 10% foetal calf serum, 10%
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newborn serum, glutamine 6 mM, benzylpenicillin 200 u ml -1,
streptomycin 200,ugml-' and kanamycin 1001ugml-P. The
cells were subsequently seeded into three six-well plates (well
area = 9.62cm2) The culture medium was replaced the next
day and then every other day until the cells became confluent,
usually within 5-7 days.

Experimental protocol

The culture medium was removed and the cells washed with
2 x 2 ml of Krebs-Ringer bicarbonate (KRB) solution of the
following composition (mM): NaCl 95.5, KCl 4.8, MgSO4 1.2,
CaC12 2.5, KH2PO4 1.2, NaHCO3 25 and glucose 11. The
cells were then incubated in 2 ml of KRB containing lithium
chloride 10mm at 370C under an atmosphere of 5% CO2 in
air for at least 90 min. Drugs were added at the concentrations
and times indicated in the Results.
At the appropriate time the KRB was rapidly removed and

the reaction terminated by the addition of 0.5ml of ice cold
5% (v/v) perchloric acid (PCA). The cells were scraped from
the well and together with a further 0.5 ml of PCA were placed
in plastic tubes. This combined 1 ml volume of PCA was then
centrifuged at 13000g for 2 min. The resulting supernatant was
aspirated into separate plastic tubes, previously cooled on dry
ice and, along with the cell debris pellet stored at - 20'C until
assay within 1 month. Supernatants were frozen immediately
in this way to prevent breakdown of the inositol phosphates.

Measurement ofIP3 cyclic GMP and DNA

The supernatants were thawed and 400jul of each transferred
to separate tubes containing 100jul of 10mM EDTA (pH 7.0).
Samples were then neutralized by adding 300pl of 1:1 (v/v)
mixture of 1,1,2-trichloro-trifluoroethane and tri-n-octylamine
followed by vigorous vortexing for 90s. The 1P3 and cyclic
GMP content of the aqueous upper layer was measured with
commercially available kits (Amersham International, U.K.
and New England Nuclear Research Products, F.R.G.,
respectively).
The DNA content of the pellet was measured by the fluo-

rimetric method of Kissane & Robins (1958). The IP3 content
of each well was expressed as pmol lg-1 DNA and the cyclic
GMP as fmolpg1 DNA.

Drugs

Atrial natriuretic peptide (human sequence), sodium nitro-
prusside, thrombin (human), L-NG-nitro arginine and haemo-
globin (bovine) were obtained from Sigma Chemical
Company, UK. All were dissolved in distilled water imme-
diately prior to use except in the case of L-N0-nitro arginine
where the water was acidified with HCI.
Haemoglobin solutions were reduced to the ferrous form

with dithionite as described by Martin et al. (1986). Sera,
culture medium, glutamine and kanamycin were obtained
from Flow Laboratories, U.K., benzyl penicillin (crystopen)
from Glaxo, U.K., and streptomycin sulphate from Evans
Medicals Limited, U.K.

Statistics

Both IP3 and cyclic GMP values are expressed as the
means + standard error of the mean (s.e.mean). For analysis
of within-group data, a one-way analysis of variance was used
followed by Dunnett's multiple range test to identify signifi-
cant differences at the 0.05 level. For between-group data
Tukey's test was used; comparisons were considered signifi-
cantly different when P < 0.05.

Results

Thrombin

Figure 1 shows the levels of IP3 and cyclic GMP following
incubation of the cultured endothelial cells with thrombin
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Figure 1 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bars) of guanosine 3': 5'-cyclic mono-
phosphate (cyclic GMP) (a) and inositol 1,4,5-trisphosphate (IP3) (b)
in cultured aortic endothelial cells of the pig and following stimu-
lation with thrombin (2 u ml1) for 0.5, 2 and 5 min. (* P < 0.05 cf
basal values; n > 5).

(2 u ml ') for 30s, 2 min and 5min. The data show a signifi-
cant rise in 1P3 levels after 30s declining thereafter towards
basal values but remaining significantly elevated at 5 min. The
pattern of change in cyclic GMP levels is similar to that of
1P3 with a significant increase at 30s remaining elevated at
2 min and declining back to basal levels at 5 min.

Haemoglobin

Figure 2 shows the results in thrombin-stimulated cells but
following preincubation of the cells for 15min with haemo-
globin (1 uM). The data again shows a significant rise in IP3
levels at each time point following thrombin stimulation when
compared with basal levels in the absence of haemoglobin
(P < 0.05 at all time points). The rise in IP3 observed at 30s,
2 min and 5 min after thrombin addition was significantly
greater than that observed in the absence of haemoglobin
(P < 0.05 at all time points). Haemoglobin alone also caused a
significant increase in IP3 compared with basal levels
(P < 0.05). There were no significant changes in cyclic GMP
levels either in the presence of haemoglobin alone or after the
addition of thrombin.
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Figure 2 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bar) of guanosine 3' :5'-cyclic mono-
phosphate (cyclic GMP) (a) and inositol 1,4,5-trisphosphate (1P3) (b)
in cultured aortic endothelial cells of the pig and after incubation with
haemoglobin (Hb; lgM) for 15min followed by stimulation with
thrombin as for Figure 1. (*(in brackets) P < 0.05 cf. basal values;
* P < 0.05 cf. values for thrombin in the absence of haemoglobin;
n > 5).
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Figure 3 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bars) of guanosine 3':5'-cyclic mono-
phosphate (cyclic GMP) (a) and inositol 1,4,5-trisphosphate (1P3) (b)
in cultured aortic endothelial cells of the pig and after incubation with
L-N0-nitro arginine (N-A; 5OpM) for 30min followed by incubation
with thrombin as for Figure 1. (*(in brackets) P < 0.05 cf. basal
values; * P < 0.05 cf. values for thrombin in the absence of L-NG-nitro
arginine; n > 5).

L-NG-nitro arginine

Figure 3 shows the changes in 1P3 and cyclic GMP levels fol-
lowing pre-incubation of the cells for 30 min with L-NG-nitro
arginine (50,uM). Like haemoglobin, this inhibitor of EDRF
production resulted in a significant increase in 1P3 levels, com-
pared with basal values in the absence of thrombin (P < 0.05).
In the presence of thrombin, 1P3 increased significantly at
each time point (P < 0.05) and remained significantly higher
at 5 min when compared with the cells stimulated with throm-
bin alone (P < 0.05). Cyclic GMP levels did not alter follow-
ing thrombin stimulation in the presence of this agent.

Sodium nitroprusside

Figure 4 shows the effect of pre-incubation of the cells for 30s
with sodium nitroprusside (10pM). The data show no signifi-
cant rise in 1P3 levels above basal levels at any of the time
points studied, following thrombin stimulation. However,
incubation with nitroprusside alone caused a significant
increase in cyclic GMP over basal levels (P < 0.05), which
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Figure 5 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bars) of guanosine 3':5'-cyclic mono-
phosphate (cyclic GMP) (a) and inositol 1,4,5-trisphosphate aP3) (b)
in cultured aortic endothelial cells of the pig and after incubation with
atrial natriuretic peptide (ANP; 1 uM) for 3 min followed by incu-
bation with thrombin as for Figure 1. (*(in brackets) P < 0.05 cf basal
values; * P <0.05 cf. values for thrombin in the absence of atrial
natriuretic peptide; n > 5).

were significantly enhanced by subsequent incubation with
thrombin when compared with basal values (P < 0.05 at all
time points) or when compared to levels obtained following
incubation with thrombin alone (P < 0.05 at 30 s and 5 min).

Atrial natriuretic peptide

Figure 5 again shows a thrombin time course but following
preincubation of the cells for 3min with ANP (1pM). As for
nitroprusside, the presence of ANP resulted in complete inhi-
bition of the IP3 response to thrombin. ANP alone signifi-
cantly elevated cyclic GMP levels above basal values
(P < 0.05) and significantly enhanced the thrombin-stimulated
rise when compared to basal (P < 0.05 at all time points) or
when compared with values in the absence of ANP (P < 0.05
at 30 s and 5 min).
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Figure 4 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bars) of guanosine 3' :5'-cyclic mono-

phosphate (cyclic GMP) (a) and inositol 1,4,5-trisphosphate (1P3) (b)
in cultured aortic endothelial cells of the pig and after incubation with
sodium nitroprusside (SNP; 10uM) and for 0.5 min followed by incu-
bation with thrombin as for Figure 1. (*(in brackets) P < 0.05 cf. basal
values; * P < 0.05 cf. values for thrombin in the absence of sodium
nitroprusside; n > 5).
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Figure 6 Histogram showing basal (B) concentrations (mean with
s.e.mean shown by vertical bars) of inositol 1,4,5-trisphosphate (1P3)
in cultured aortic endothelial cells of the pig and after incubation with
8-bromo cyclic GMP (8-Br; 100,pM) for 5min followed by incubation
with thrombin as for Figure 1. (* P < 0.05 cf. values for thrombin in
the absence of 8-bromo cyclic GMP; n > 5).
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8-bromo cyclic GMP

In the experiments with this lipid-soluble analogue of cyclic
GMP, IP3 levels only were measured since this agent directly
elevates cyclic GMP levels in cells. As shown in Figure 6 incu-
bation with 100pMm for 5 min produced complete inhibition of
1P3 formation in response to thrombin.

Discussion

The data show that there is a rapid rise in both IP3 and cyclic
GMP levels in cultured endothelial cells of the pig following
exposure to the EDRF-releasing agent thrombin. When the
cells were preincubated with the two cyclic GMP elevating
agents sodium nitroprusside and ANP, not only were basal
cyclic GMP levels increased but, in the presence of thrombin
the level remaining elevated for longer. Furthermore, in the
presence of elevated basal cyclic GMP levels, the subsequent
response of the cells to thrombin was blunted i.e. the incre-
mental increase in cyclic GMP was markedly reduced. Under
these conditions, the IP3 response to thrombin was com-
pletely inhibited. Conversely when the cells were preincubated
with the EDRF inhibitor haemoglobin (Martin et al., 1985) or
the inhibitor of EDRF formation L-NG-nitro arginine (Moore
et al., 1990), the increase in cyclic GMP following thrombin,
was significantly less when compared to thrombin alone, and
the IP3 response was significantly enhanced.

These findings therefore confirm earlier work which showed
that elevated levels of cyclic GMP inhibit phosphatidylinositol
turnover in platelets (Takai et al., 1981) and also in vascular
smooth muscle (Rapoport, 1986). They also confirm our own
studies showing an inhibitory effect of cyclic GMP on stimu-
lated 1P3 levels in vascular smooth muscle (Lang & Lewis,
1989). The observation that the thrombin-induced incremental
increase in cyclic GMP in the presence of nitroprusside or
atrial natriuretic factor was reduced, also suggests that EDRF
release from the cells was inhibited by these agents. A finding
which again confirms our earlier studies that elevation of
endothelial cell levels of cyclic GMP inhibits EDRF release
(Evans et al., 1988; Hogan et al., 1989).
The mechanism responsible for the cyclic GMP-induced

inhibition in endothelial cells is unknown at present. It is pos-
sible that, as suggested for the action of cyclic GMP in vascu-
lar smooth muscle and platelets (Takai et al., 1981; Rapoport,
1986; Lang & Lewis, 1989), there is inhibition of the trans-
duction mechanisms between the cell surface receptors and
1P3 formation. This is likely to be at the level of either a G
protein or possibly phospholipase C. Evidence in favour of
these sites of action of cyclic GMP in vascular smooth muscle

has recently been provided by Hirata and colleagues (1990).
These workers showed that the inhibitory effect of cyclic
GMP on phosphoinositide hydrolysis and GTPase activity in
homogenates and membrane preparations of cultured bovine
aortic smooth muscle cells, resulted from an inhibition of
guanine nucleotide regulatory protein activation and the
interaction between guanine nucleotide regulatory protein and
phospholipase C. Thrombin-induced EDRF release is thought
to involve a G protein in its transduction mechanism since
pertussis toxin blocks EDRF release by this agent (Flavahan
et al., 1989).
Although we have previously shown an inhibitory effect of

cyclic GMP on acetylcholine- and substance P-induced
EDRF release from rabbit blood vessels (Evans et al., 1988;
Hogan et al., 1989), it is not known whether cyclic GMP will
inhibit EDRF release, and possibly IP3 formation, in endothe-
lial cells from all species, with all agonists. If the mechanism of
action of cyclic GMP is by inhibition of the transduction
mechanisms between receptor and 1P3 information, it is pos-
sible that only those agonists coupled to a specific G protein
would be inhibited by cyclic GMP. We have previously shown
that cyclic GMP has no effect on EDRF release induced by
ATP (Evans et al., 1988). By use of intracellular calcium mea-
surements as an indication of endothelial cell activation, it has
also been demonstrated that 8-bromo cyclic GMP did not
inhibit increases in intracellular calcium induced by thrombin
in human umbilical vein endothelial cells (Jaffe et al., 1987), or
by histamine in human aortic endothelial cells (Ryan et al.,
1988). It has been shown that ADP utilizes a different G
protein from thrombin in the transduction mechanism for
EDRF release (Flavahan et al., 1989). The nature of the G
proteins involved in the activation of human endothelium by
thrombin and histamine is not known but if they resemble
those for ADP, and maybe the related purine ATP, this could
explain the previous negative findings of the effect of 8-bromo
cyclic GMP on EDRF release induced by these agents in
human cells.

It is likely therefore that the inhibitory effects of cyclic
GMP and of EDRF itself on its own release, is important only
for those agonists utilizing a specific G protein coupled to IP3
formation.

In conclusion, the present study provides a possible expla-
nation for the inhibitory effects of cyclic GMP on EDRF
release observed by us previously (Evans et al., 1988; Hogan
et al., 1989). However, it is unlikely that endothelial cell acti-
vation and EDRF release induced by all agonists from endo-
thelial cells of all species will be affected in this way.

This work was supported by a grant from the British Heart Founda-
tion.
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