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Bronchoconstrictor effect of thrombin and thrombin receptor
activating peptide in guinea-pigs in vivo
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1 Several thrombin cellular effects are dependent upon stimulation of proteinase activated
receptor-1 (PAR-1) localized over the cellular surface. Following activation by thrombin, a new N-
terminus peptide is unmasked on PAR-1 receptor, which functions as a tethered ligand for the
receptor itself. Synthetic peptides called thrombin receptor activating peptides (TRAPs),
corresponding to the N-terminus residue unmasked, reproduce several thrombin cellular effects,
but are devoid of catalytic activity. We have evaluated the bronchial response to intravenous
administration of human o-thrombin or a thrombin receptor activating peptide (TRAP-9) in
anaesthetized, artificially ventilated guinea-pigs.

2 Intravenous injection of thrombin (100 u kg~') caused bronchoconstriction that was
recapitulated by injection of TRAP-9 (1 mg kg~'). Animal pretreatment with the thrombin
inhibitor Hirulog™ (10 mg kg~ i.v.) prevented thrombin-induced bronchoconstriction, but did not
affect bronchoconstriction induced by TRAP-9. Both agents did not induce bronchoconstriction
when injected intravenously to rats.

3 The bronchoconstrictor effect of thrombin and TRAP-9 was subjected to tolerance; however, in
animals desensitized to thrombin effect, TRAP-9 was still capable of inducing bronchoconstriction,
but not vice versa.

4 Depleting animals of circulating platelets prevented bronchoconstriction induced by both
thrombin and TRAP-9.

5 Bronchoconstriction was paralleled by a biphasic change in arterial blood pressure, characterized
by a hypotensive phase followed by a hypertensive phase. Thrombin-induced hypotension was not
subject to tolerance and was inhibited by Hirulog™; conversely, hypertension was subject to
tolerance and was not inhibited by Hirulog™. Hypotension and hypertension induced by TRAP-9
were neither subject to tolerance nor inhibited by Hirulog™.

6 Our results indicate that thrombin causes bronchoconstriction in guinea-pigs through a
mechanism that requires proteolytic activation of its receptor and the exposure of the tethered
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ligand peptide. Platelet activation might be triggered by the thrombin effect.
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Introduction

It is known that following tissue damage, extrinsic coagulation
pathway becomes activated and thrombin is formed by its
precursor, prothrombin (Schiffrin, 1994; Cicala & Cirino,
1998). Much attention has recently been focused on the cellular
responses triggered by thrombin, highlighting a role for this
enzyme in cell activation and inflammation. Both in vitro and
in vivo studies have demonstrated that thrombin is chemotactic
for monocytes (Bar Shavit ez al., 1983) and neutrophils (Bizios
et al., 1986; Drake & Issekutz, 1992); this activity might be
mediated by high affinity receptors demonstrated to be present
on both macrophages and neutrophils (Kudhal er al., 1991;
Sonne, 1988). Thrombin increases IL-1- and TNFa-induced
neutrophil chemotaxis (Drake et al., 1992), it causes fibroblast
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and smooth muscle cell proliferation (Panettieri et al., 1995),
stimulates endothelial cells to produce PGI, (Weksler et al.,
1978); all these effects contribute to inflammation and tissue
repair processes independently of haemostatic mechanisms.

Thrombin-like proteinases have been found in bronchoal-
veolar lavage fluids obtained from active immunized experi-
mental animals (Linssen et al., 1991). The role of coagulation
cascade activation and fibrin deposition during lung inflamma-
tion has been investigated; it has been shown that asthmatic
subjects present alterations in coagulation parameters and an
increase of platelet reactivity (Idell et al., 1989; Gresele et al.,
1993; Fuchs-Buder et al., 1996). However, due to the lack of
appropriate tools, such as specific inhibitors, the role of
thrombin in bronchial asthma has never been addressed.

It is now clear that thrombin produces many of its
biological activities through stimulation of proteinase acti-
vated receptor-1 (PAR-1) that is localized over the surface of
several cells. PAR-1 is a seven transmembrane-domain
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receptor, demonstrated to be cleaved by thrombin between
Arginine*' and Serine** residues, unmasking a new N-terminus
peptide (14 aminoacids) which functions as a tethered ligand
for the receptor itself (Vu et al., 1991; Coughlin et al., 1992). It
has been shown that synthetic peptides, ranging between 5 and
14 aminoacids, called thrombin receptor activating peptides
(TRAPs), corresponding to the N-terminus residue unmasked,
are capable of reproducing several cellular effects of thrombin,
but are devoid of the thrombin catalytic activity (Chao et al.,
1992; Garcia et al., 1993; Hoffman & Church, 1993; Glusa &
Paintz, 1994; Glusa et al., 1996). This finding has led to expand
the knowledge of the role of thrombin in inflammation,
indicating that some cellular events mediated by thrombin are
independent of fibrin formation, since they can be reproduced
by TRAPs.

Here, we have analysed comparatively the bronchial
response to thrombin and TRAP-9 (a PAR-1 agonist peptide)
in anaesthetized, artificially ventilated guinea-pigs, to
investigate whether thrombin had any effect on in vivo
bronchial smooth muscle contractility through activation of
its receptor PAR-1 and the exposition of the tethered ligand
peptide.

Preliminary results have been presented to the British
Pharmacological Society Meeting in Bristol, in July 1997.

Methods

Measurement of bronchoconstriction and blood pressure

Guinea-pigs (Charles River, 400—500 g) were anaesthetized
with sodium pentobarbitone (40 mg kg~'1i.p.) and Hyp-
norm™ (0.5 ml kg~!i.m.), placed supine on an operating
table, a cannula was inserted into the trachea and were
artificially ventilated with a constant volume, by a respiration
pump (Ugo Basile, Varese, Italy; rate 60 breaths min~!, 1 ml
air per 100 g body weight), connected to a bronchospasm
transducer (Ugo Basile, Varese, Italy). Spontaneous breathing
was abolished by administration of pancuronium
(2 mg kg™' i.v.). Both cervical vagi nerves were transected at
the level of the neck. The right jugular vein was cannulated
for drug administration; the left carotid artery was
cannulated with a cannula containing heparinized saline
(5uml™') and connected to a pressure transducer for a
continuous monitoring of arterial blood pressure. After
surgery, a single dose of histamine (10 ug kg~'1iv.) was
administered to evaluate animal responsiveness to a
bronchoconstrictor agent. Thrombin (50 and 100 u kg~',
corresponding to 0.034 and 0.07 mg kg~' respectively),
TRAP-9 (0.1, 0.3 or 1 mgkg ') or the control peptide
(1 mg kg™') were then administered intravenously each
20 min for three consecutive times.

Different groups of animals were administered the thrombin
inhibitor Hirulog™ (10 mg kg~") i.v., 30 min before giving
thrombin (100 u kg='iv.) or TRAP-9 (1 mgkg 'iv.).
Experiments were also performed on rats using the above
protocol described for guinea-pigs, thrombin (10, 30 or
50 ukg™") or TRAP-9 (1 mgkg~') were intravenously
administered and the bronchial response was evaluated.

Cross-desensitization study

To evaluate if there was cross-desensitization to the effects of
thrombin and TRAP-9, different groups of animals were
treated with TRAP-9 (1 mg kg~' i.v.) after three administra-
tions of thrombin (100 u kg='i.v.) or, conversely, they were

treated with thrombin (100 u kg~'1i.v.) after three adminis-
trations of TRAP-9 (1 mg kg~'i.v.).

Bronchoalveolar lavage

At the end of the experiment, three bronchoalveolar lavages,
with 5 ml of saline each, through a cannula inserted into the
trachea, were performed. The saline was left in contact for
1 min and then aspirated with a syringe, placed in a graduated
tube and then centrifuged at 200xg for 15 min. The
supernatant was discarded and the pellet was suspended in
1 ml of saline.

Leucocyte count

Total leucocyte count was performed by diluting cells with
Turk’s solution (0.01% w/v crystal violet and 3% v/v acetic
acid) and counted by an optical microscope. Differential cell
analysis was performed on air-dried smears of cell suspension
and counted by optical microscopy, under oil immersion.

Platelet depletion

Thrombocytopenia was induced by treating guinea-pigs with a
polyclonal rabbit antiplatelet serum intravenously, prior to
administration of either thrombin (100 u kg~' i.v.) or TRAP-9
(1 mg kg='i.v.). The dose and the lag-time chosen were
previously determined by dosing animals with 0.1, 0.3, 0.5
and 1 ml (i.v.) of the polyclonal antiplatelet serum, at time
interval ranging between 1 and 20 h. A volume of 250 ul gave
3h later a reduction in platelet count from
5004+113.5x10° ™' to  49.549.30x10° ™' (n=35,
P<0.01). Platelet count was performed on 100 ul of blood
samples, withdrawn from the carotid artery, by using a
hemocytometer, Cell Dyn 610 (Sequoia Turner).

Histology

In another set of experiments, after receiving three adminis-
trations of thrombin (100 u kg='iv.)) or TRAP-9
(1 mg kg~' i.v.) guinea-pigs were killed and the lungs removed
and placed in formalin (sol. 10% v/v). Section of lungs (10 um)
were embedded in paraffin and stained with ematoxylin eosin
and the lung damage evaluated by optical microscopy.

Statistical analysis

Data are expressed as means+s.e.mean and analysed with a
computerized statistical package (Tallarida & Murray, 1987).
Bronchoconstriction is expressed as percentage of broncho-
constriction relative to the maximum percentage (100%).
Maximum bronchoconstriction was simulated by clamping the
air piping upstream the tracheal cannula thereby diverting all
pumped air to the transducer. Results are analysed with one
way analysis of variance (ANOVA), followed by Bonferroni’s
test for multiple comparisons, or by one sample or unpaired
two tailed Student’s z-test when appropriate. A value of
P <0.05 was taken as significant.

Drugs

TRAP-9 (SFLLRNPND), the control TRAP peptide
(SFLLANPND) and Hirulog™ (Biogen, Cambridge, MA,
U.S.A.) were prepared as previously described (Chao et al.,
1992; Maraganore et al., 1990). Human o-thrombin and
heparin were purchased from Sigma Chemical Co. (St. Louis,
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MO, U.S.A.). Polyclonal rabbit antiplatelet serum was a kind
gift of Prof C.P. Page (King’s College, London, U.K.).

Results
Thrombin- and TRAP-9-induced bronchoconstriction

Intravenous administration to guinea-pigs of human o-
thrombin at the dose of 50 u kg=' caused a small, not
significant, bronchoconstriction (9.70+4.0%; P>0.05 n=4,
one sample r-test), while at the dose of 100 u kg~' (Figures
la and 2a) caused a bronchoconstriction of 33.14+8.61%
(P<0.01, one sample t-test; n=7) that was reduced to
12.41+6.11% (P<0.01, Bonferroni’s test versus first admin-
istration; n=7) at the second administration and to
43+1.70% (P<0.01, Bonferroni’s test versus first adminis-
tration; n=7) at the third administration. Intravenous
administration of TRAP-9 at the dose of 0.1 mg kg~ did
not cause bronchoconstriction, at the dose of 0.3 mg kg~'
there was a trend towards  bronchoconstriction
(2.67+1.76%; P>0.05 n=3, one sample t-test). Injection of
TRAP-9 at the dose of 1 mgkg~' (Figures 1b and 2c)
induced a bronchoconstriction of 30.8+11.42% (P<0.05,
one sample -test; n=7) which was reduced to 18.43+8.18%
(N.S. versus first administration; n=7) at the second and to
4.76+1.61% (P<0.01 versus first administration; n="7) at
the third administration clearly mimicking thrombin profile.
Doses of 1 mgkg~' for TRAP-9 and 100 u kg=' for
thrombin were selected for all successive experiments. The
control peptide did not show any bronchoconstrictor effect
up to 1 mg kg=".

In a cross-desensitization study we found that animals no
more responsive to thrombin exhibited bronchoconstriction
following TRAP-9 administration; in contrast, animals no
more responsive to TRAP-9 were also insensitive to thrombin
administration (data not shown).

Pretreatment of animals with Hirulog™ (10 mg kg~ ' i.v.,
30 min before) abolished thrombin-induced bronchoconstric-
tion, but did not change TRAP-9-induced bronchoconstriction
(Table 1).

Neither thrombin (10, 30 or 50 u kg~!) nor TRAP-9
(1 mg kg™") caused bronchoconstriction when administered
intravenously to rats (data not shown).

Arterial blood pressure

Intravenous administration of thrombin to guinea-pigs at the
dose of 50 and 100 u kg~' caused a fast fall in blood pressure
of 9.25+1.75 mmHg (n=4) and of 8.5+1.9 mmHg (n=7)
respectively that was not subjected to desensitization. This
decrease in blood pressure was followed by an increase in
blood pressure that was of 10.504+0.87 mmHg (n=4) and of
11.86+1.86 mmHg (n=7) for 50 and 100 u kg~' of thrombin,
respectively. TRAP-9 given i.v., at the dose of 0.1, 0.3 or
1 mg kg~ ! caused a similar pattern with a fast fall in blood
pressure, followed by an increase. The hypotension for the
doses of 0.1, 0.3 and 1 mgkg~"' was of 2.7+1.60 mmHg
(n=4), 5.7+1.45 mmHg (n=3) and 6.57+0.7 mmHg (n=7)
respectively and was not subjected to desensitization. The
hypertension that followed was of 10.25+1.44 mmHg (n=4),
14.33+4.05 mmHg (n=3) and 23.00+4.8 mmHg (n=7)
respectively, and was repeated unchanged at the second and
at the third administration, for all three doses used, while, for
thrombin, it was subjected to desensitization. The control
peptide was completely inactive. Hirulog™, a stoichiometric

inhibitor of thrombin, abolished thrombin-induced hypoten-
sion, without affecting the following increase in blood pressure.
Conversely, Hirulog™ did not affect TRAP-9-induced changes
in arterial blood pressure (Table 1).

Bronchoalveolar lavage

Total leucocyte count in bronchoalveolar lavage fluids
(BALFs) obtained from animals injected either with thrombin
(100 u kg="'i.v.) or TRAP-9 (1 mg kg='iv) was not sig-
nificantly different from that obtained from control animals
(control, 6.03+0.63x10° n=9; thrombin, 8.1940.78 x 10°,
n=6; TRAP-9, 7.4540.99 x 10°, n=6; P>0.05).
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Figure 1 Bronchoconstriction induced by thrombin (a) and TRAP-9
(b). Thrombin (100 u kg~ 'i.v.)) or TRAP-9 (I mg kg™ 'iv.) were
injected for three consecutive times each 20 min. I, first administra-
tion; II, second administration; III, third administration. Each bar
represents the mean of the response obtained from seven different
animals. **P<0.01 versus first administration (Bonferroni’s test).
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Figure 2 Typical traces representing thrombin- and TRAP-9-induced bronchoconstriction (a and c¢) and changes in arterial blood
pressure (b and d). Thrombin (100 u kg~') and TRAP-9 (1 mg kg~ ') were administered for three consecutive times each 20 min,
bronchoconstriction and arterial blood pressure were evaluated. Histamine (10 ug kg~ ' i.v.) was previously administered to check

animal responsiveness to a bronchoconstrictory agent.

Platelet depletion

Platelet depletion of guinea-pigs by a polyclonal rabbit
antiplatelet serum prevented thrombin (100 u kg~'i.v.) and
TRAP-9 (1 mg kg~ i.v) induced bronchoconstriction.

Histological analysis

Histological analysis of lung sections showed an extensive
lung damage in animals injected with either o-thrombin
(100 u kg=' i.v.) or TRAP-9 (1 mg kg~ ' i.v.); both broncho-
constriction and vasoconstriction were also evident (Figure 3).

Discussion

Intravenous administration of thrombin to guinea-pigs caused
bronchoconstriction and this effect was reproduced by
intravenous injection of TRAP-9. When animals were
pretreated with Hirulog™, a stoichiometric thrombin inhibitor
that binds the catalytic site of thrombin, thrombin-induced
bronchoconstriction was abolished, while TRAP-9-induced
bronchoconstriction was unchanged. This finding indicates
that thrombin-induced bronchoconstriction requires thrombin
catalytic activity and is likely mediated by the tethered ligand
peptide exposed on the PAR-1 receptor following proteolytic
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Table 1 Effect of Hirulog™ (Hir, 10 mg kg~ 'iv.) on
thrombin (100 u kg~') and TRAP-9 (1 mg kg™') induced
bronchoconstriction and changes in blood pressure.

Bronchoconstriction hypotension Hypertension

Treatment (%) (mmHg) (mmHg) n
Thrombin I 33.14+8.61* 8.50+1.90* 11.86+1.86*% 7
II 1241+6.11%F 9.14+1.26%  3.43+1.901 7

I  430+1.70*F 7.70+1.43*  6.14+2.601 7

Hir+ I 0.00+£0.00 0.0040.00 9.00+2.98* 5
thrombin II  0.00+0.00 0.00+£0.00 4.62+2.131 5
I 0.00+0.00 0.0040.00 280+1.961 5

TRAP-9 I 30.80+11.42* 6.5740.70% 23.00+4.80* 7
II 18.43+8.18*% 557+0.75% 21.86+2.80* 7

I 6.60+0.92*F 6.14+1.40* 20.80+5.32*% 7

Hir + I 23.80+9.41* 733+1.31*% 23.17+1.94* 5
TRAP-9 II  6.60+0.92* 6.50+0.76% 23.50+2.67* 5
I 520+1.46% 6.33+1.12% 23.00+2.48% 5

*P<0.05 versus hypothetical mean zero (one sample
Student’s r-test) and tP<0.05 versus first administration
(Bonferroni’s test).

activation. However, this mechanism cannot explain the
tolerance to the bronchoconstrictor effect of both thrombin
and TRAP-9, implying that the bronchoconstrictor effect is
not dependent upon receptor activation only. Indeed, if
bronchoconstriction had been dependent exclusively upon a
receptor mechanism, desensitization should have occurred
only to thrombin effect, due to receptor consumption, leaving
unaffected TRAP-9 response due to its ability to stimulate the
receptor directly.

Involvement of inflammatory cells was ruled out by the
finding that in bronchial lavage there was no difference in
leucocyte count between control and thrombin or TRAP-9-
treated guinea-pigs. Similarly, mast cell degranulation, that we
have previously shown to be involved in thrombin and TRAP-
induced edema (Cirino et al., 1996), appeared not to be
implicated since by histological analysis there was no evidence
of degranulated mast cells in the tissue. Following this
experimental evidence, we sought to investigate platelet
involvement. It is widely documented that platelets behave as
inflammatory cells, being able, under stimulation, to synthesize
and secrete several mediators, among which are powerful
bronchoconstrictor agents, such as histamine, serotonin,
platelet activating factor (PAF) and arachidonic acid
metabolites (Page, 1989). In vitro, both thrombin and TRAP-
9 promote platelet activation and degranulation, the latter
being able to stimulate platelets from primates and guinea-
pigs, but not from other animal species (Kinlough-Rathbone et
al., 1993; Connolly et al., 1994). In vivo, both agents cause
"!n-labelled platelet accumulation in the pulmonary vascu-
lature of guinea-pigs (Chiu ez al., 1997). In thrombocytopenic
animals both thrombin and TRAP-9 did not cause broncho-
constriction, implying that platelet activation might be the
trigger of the bronchoconstrictor effect observed in our
experimental conditions. This hypothesis is further supported
by the inability of both agents to cause bronchoconstriction
when injected intravenously to rats, whose platelets lack the
PAR-1 receptor.

Platelet degranulation by thrombin and TRAP-9 could also
account for tolerance to bronchoconstrictor effect observed.
Indeed, a similar effect has been observed for intravenous
administration to guinea-pigs of PAF, which induces a
platelet-dependent bronchoconstriction (Vargaftig er al,
1980). However, the finding that TRAP-9 was still able to

Figure 3 Histological analysis of lungs obtained from control
animals (a; x250), and thrombin (b; x 125) or TRAP-9 (c; x250)
injected animals. In b and c it is evident a strong bronchoconstriction
(arrows) and vasoconstriction (arrows).

cause bronchoconstriction in guinea-pigs desensitized to
thrombin effect strongly suggests that an additional mechan-
ism, besides platelet degranulation, occurs. Interestingly,
similar results have been obtained in vitro, on guinea-pig
aortic preparations, where a thrombin receptor agonist peptide
(TRAP 42-55) was able to cause relaxation of the tissue
desensitized to thrombin action (Muramutsu ef al., 1992; Yang
et al., 1992). These differences have been attributed to
differences of receptor dynamics depending on whether the
receptor is activated by a free ligand or a tethered ligand.
Furthermore, it is also possible that in addition to platelet
stimulation the effect of thrombin and TRAP-9 is due to a
direct action on bronchial smooth muscle, as has been
observed, in vitro, using lung parenchymal smooth muscle
(Mandhane et al., 1995).
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The biphasic change in arterial blood pressure characterized
by a rapid drop, followed by an equally rapid increase in blood
pressure resembles the in vitro effect.

Thrombin effect on vascular tissues in vitro has been widely
studied and it has been shown that thrombin induces in dog
isolated coronary arteries, as well as in other vascular tissues, a
slowly developing contraction characterized by an initial
relaxation (Glusa & Paintz, 1994; Tesfamariam, 1994).
Thrombin-induced hypotension was prevented by Hirulog™
pretreatment indicating that proteolytically active thrombin is
essential for this effect. However, there was no tolerance to the
effect observed, implying that even though receptor activation
is necessary for the action, no receptor consumption occurs, or
other mechanisms are involved in the hypotensive effect.
Conversely, thrombin-induced hypertension was not affected
by Hirulog™ pretreatment, but it was subject to tolerance
suggesting that proteolytically active thrombin is not a
requisite.

Lung histological analysis clearly showed for both thrombin
and TRAP-9 not only an extensive lung damage characterized
by alveolar atelectasia, but bronchial obstruction and also a
pronounced vessel constriction. However, it is now clear that
more than one PAR receptor is present in cells (Nystedt et al.,
1994; Ishihara et al., 1997). In vitro studies have shown that
thrombin and TRAPs causes smooth muscle contraction or
relaxation depending on the vascular tissue considered
(Muramutsu et al., 1992; Simonet et al., 1992; Yang et al.,
1992; Tesfamariam, 1994), these variabilities of thrombin
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