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ABSTRACT Incubation of human washed platelets with
bovine aortic endothelial cells (ECs) treated with indomethacin
resulted in an inhibition of thrombin-induced platelet aggre-
gation that was dependent on the number of ECs added.
Preincubation of ECs with Escherichia coli Iipopolysaccharide
(LPS; 0.5-2.0 ,ug/ml) for 1 min signcantly enhanced their
inhibitory activity. This effect was potentiated by superoxide
dismutase (60 units/ml) and reversed by oxyhemoglobin (5-10
,uM), indicating that the inhibition was due to the release of
endothelium-derived relaxing factor (nitric oxide). When the
ECs were pretreated with NG-monomethyl-L-arginine (30-300
,IM) before LPS, the antiaggregatory activity was strongly
reduced. The reduction of activity by NG-monomethyl-
L-arginine was reversed by L-arginine (100 ,uM) but not by
D-arginine (100 ,uM). Under similar conditions, LPS also
enhanced the antiaggregatory activity of ECs grown on beads.
The immediate enhancement by LPS of the release of endo-
thelium-derived relaxing factor from endothelial cells may
contribute to the rapid fall in blood pressure associated with
endotoxin shock in vivo.

Mammals infected with Gram-negative bacteria develop
shock, characterized by hypotension, vascular injury, dis-
seminated intravascular coagulation, and organ dysfunction
(1). Escherichia coli is the most frequent causative agent in
septic shock (2), the symptoms of which are primarily due to
lipopolysaccharide (LPS). After a 4-hr incubation, LPS stim-
ulates the generation of prostacyclin (PGI2) from endothelial
cells (3-5), which may contribute to the vasodilation (through
a cAMP-mediated relaxation of vascular smooth muscle) and
decreased arterial blood pressure in shock (6, 7).

Endothelium-derived relaxing factor (EDRF), which is
released from the vascular endothelium in response to a
number of stimuli (most ofwhich also release PGI2), has been
identified as nitric oxide (NO) (8, 9). NO is a potent vasodi-
lator (10) and inhibits platelet aggregation (11-13) and platelet
adhesion (14, 15) by stimulation of guanylate cyclase (16). It
is as yet not known whether NO is released in septic shock,
although intraperitoneal LPS in rats elevates the urinary
nitrate levels measured 18 hr later (17).
NO in endothelial cells (ECs) is formed from the terminal

guanido nitrogen of L-arginine (18). Its release from the
endothelium is reduced (18, 19) by NG-monomethyl-
L-arginine (LMA), an inhibitor of arginine metabolism to
nitrogen oxides (20). When injected intravenously into rab-
bits (19), rats (21), or guinea pigs (22), LMA induces a rise in
blood pressure that is reversed by L-arginine. Infusion of
LMA into the human forearm also reduces blood flow by 40%
(23), an effect reversed by L-arginine. These experiments
strongly suggest that a basal release ofNO contributes to the
regulation of blood pressure.

Factors such as LPS or y-interferon can induce the gen-
eration of NO in macrophages (24-26), a process that takes
several hours to develop. We have now found that in cultured
ECs, LPS stimulates the release of a NO-like factor within 1
min.

MATERIALS AND METHODS
Materials. The composition of the Krebs' solution was 137

mM NaCl/2.7 mM KCl/11.9 mM NaHCO3/0.3 mM
NaH2PO4/0.8 mM MgSO4/5.6 mM glucose/1 mM CaCl2.
The cell culture medium consisted of Dulbecco's modified
Eagle's medium with 10% (vol/vol) fetal calf serum, 0.2 mM
L-glutamine, penicillin (100 international units/ml), strepto-
mycin (100 international units/ml), and gentamycin (0.1
mg/ml). Oxyhemoglobin (oxyHb) was prepared by reduction
of bovine hemoglobin with sodium hydrosulfite as described
(27). Human thrombin, hemoglobin (from bovine blood),
superoxide dismutase (SOD; from bovine erythrocytes),
bradykinin (BK), E. coli LPS (serotype 0127:B8), sodium
hydrosulfite, L-arginine (free base), D-arginine (free base),
sodium nitroprusside, and indomethacin were obtained from
Sigma. 3-Isobutyl-1-methylxanthine was obtained from Ald-
rich. Kits for radioimmunoassay of cGMP and cAMP used
cGMP or cAMP labeled at the 2' position with succinyl-
3-[1251]iodotyrosine methyl ester and were purchased from
Amersham. Hepes buffer, penicillin, streptomycin, and gen-
tamycin were obtained from Flow Laboratories. Fetal calf
serum and Hanks' balanced salt solution were obtained from
GIBCO. The bovine aortae were obtained from a local
abattoir. The arginine analogue NG-monomethyl-L-arginine
citrate was obtained from Ultrafine Chemicals (Manchester,
U.K.). PGI2 was a gift from Wellcome.
Preparation of Washed Platelets. Human washed platelets

treated with indomethacin (10 ,uM) were prepared as de-
scribed (28).
Preparation of Cultured ECs. ECs were obtained from

bovine aortae and grown as monolayer cultures in T75 tissue
culture flasks. When confluent, the ECs were treated briefly
(10-20 sec) with 0.05% trypsin 1 hr before use and centrifuged
to form a pellet at 1000 rpm in a Biofuge A rotor for 5 min.
The pellet containing the ECs was then resuspended in
Hanks' balanced salt solution (without Ca2' and Mg2+)
containing 10 mM Hepes (HHBSS) and 10 ,uM indomethacin
at pH 7.4. The final EC count was adjusted to 4.5 x 106 or 9
x 101 cells per ml. In another set of experiments, after
treatment with trypsin, ECs were seeded onto Cytodex 3
microcarrier beads (Pharmacia). The beads were stirred for
3-7 days until the cells became confluent and were used as

Abbreviations: NO, nitric oxide; EDRF, endothelium-derived relax-
ing factor; SOD, superoxide dismutase; oxyHb, oxyhemoglobin;
ECs, endothelial cells; LPS, lipopolysaccharide; LMA, NG-mono-
methyl-L-arginine; PGI2, prostaglandin 12 or prostacyclin; BK,
bradykinin.
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a stock of 10-15 x 106 cells per ml. Indomethacin (10 ,4M)
was added to these cells.

Cell Viability. Cell viability was assessed by trypan blue
exclusion. Incubation of ECs for 1 min with LPS from 0.05
to 40 ,ug/ml did not lead to significant cell death (cell viability
> 95%).
Measurement of Platelet Aggregation. A suspension of

washed platelets (500 ,ul) was incubated at 37°C for 2 min in
a Payton Dual Channel (Rotronic, U.K.) aggregometer (29)
with continuous stirring at 1000 rpm and then stimulated with
submaximal concentrations of thrombin (20-80 milliunits/
ml). The decrease in optical density was recorded for 3 min
after thrombin addition. ECs in a volume of 2.5-50 ,ul were
added to the platelet suspension and the incubation continued
for a further 1 min before stimulation with a submaximal
concentration of thrombin. Cell numbers added were in the
range of 0.11-4 x 105. When required LPS, BK, SOD,
oxyHb, or any combination was added to the platelet sus-

pension immediately before the addition of the ECs. LMA
was preincubated with the ECs for 60 min either alone or with
L-arginine or D-arginine. Inhibition of platelet aggregation
was expressed as percent of maximal aggregation.

Potential Removal of Thrombin by ECs. A suspension of
ECs obtained after treatment with trypsin in Krebs' buffer
was incubated for 2 min with thrombin and then centrifuged
at 10,000 rpm for 1 min in a Biofuge A rotor. Platelet-
aggregatory activity of the supernatant was compared with
the aggregatory activity of thrombin at the same concentra-
tion that was added to the suspension of ECs.

Determination of the Stability of the Factor Released from
ECs. ECs in 500 ,ul (2.2 x 106 cells) or ECs on beads in 500 ,ul
(7.5 x 106 cells) diluted with 500 ,ul ofHHBSS with or without
treatment with LPS (20 ,ug/ml) or BK (120 ng/ml) were stirred
for 1 min and filtered through a Millipore filter (pore size, 0.2
,um). The filtrate (200 ,lI) was added to the washed platelets
(300 u1l). The EC supernatant remained in contact with the
platelets for 1 min, then thrombin was added, and platelet
aggregation was monitored for a further 3 min. The aggrega-

tory responses were compared to those obtained when 200 IlI
of Krebs' solution was added to the 300 ,lA ofplatelets. In some
experiments, the filtrate obtained after LPS or BK stimulation
of the ECs was transferred to an Eppendorf tube for 5 min
before testing its antiaggregatory activity.
Measurement of Cyclic Nucleotides. The concentration of

cAMP or cGMP in ECs or platelets was measured with an

acetylated radioimmunoassay kit. A suspension of washed
platelets (500 ,Il) or a suspension of ECs not on beads (0.65 x

105 cells) was diluted to 500 ,ul with Krebs' buffer and

preincubated in an aggregometer for 1 min with the phosphod-
iesterase inhibitor 3-isobutyl-1-methylxanthine (0.1 mM). LPS
(20 ,g/ml) or an equivalent volume ofKrebs' buffer (5 ,ul) was
then added, and the incubation was continued for a further 1
min. Ice-cold 10%o (wt/vol) trichloroacetic acid was then
added (500 ,l), the samples were stored at -20°C, and the
cyclic nucleotides were extracted as described (30). All de-
terminations were performed in duplicate.

Statistics. Results are expressed as mean ± SEM for (n)
experiments. The quantitative character of the variables was
assessed by the use of Student's unpaired t test and linear
regression analysis. P < 0.05 was taken as significant.

RESULTS
Inhibition of Thrombin-Induced Platelet Aggregation by

Bovine Aortic ECs. Thrombin (20-80 milliunits/ml) produced
a submaximal (70-80% of maximum) and irreversible aggre-

gation of washed platelets within 3 min. Addition of ECs
(0.65-4 x 105 cells) to washed platelets inhibited thrombin-
induced platelet aggregation depending on the number ofECs
added (Table 1). Hence, ECs in the aggregometer release a

factor that inhibits platelet aggregation. Stirring the cell
suspensions may contribute to the release of this factor (31).
The inhibition was not due to platelet dilution, for addition

of corresponding volumes of HHBSS to the platelet suspen-

sion did not affect platelet aggregation. Furthermore, the
inhibition was not due to thrombin uptake by ECs, because
supernatants from suspensions of ECs that had been incu-
bated with thrombin produced the same degree ofaggregation
that was obtained with thrombin alone. The number of cells
needed to achieve a 23 ± 3% inhibition in the experiments (n
= 32) varied between 0.65 and 1.5 x 105.
The inhibitory activity of 2.5 x 105 ECs was significantly

increased by SOD (60 units/ml) and the inhibitory activity of
4 x 105 ECs was significantly attenuated by oxyHb (10 ,uM)
(Table 1). A 60-min preincubation of 4 x 105 ECs with LMA
(100 ,uM) reduced their ability to inhibit thrombin-stimulated
platelet aggregation. L-Arginine (100 ,uM) but not D-arginine
(100 ,uM) added with the LMA counteracted the effect of
LMA (100 ,uM) (Table 1). SOD (60 units/ml), oxyHb (10 ,uM),
or LMA (300 ,uM) had no effect individually on thrombin-
induced platelet aggregation at the concentrations used.
E. coli LPS Enhances the Platelet-Inhibitory Activity of ECs.

Preincubation of different numbers of ECs (0.67-1.5 x 105
cells) with LPS (0.05-20 ,ug/ml) for 1 min enhanced the
antiaggregatory activity of the ECs. The minimum concen-

tration of LPS required to induce a significant potentiation
was 0.5 ,ug/ml (from 24 ± 6% to 48 ± 3%; n = 6; P < 0.005)

Table 1. Inhibition of platelet aggregation by indomethacin-treated bovine aortic ECs

ECs, no. x 10-5 Treatment % inhibition of platelet aggregation n Significance (P)

0 None 0*
0.65 None 10 ± 3 9 <0.001*
0.9 None 18 ± 2 6 <0.0005*
1.3 None 37 ± 3 11 <0.0005*
2.5 None 69 ± 5t 5 <0.0005*
2.5 SOD 100 5 <0.005t
4.0 None 98 ± 2* 5 <0.0005*
4.0 oxyHb 23 ± 5 5 <0.0005t
4.0 LMA 50 ± 5§ 5 <0.0005t
4.0 LMA/L-arginine 93 ± 6 5 <0.0005§
4.0 LMA/D-arginine 55 ± 6 5 <0.25§

Bovine aortic ECs reduced platelet aggregation stimulated by thrombin (20-80 milliunits/ml)
according to cell number. Effects of 2.5 x 10 ECs were potentiated by SOD (60 units/ml) and effects
of4 x 105 ECs were reversed by oxyHb (10 ,uM) and prevented by LMA (100 /LM). When the cells were
preincubated with LMA (100 1AM) for 60 min, L-arginine (100 tIM) but not D-arginine (100 tLM)
counteracted the effect of LMA. The results are expressed as percent inhibition of platelet aggregation
(mean + SEM); n represents the number of experiments. Footnote symbols indicate the results being
compared.
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and that required for maximal activation was 10 gg/ml (from
24 ± 6% to 90 ± 4%; n = 6; P < 0.0005) (Table 2).
LPS alone applied for 1 min at the highest concentration

tested (40 ,ug/ml) did not affect platelet aggregation, nor did
it damage the ECs, as shown by light microscopy. In addi-
tion, the platelet-inhibitory effect of this dose of LPS was
overcome when higher concentrations of thrombin (300 mil-
liunits/ml) were used (results not shown). Thus the platelets
could still respond to the aggregating agent. LPS did not
change the pH of the EC medium. LPS at 20 ,4g/ml did not
potentiate the antiaggregatory activity of sodium nitroprus-
side (results not shown).

In the presence ofLPS (20 Ag/ml) for 1 min, the inhibitory
activity of ECs was significantly potentiated so that fewer
ECs were required to induce complete inhibition of platelet
aggregation. The inhibitory activity ofvarious concentrations
ofECs in the absence or presence ofLPS (20 pg/ml) is shown
in Fig. 1. In the absence of LPS, the cell number required to
inhibit thrombin-induced platelet aggregation by 50%o (CN50),
as calculated by linear regression analysis, was 1.% ± 0.35
x 105 cells (r = 0.9; Y = 26.6X + 3.2; n = 36). In the presence
of LPS, the CN50 was 0.37 ± 0.19 x 105 cells (r = 0.9; Y =
68.9X ± 29.7; n = 31). Hence LPS induced at least a 5.3-fold
potentiation of the inhibitory effects of ECs on platelet
aggregation. Under these conditions, BK failed to enhance
the antiaggregatory activity of ECs (results not shown).

Characterization of the Inhibitory Factor Released from
LPS-Stimulated ECs. The inhibition of thrombin (20-80 mil-
liunits/ml)-stimulated platelet aggregation by ECs (0.67-1.5
x 105) in the presence of LPS (0.05-20 ,g/ml) was signifi-
cantly potentiated by SOD (60 units/ml). oxyHb (5 tuM)
prevented the SOD-induced potentiation (Fig. 1). These
changes in platelet aggregation were confirmed by electron
microscopy studies (not shown). In addition, the platelet
inhibitory activity was filterable and decayed within 5 min.
When the supernatant from ECs was added directly to the
platelet suspension, a significant inhibition of platelet aggre-
gation was observed (49 ± 11% inhibition; n = 3; P < 0.01).
This inhibitory activity was enhanced when the ECs were
stimulated with LPS (20 ,ug/ml) for 1 min (from 49 ± 11% to
82 ± 4% inhibition, respectively; n = 3; P < 0.0005). When
the filtrate of ECs stimulated by LPS was added 5 min after
filtering, the increased antiaggregatory activity had disap-
peared (n = 3; P < 0.2).
A 60-min preincubation of the ECs (0.67-1.5 x 105) with

LMA (30-300 ,uM) reduced in a dose-dependent manner the
ability of LPS (20 ,g/ml) to enhance the antiaggregatory

Table 2. LPS enhances the inhibition by ECs of platelet
aggregation induced by thrombin

LPS, % inhibition of platelet aggregation
,ug/ml Control SOD SOD + oxyHb

0 26 ± 6
0.05 32 ± 4 99 ± 1 12 ± 2
0.5 48 + 3* 95 ± 4 3 ± 1
2.5 58 ± 7* 100 8 ± 4
5 69 ± 6* 98 ± 2 17 ± 6

10 89 4t 100 12 ± 6
20 97 ± lt 100 8 ± 3

LPS enhanced the inhibition by ECs of platelet aggregation induced
by thrombin (20-80 milliunits/ml). SOD at 60 units/ml further in-
creased the effect, which was abolished by oxyHb at 5 ,uM. Prein-
cubation of ECs with LPS (0.05-20 ,ug/ml) for 1 min resulted in a
progressive increase in the inhibitory activity of the ECs, reaching
maximum activity with LPS at 10 ,ug/ml. SOD potentiated the
inhibitory activity of LPS-treated cells and oxyHb prevented the
SOD-induced potentiation. Results are expressed as percent inhibition
of platelet aggregation. *P < 0.005 and tp < 0.0005 when compared
to the percent inhibitory activity of ECs in the absence of LPS.
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FIG. 1. Relative potency of ECs in inhibiting thrombin (20-80
milliunits/ml)-induced platelet aggregation in the presence (A) or
absence (*) of LPS (20 ,ug/ml) after a 1-min incubation. In the
presence of LPS, 10-20%o of the ECs were needed to induce a 50%6
inhibition of platelet aggregation. Results (mean) are expressed as a
percent inhibition of platelet aggregation. Vertical bars represent the
SEM of (n) experiments. Numbers in parentheses are n.

effect of the ECs. L-Arginine (100 AM), but not D-arginine
(100 AuM), incubated with LMA counteracted the effect of
LMA at all concentrations tested (Fig. 2). These results show
that the inhibitory factor released from ECs after stimulation
with LPS has the pharmacological profile of NO and is
identical to that released from ECs in the absence of LPS.

Platelet and EC Cyclic Nudleotides. Stimulation of ECs (0.65
x 105 cells) with LPS (20 ,ug/ml) for 1 min led to a small but
significant increase in the concentrations ofcGMP in the ECs
(from 365 ± 45 to 565 ± 30 fmol per 0.65 x 105 cells; n = 3;
P < 0.025) with no changes in the levels of cAMP (from 615
± 15 to 615 ± 15 fmol per 0.65 x 105 cells; n = 3; P < 0.2).
LPS (20 Ag/ml) did not change the levels ofcGMP in platelets
(from 865 ± 60 to 975 ± 105 fmol per 0.5 x 108 platelets; n =
3; P < 0.2) nor did it change the platelet level ofcAMP (from
1635 ± 115 to 1185 ± 170 fmol per 0.5 x 108 platelets; n = 3;
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FIG. 2. Effect of LMA on the inhibition of thrombin (20-80
milliunits/ml)-induced platelet aggregation by ECs (0.6-1.5 x 105
cells) treated with LPS (20 ,ug/ml) for a 1-mmn incubation. Prein-
cubation of ECs for 60 mmn with LMA (30-300 FM) prevented, in a
dose-dependent manner, their platelet-inhibitory activity induced by
a 1-mmn stimulation with LPS (v). L-Arglnine at 100 1ttM (*) but not
D-arglnine at 100 4LM (A) incubated with LMA counteracted the effect
ofLMA at all concentrations tested. Results (mean) are expressed as
percent inhibition of platelet aggregation. Vertical bars represent the
SEM of six experiments. **, P < 0.0005 when compared to the
percent inhibitory activity of ECs in the absence of LMA.
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FIG. 3. Effects ofLPS (A) and BK
(B) on the inhibition of thrombin (20-
80 milliunits/ml)-induced platelet ag-
gregation by ECs on beads. The inhi-
bition of thrombin-induced platelet
aggregation by ECs (0) was markedly
enhanced by a 1-min preincubation
with LPS at 20 ,ug/ml (v) or BK at 120
ng/ml (v). The results (mean) are ex-
pressed as percent inhibition of plate-
let aggregation. The vertical bars rep-
resent the SEM of n experiments. *,

_ P < 0.05 and **, P < 0.025 when
25 compared to the percent inhibitory

activity of ECs in the absence of LPS
or BK.

P < 0.2). No changes in platelet cAMP or cGMP were seen

with LPS at concentrations up to 100 ,.g/ml (not shown).
E. coli LPS and BK Enhance the Platelet-Inhibitory Activity

of ECs on Beads. The addition of 10 4A (n = 12) or 30 ul (n =
3) of ECs on beads (corresponding to 1.5-3.5 x 105 cells) to
a suspension of washed platelets inhibited thrombin-induced
platelet aggregation (30 ± 8% and 95 ± 3% inhibition,
respectively). The platelet inhibitory activity ofECs on beads
(10 ul) was always further potentiated by SOD (60 units/ml)
(from 15 ± 2% to 97 ± 3% inhibition; n = 3; P < 0.0005) and
reversed when SOD was coincubated with oxyHb (5 ,uM)
(from 97 ± 3% to 17 ± 7% inhibition; n = 3; P < 0.0005).
Preincubation ofECs on beads with LPS (20 pug/ml) for 1 min
enhanced their antiaggregatory activity (Fig. 3A). Unlike
suspensions of ECs when seeded on beads, the ECs released
antiaggregatory activity after a 1-min stimulation with BK
(120 ng/ml) (Fig. 3B). As with ECs not on beads, the
inhibitory factor released from ECs on beads after stimula-
tion with LPS (20 Ag/ml) orBK (120 ng/ml) was filterable and
labile. When the supernatant from ECs was added directly to
the platelet suspension a significant inhibition of platelet
aggregation was observed when compared to control plate-
lets (25 ± 7% inhibition; n = 4; P < 0.01). This inhibitory
activity was significantly enhanced when the ECs were

stimulated with LPS (from 25 ± 7% to 72 ± 9o inhibition; n

= 4; P < 0.005) or with BK (from 25 ± 7% to 68 ± 11%
inhibition; n = 4; P < 0.01). When the supernatant ofthe ECs
stimulated by LPS or BK was added to the platelet suspen-

sion 5 min after filtering, the antiaggregatory activity had
disappeared (n = 4; P < 0.2).

DISCUSSION
LPS stimulates the release of PGI2 from bovine and human
ECs. This effect requires at least 4 hr to develop and reaches
a peak after about 10 hr. It is abolished by cycloheximide,
indicating that protein synthesis is involved (32). Similarly,
mouse peritoneal macrophages stimulated with LPS for 24 hr
generated nitrite and nitrate (24), the breakdown products of
NO (33). This is due to the induction of at least one factor (34,
35). In the present study, we show that stimulation of
indomethacin-treated bovine aortic ECs for only 1 min with
LPS significantly enhanced the release ofa NO-like factor, as

measured by inhibition of platelet aggregation. Unlike the
experiments quoted above, the induction step is clearly not
necessary in the ECs that we used.

Several criteria are used to identify EDRF(NO)-like sub-
stances. Like EDRF, the platelet inhibitory factor in our

experiments was unstable, losing activity in 5 min. NO sur-

vives longer when Krebs' buffer contains SOD (36, 37), and in

our experiments SOD potentiated the effect of all concentra-
tions of LPS tested. OxyHb oxidizes NO to NO-, destroying
its biological activity (38, 39). In the presence of oxyHb, the
inhibition of platelet aggregation observed with LPS and SOD
was lost, demonstrating that the biological activity of this
factor, like that of NO, is lost in the presence of oxyHb.
NO is synthesized in ECs from a nitrogen in the guanido

group of L-arginine (18), and the L-arginine analogue LMA
(20) inhibits NO released from ECs (18, 19). The activity of
the inhibitory factor released from ECs after stimulation with
LPS was abolished by preincubation of the cells with LMA,
an effect that was overcome by L-arginine but not by D-

arginine. These results, therefore, strongly suggest that ECs
grown in culture are stimulated by a 1-min incubation with
LPS substantially to increase the release of a NO-like factor
which in turn inhibits platelet aggregation. LPS stimulates the
cGMP formation in rat fetal liver cells with no changes in
cAMP (40). This is now best explained through the increased
generation ofNO induced in liver cells by LPS (41). Clearly
in our experiments, LPS by itself did not increase the levels
of the platelet cGMP or cAMP. However, LPS increased the
levels of cGMP in ECs without altering the levels of cAMP.
Such a finding is consistent with intracellular release ofNO
after EC stimulation, because there is an increase in cGMP
when NO-generating cells are stimulated (40-43).

In our experiments, LPS did not stimulate in 1 min the release
of PGI2 from ECs (unpublished observations), which is in
accordance with the finding that increased PGI2 release from
ECs after LPS stimulation develops over several hours (32).
LPS binds to platelets (44) and enhances their aggregatory

response (45), but in our experiments LPS by itself did not
alter the aggregatory effects of thrombin or change the
platelet cyclic nucleotide levels.
Could the enhancement by LPS of the inhibition of platelet

aggregation induced by ECs depend in any way on the use of
platelets as the assay system? This is possible but unlikely,
because LPS under the same experimental conditions and at
the same concentration (20 Ag/ml) did not enhance the
inhibitory activity of another NO-generating cell, the mouse
macrophage cell line J774 (46).

Pulsatile pressure, shear stress stirring, or thrombin causes

the release ofEDRE (31, 47). Thus, when the ECs are added
to the aggregometer, the release of EDRF is likely to be
increased by the mechanical stirring. The lack of release of
EDRF from BK-stimulated ECs that were not on beads may
be due to the destruction of the BK receptor by the trypsin
treatment an hour before the experiments. Indeed, trypsin
removes certain receptors and there is a lag period before the
receptors are reformed (48). The ECs on beads were used
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several days after trypsin treatment and the release ofEDRF
from these BK-stimulated cells suggests a recovery ofthe BK
receptors. Other workers have noted that different experi-
mental conditions influence the release of EDRF from BK-
stimulated ECs (12, 49, 50). Since LPS was effective when
using ECs on beads or not on beads, it is most likely that the
increased release seen with LPS is due to activation ofEDRF
release by a mechanism different from that of BK.
The concentrations of LPS used here to stimulate NO

release from ECs are similar to those used to produce
pathological effects in vivo and in vitro. An intraperitoneal
injection of LPS into mice elicits a marked increase in blood
and urine levels of nitrite and nitrate after 18 hr (24). The
nitrogen oxide levels found in vivo after LPS injection into
mice were thought to come from stimulated macrophages
(24). Our results suggest that they may also be derived from
stimulated ECs. This is further substantiated by the finding
that ECs stimulated in culture for 18 hr by y-interferon and
endotoxin release nitrate at levels comparable to those pro-
duced by activated macrophages (51).
Our results are further reinforced by one other study (52)

on ECs that also showed an effect of LPS within 2 min, as
measured by an oxygen burst. Nitrogen oxides are released
from macrophages during the later phases of the action of
LPS (24-26, 53). In contrast, our experiments show release
of a NO-like factor within 1 min. Since in vivo the blood
pressure falls rapidly in response to endotoxin (1), it is
attractive to speculate that NO may be involved in the early
stages of shock. Thus PGI2 and NO may cooperate during the
changes of vascular responsiveness seen in endotoxin shock.

We are indebted to Ms. E. Wood for culturing the ECs, to Dr. G.
Lewis for electron microscopy, and to Dr. R. Botting for editorial
assistance. The William Harvey Research Institute is supported by
a grant from Glaxo Group Research Ltd.
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