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Abstract—The effect of a thrombin receptor agonist peptide (TRAP-6) on the release of nitric oxide (NO)
and platelet activating factor (PAF) from resting and calcium-ionophore (A23187)-activated rat peritoneal
mast cells (RPMC) was studied using a platelet aggregation bioassay. RPMC spontaneously released NO,
which inhibited TRAP-6-, ADP-, and PAF-stimulated platelet aggregation. This effect of NO was abolished
by the addition of an NO binding agent, oxyhemoglobin (oxyHb), to the platelet suspension. The RPMC-
induced suppression of platelet aggregation was completely inhibited by the NO-synthase inhibitor L-NAME.
TRAP-6 and its high affinity analog haTRAP stimulated the rapid release of NO from RPMC. The effect
of TRAP-6 was inhibited by pretreatment of the RPMC with L-NAME or with the inhibitor of the constitutive
NO-synthase isoform (cNOS) calmidazolium. TRAP-6 inhibited PAF release from A23187-activated RPMC
via an NO-dependent mechanism. Platelet aggregation induced by PAF release from activated RPMC was
also confirmed in experiments using the PAF receptor antagonist ginkgolide B. Thus, TRAP-6 is a rapidly

acting modulator of mast cell reactivity; it stimulates NO release and inhibits PAF secretion.
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Thrombin, a serine protease of the trypsin family,
catalyzes limited proteolysis of blood fibrinogen; it also
exhibits regulatory properties controlling the activation
and inhibition of blood clotting, vascular tone, and the
inflammatory and proliferative phases of wound heal-
ing [1-7]. Thrombin stimulates adhesion of platelets,
polymorphonuclear leukocytes, monocytes, and T-
lymphocytes to endothelial cells and cell aggregation
and also increases endothelium permeability and
potentiates proliferation of endothelial cells, smooth
muscle cells, fibroblasts, and T-lymphocytes [6, 7]. The
regulatory effects of thrombin on cells are mediated by
its membrane receptors. One of its cloned receptors,
PAR-1 (protease-activated receptor), is a member of a

Abbreviations: L-NAME) Nw-nitro-L-arginine methyl ester;
cNOS) constitutive NO-synthase; iNOS) inducible NO-syn-
thase; NO) nitric oxide; oxyHb) oxyhemoglobin; PAF) plate-
let activating factor; PAR-1) protease-activated receptor;
RPMC) rat peritoneal mast cells; PRP) platelet rich plasma;
TRAP-6) thrombin receptor agonist peptide; haTRAP-6) high
affinity TRAP-6 analog.

* To whom correspondence should be addressed.

superfamily of integral membrane proteins, seven-do-
main receptors coupled to G-proteins [8, 9]. The extra-
cellular N-terminal PAR-1 segment contains the pep-
tide bond Arg41-Ser42 which is cleaved by thrombin.
The new, thrombin-shortened N-terminal segment con-
tains (in human receptor) the sequence S*FLLRN-
PNDKYEPF, also known as TRAP-14 (thrombin
receptor agonist peptide). It activates the receptor by
interacting with sites on the second extracellular loop
[10]. PAR-1 has been found on platelets, fibroblasts,
endothelial cells, smooth muscle cells, and some other
cells. TRAP-14 and its six-amino-acid N-terminal frag-
ment SYFLLRN (TRAP-6) have been synthesized; they
also exhibit a thrombin-like effect on all of the above-
mentioned cell types [1, 2, 10]. The pro-inflammatory
effect of thrombin in vivo is has been suggested to occur
via activation of its receptors on mast cells; histochemi-
cal method have revealed mast cell degranulation after
administration of TRAP-14 to rats [11]. However, these
data are insufficient to conclude that TRAP causes
direct degranulation of mast cells and consequent amine
release. New members of the PAR family, PAR-2 and
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PAR-3, have recently been recognized. The former is
activated by trypsin and mast cell-secreted tryptase but
not by thrombin, whereas the latter is activated by
thrombin. These receptors are expressed by cells of
various tissues [12, 13]. However, these receptors have
not been found on mast cells. There are limited data
on the interaction of thrombin with mast cells. Use of
FITC-labeled thrombin revealed the presence of a sin-
gle class of binding sites on RPMC with K; = 1 nM.
This binding is rapid, saturable, and reversible, and it
does not depend on the active site of thrombin [14].
It has also been found that thrombin can cause de-
granulation of mast cells and release of heparin and
histamine [15-17]. Thrombin-induced activation of mast
cells, platelets, fibroblasts, endothelial cells, and some
other cells clearly involves a few receptors including
PAR-1 [7]. In mast cells, picomolar concentrations of
thrombin increased cGMP and decreased histamine
secretion [17]. However, the mechanisms of modula-
tion of mast cell reactivity by thrombin require detailed
investigation.

Nitric oxide (NO) might act as an endogenous
regulator of mast cell reactivity. It stimulates guanylate
cyclase activity, increases cGMP level and inhibits
platelet aggregation; it also inhibits histamine and PAF-
secretion [18-20]. The release of NO by mast cells has
been demonstrated during activation by lipopolysac-
charide, y-interferon, and interleukin-1f3 [18-22].

In the present study, we have investigated the
influence of thrombin receptor agonist peptide on NO
release by stimulated and non-stimulated rat peritoneal
mast cells. Platelet aggregation was used to monitor
the release of NO and PAF by mast cells.

MATERIALS AND METHODS

The following chemicals were used in the study: ADP,
PAF, A23187, L-NAME, calmidazolium, ginkgolide B,
indomethacin, hemoglobin, Ficoll-400 from Serva (Ger-
many); sodium dithionite from Merck (Germany);
Sephadex G-25 from Pharmacia (Sweden). TRAP-6 (Ser-
Phe-Leu-Leu-Arg-Asn-OH), the high affinity (ha)TRAP
(Ala-Phe(pF)-Arg-Cha-Arg-Tyr-NH, where Cha =
Cyclohexyl-Ala), and peptide agonist PAR-2 (Ser-Leu-
Ile-Gly-Arg-Leu) were synthesized in the Institute of
Molecular Biotechnology (Jena, Germany).

RPMC isolated as described in [23] were purified
in a Ficoll gradient (30 and 40%) and washed three
times in Tyrodes solution, pH 7.2, containing 145 mM
NaCl, 10 mM Na-HEPES, 5 mM KCI, 1 mM CacCl,,
I mM MgCL[6H,0, 5 mM glucose, and 0.1% albumin.
The resulting cell suspension was diluted to the con-
centration required and kept in ice. Before experiments
RPMC were treated with 5 pM indomethacin. To inhibit
NO formation, RPMC were incubated with 300 uM L-
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NAME for 1 h; then 200" cells (10 ul) were incubated
with 0.1-10 uM TRAP-6, and after selected time inter-
vals aliquots of cell suspension were added to PRP.
Samples containing the same number of unstimulated
mast cells were used as controls. In a series of experi-
ments, RPMC (300" were stimulated with the Ca-
ionophore A23187 (1 uM) for 2 min. This ionophore
concentration did not induce platelet aggregation. In
some experiments, before stimulation by the ionophore,
the RPMC were incubated with TRAP-6 (10 uM) for
5-40 min. In other experiments RPMC were treated
with the calmodulin antagonist, 4 uM calmidazolium,
for 40 min.

Human blood PRP was used for the investigation
of platelet aggregation, which was determined in a
BIOLA dual-channel laser aggregometer (BIOLA Ltd.,
Russia). A suspension of RPMC (10 pl) or Tyrode’s
solution was added to a cuvette containing 300 pl of
PRP. The mixture was incubated at 37°C for 1 min
with constant mixing, and then 10 pl of an aggregation
inducing compound (5 uM ADP, 10 nM PAF, or 60 uM
TRAP-6) was added. Platelet aggregation assayed by
the standard turbidimetric method or the size of ag-
gregates determined by the fluctuations in optical
density of the platelet suspension were monitored for
6 min [24]. In some experiments PRP was preincubated
for 2 min with 10 uM oxyHb (that binds NO) or with
30 uM ginkgolide B. The latter blocks platelet aggre-
gation induced by PAF but does not influence ADP-
or TRAP-6-stimulated aggregation.

Oxyhemoglobin (oxyHb) was prepared by oxida-
tion of hemoglobin with sodium dithionite (Na,S,0,)
[25] and purified by gel-filtration on a Sephadex G-25
column. OxyHb concentration was determined spectro-
photometrically using €57, = 15.99 mM 'Gm ' [25].

The data was statistically treated using Student’s
method. The results are means (fm) of three to nine
independent experiments. The differences were consid-
ered as statistically significant at p < 0.05.

RESULTS

Influence of non-stimulated RPMC on TRAP-6-in-
duced platelet aggregation. RPMC (from 2.000° to
3.5000°) dose-dependently inhibited platelet aggregation
induced by 60 uM TRAP-6. Maximal inhibition (by 55%)
was observed at 3.5000 cells. Mast cells treated with an
inhibitor of NO formation (L-NAME) did not suppress
TRAP-6-induced platelet aggregation. Preincubation of
platelets with an NO-binding agent (oxyHb) significantly
attenuated the inhibitory effect of mast cells on TRAP-
6-induced platelet aggregation (Fig. 1).

These results support reports in the literature [18-
20] on the release of NO by mast cells, which inhibits
thrombin-induced platelet aggregation.
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Fig. 1. Inhibition of platelet aggregation by non-stimulated RPMC. TRAP-6 (60 puM) causing 80-90% of maximal platelet ag-
gregation was used as the inducer. A suspension (10 pl) containing 2.000* (1), 4.000° (2), 2.000° (3), or 3.500° (4 RPMC was
added to 300 pl of PRP, incubated in the cuvette of the aggregometer for 1 min at 37°C, and then platelet aggregation was
stimulated by 60 uM TRAP-6; 5) preincubation of 2.000* RPMC with L-NAME (300 uM) for 1 h completely inhibited the effect

of RPMC; 6) antiaggregation effect of RPMC attenuated after

preincubation of PRP during 2 min with oxyHb (10 puM) before

adding RPMC (2.00010%). The data are means (*m) of 5-9 independent experiments; *p < 0.01 (versus 1); #p < 0.05 (versus control

without RPMC).

Influence of TRAP-6-activated RPMC on platelet
aggregation. Incubation of RPMC with TRAP-6 inhib-
ited aggregation of stimulated platelets. The effect
depended on peptide concentration (1-10 pM) and the
incubation time (Fig. 2). In these experiments the effect
of RPMC (2.0000% causing 32% inhibition of platelet
aggregation (see Fig. 1) was defined as 100%. With 10 uM
TRAP-6, inhibition by 65% was observed after 5 min
incubation. TRAP-6-activated RPMC also inhibited
platelet aggregation stimulated by 10 nM PAF or by
5 uM ADP. Mast cells activated by 1 uM haTRAP
(high affinity analog of TRAP-6) also inhibited plate-
let aggregation (by 35, 64, and 66% after 5, 15, and
30 min incubation of haTRAP with RPMC). Prein-
cubation of PRP with oxyHb sharply attenuated the
antiaggregatory effect of TRAP-6-treated RPMC. In
contrast to TRAP-6, the peptide agonist of PAR-2,
which did not influence platelet aggregation, was also
ineffective in NO release from RPMC (data not shown).
These data suggest that the interaction of TRAP-6 with
PAR-1 stimulates NO production by mast cells.

Influence of NO synthase inhibitor on the inhibition
of platelet aggregation by TRAP-6-activated RPMC. To
inhibit NO formation in mast cells, the cells were
incubated with L-NAME for 1 h, activated with 10 uM
TRAP-6 for 5 min, and then added to the platelet
suspension. Figure 3 shows that such RPMC actually
significantly stimulated (by 187%) rather than inhib-
ited platelet aggregation. Since blockade of NO forma-
tion by L-NAME causes RPMC activation and secre-
tion of inflammatory mediators, we investigated PAF
secretion after stimulation of mast cells with TRAP-
6. Platelet PAF-receptors were blocked with the spe-
cific inhibitor ginkgolide B (30 uM). This completely
blocked stimulation of platelet aggregation by RPMC
which were pretreated with L-NAME and incubated
with TRAP-6 (Fig. 3).

Thus, blockade of NO synthesis and activation of
L-NAME-treated mast cells by TRAP-6 led to secretion
of PAF, and this caused increased platelet aggregation.

Influence of TRAP-6 on RPMC activated by the
calcium ionophore A23187. These experiments were
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Fig. 2. Effect of TRAP-6 activated RPMC on platelet aggregation. /) Control, platelet aggregation stimulated by 60 uM TRAP-
6 or 10 nM PAF after the addition of 2.000* non-stimulated RPMC (in 10 pl); 2, 3, 4) RPMC preincubated with 10 uM TRAP-
6 for 1 (2), 5 (3), or 15 (4) min; 5, 6) RPMC preincubated with 1 uM (5) or 10 uM (6) TRAP-6 for 5 min. The data are means

(£m) of 5-6 independent determinations. *p < 0.05 versus /.
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Fig. 3. Influence of TRAP-6 on PAF release by L-NAME-treated mast cells. Platelet aggregation was investigated in the presence
of 2.000* RPMC (10 pl). 7) Non-stimulated RPMC (control); 2) RPMC pretreated with 300 uM L-NAME for 1 h before addition
to PRP; 3) RPMC pretreated with L-NAME (300 uM) as in (2) but activated with 10 uM TRAP-6 for 5 min before addition
to PRP; 4) RPMC preincubated with L-NAME and activated with TRAP-6 as in (3) but added to PRP pretreated with 30 pM
ginkgolide B (PAF antagonist). In all cases aggregation was stimulated by 60 uM TRAP-6 or 5 uM ADP. The data are means

(fm) of 5 independent determinations. *p < 0.01 versus /; #p < 0.01 versus 3.
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Fig. 4. Influence of A23187-activated RPMC on platelet aggregation: the effect of TRAP-6. /) Platelet aggregation in the presence
of 3.000* RPMC (in 10 pl) (control); 2) RPMC were preincubated with 1 uM A23187 for 2 min before addition to a platelet
suspension; 3) RPMC were preincubated with 10 uM TRAP-6 for 5 min before treatment with A23187; 4) platelets were treated
with 30 uM ginkgolide B for 2 min before addition of A23187-activated mast cells; 5) RPMC were treated with 4 pM calmidazolium
for 40 min before addition to platelet suspension; 6) RPMC treated with 4 pM calmidazolium as in (5) were incubated with 10 pM
TRAP-6 for 10 min before addition to a platelet suspension. In all experiments aggregation was induced by 5 uM ADP. The
data are means (¥fm) of 3-5 independent determinations. *p < 0.05 versus /; #p < 0.01 versus 2.

carried out to investigate the role of TRAP-6 in the
modulation of RPMC activity and their secretion of
PAF initiated by the calcium ionophore A23187.

Mast cells preincubated with 1 uM A23187 for 2 min
were added to a platelet suspension. After equilibra-
tion for 1 min, an aggregation inducer was added.
A23187-pretreated RPMC caused a significant increase
in platelet aggregation (by 218%) compared with the
aggregation in the presence of non-activated RPMC
(Fig. 4). This effect of ionophore-activated mast cells
on platelet aggregation was completely blocked by
pretreatment of platelets with the PAF-receptor antago-
nist ginkgolide B. These results together with data from
the literature [20] suggest that the Ca-ionophore acti-
vates PAF secretion.

In the next series of experiments before treatment
with A23187 mast cells were preincubated with 10 uM
TRAP-6 for 5-40 min. After incubation for 5 min with
TRAP-6, activation of RPMC with the ionophore did
not result in enhanced platelet aggregation (Fig. 4).
Moreover, RPMC preincubation with TRAP-6 before

activation by A23187 caused sharp (threefold) decrease
in platelet aggregation compared with the aggregation
in the presence A23187-activated mast cells (Fig. 4).
Prolongation of the incubation between RPMC and
TRAP-6 before activation of the cells with the ionophore
did not cause further reduction in platelet aggregation.

These results suggest that TRAP-6 can rapidly
modulate A32187-activated RPMC reactivity by block-
ing ionophore-induced PAF release from these cells and
by stimulating NO production by them.

Influence of TRAP-6 on RPMC with inhibited consti-
tutive NO-synthase (cNOS). The calmodulin antagonist
calmidazolium inhibits cNOS in rat aorta smooth muscle
cells [26]. IL-1B-induced increase in NO production by
mast cells may be due to activation of ¢cNOS [20]. Taking
into consideration these data, we investigated mast cell
activation by TRAP-6 under conditions of ¢cNOS inhibi-
tion by calmidazolium. Treatment of non-stimulated
RPMC with 4 uM calmidazolium for 40 min blocked
reduction of ADP-stimulated platelet aggregation induced
by these mast cells (Fig. 4). However, pretreatment of

BIOCHEMISTRY (Moscow) Vol. 64 No.6 1999
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RPMC with calmidazolium followed by incubation of the
cells with TRAP-6 for 10 min augmented ADP-induced
platelet aggregation rather than attenuating it (Fig. 4).

Thus, stimulation of NO release by RPMC
pretreated with TRAP-6 is apparently due to the ac-
tivation of ¢cNOS. iNOS may also be involved in the
effect of the peptide on mast cells.

DISCUSSION

In spite of great interest in inflammatory processes,
little is known about the mechanisms of non-immune
activation and regulation of the activity of mast cells
which release inflammation mediators—histamine, PAF,
and chemoattractants [27]—and also nitric oxide which
can inhibit platelet aggregation and neutrophil activa-
tion and cause vessel relaxation; these effects of NO are
due to activation of soluble guanylate cyclase resulting
in accumulation of cGMP and activation of cGMP-de-
pendent protein kinase (G kinase) [28]. The mechanism
of inhibition of platelet aggregation by NO may involve
phosphorylation of the cytoplasmic C-terminal domain
of the TXA, receptor by a G kinase [29].

We have found that the interaction of the thrombin
receptor agonist TRAP-6 with thrombin receptor (ob-
viously PAR-1) on the membrane of peritoneal mast
cells results in the inhibition of PAF release from these
cells via an NO-dependent mechanism.

In the present report NO release was registered by
inhibition of platelet aggregation. Using three experi-
mental approaches which independently blocked the NO
effect at different levels (inhibition of NO formation
by L-NAME, NO binding by oxyHb, and use of
calmidazolium, an inhibitor of calmodulin and Ca-
dependent cNOS), we have demonstrated that the
inhibition of platelet aggregation by TRAP-6-activated
RPMC is really due to NO release.

Using high affinity TRAP (haTRAP) for activation
of RPMC, we have confirmed that TRAP can activate
NO release by mast cells. Addition of TRAP-6 to RPMC
with blockaded NO synthesis resulted in increased se-
cretion of the inflammation mediator PAF. The use of
the antagonist of PAF-receptors, ginkgolide B, in our
experiments convincingly supports this conclusion.

Although a role of thrombin in the regulation of the
inflammatory process is not completely elucidated, it is
known that it promotes inflammatory reactions. Thrombin
activates leukocyte chemotaxis and adhesion of platelets
and leukocytes to endothelium; it increases endothelial
permeability, expression of P-, E-, and L-selectins, and
histamine release from bone marrow mast cells [2, 3, 6,
15, 30, 31]. However, experiments with vascular smooth
muscle cell culture revealed that thrombin regulates (at
the transcriptional level) the expression of iINOS via
proteolytic activation of PAR-1 [32].
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Mechanical activation of mast cells (by vigorous
mixing) or their activation by lipopolysaccharide, immu-
noglobulin E, interleukin 1@, or y-interferon results in
release of NO. The latter inhibits secretion of inflamma-
tory mediators (PAF) and blocks platelet aggregation [18-
22]. However, we did not find in the literature any in-
dication of the thrombin-induced release of NO by mast
cells. Only indirect evidence exists suggesting that thrombin
can activate this process: very low thrombin concentra-
tions increased cGMP content in mast cells, and this was
accompanied by reduction of histamine secretion [17]. Our
results provide further evidence that thrombin (via its
interaction with PAR-1) can act as a non-immune modu-
lator of mast cell activity by stimulating NO formation
and inhibiting the secretion of inflammation mediators.
In other words, thrombin can act as a modulator of the
inflammatory process regulator NO.

Contact of thrombin, the main enzyme of the blood
clotting system, with mast cells localized along blood
vessels can probably occur at sites of tissue damage.
Although liver is the major site of prothrombin synthesis,
thrombin mRNA is found in macrophages, some cells of
the nervous system, and developing mouse skeletal mus-
cles [33-35]. These data suggest the possibility of genera-
tion of tissue thrombin. The latter may regulate the activity
of connective tissue cells apart from blood vessels and
participate in inflammation processes and wound healing.
Like thrombin, factor Xa (but not factor IXa) stimulates
receptor-mediated NO release by endothelial cells, thus
causing vasodilation and hypotension in rats [36].

Inhibition of NO formation in mast cells by L-
NAME was shown to activate release of inflammatory
mediators: PAF (responsible for rapid increase of en-
dothelial permeability) and histamine (which causes
delayed increase of endothelial permeability) [20, 30, 31].
Inhibition of NO synthesis increases mast cell-depend-
ent induction of leukocyte adhesion to endothelium and
the development of the inflammatory process [31].

The calcium ionophore A23187, causing increase
of [Ca®*],,, induced secretion of PAF by mast cells which
was blocked by TRAP-6. The latter effect was accom-
panied by activation and degranulation of these cells.

Stimulation of NO production in mast cells by TRAP-
6 suggests that modulation of activated mast cells is due
to NO release in response to TRAP-6 and thrombin.

It remains unclear which NOS isoform [28] is responsible
for thrombin-induced increase in NO formation in mast cells.
Lack of NO production in TR AP-6-stimulated mast cells which
were pretreated (for more than 40 min) with the cNOS in-
hibitor calmidazolium suggests the involvement of cNOS.
Rapid NO formation (within minutes) during the TRAP-6
effect on mast cells seems to support this hypothesis. Our
results are consistent with data from the literature showing
the presence of ctNOS in mast cells [31], although the involve-
ment of iINOS in NO production by mast cells activated by
thrombin or other proteases cannot be ruled out.
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Good evidence exists that thrombin (TRAP-6
modulates its action) is the non-immune regulator of
mast cell reactivity. The thrombin effect is mediated by
PAR-1, and this is accompanied by reduction of PAF
secretion by activated mast cells.

Since TRAP-6 can activate both mast cells and
platelets, we suggest that the N-terminal peptide com-
prised of 41 amino acids (MGPRRLLLVAACFSL-
CGPLLSARTRARRPESKATNATLDPR) which is
cleaved by thrombin from PAR-1 and acts as potent
agonist of platelet aggregation [37] may also activate
mast cells. The absence of this peptide probably ex-
plains the apparent discrepancy between the efficacy of
TRAP-6 and thrombin in the activation of platelets
and mast cells: the same effect required three orders of
magnitude less thrombin concentration than that of
TRAP-6 [1, 2, 7, 10, 17].

Thus, thrombin exhibits dual regulatory effects on
inflammatory processes. It increases the release of
inflammatory mediators, leading to acute inflamma-
tory reactions (increase of permeability, edema, etc.),
but stimulating NO release, thrombin inhibits release
of inflammatory mediators and the development of in-
flammatory process.
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