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1 Adhesion of neutrophils (PMNs) to vascular endothelial cells (EC) is a critical step in recruitment
and infiltration of leukocytes into tissues during inflammation. Substance P (SP), a neuropeptide
released from sensory nerves, evoked PMN adhesion to EC. The NK receptor subtype(s) and the cell
type(s) involved were investigated.

2 SP was coincubated with human PMNs and EC from the human umbilical vein (HUVEC);
adhesion was quantitated by computerised microimaging fluorescence analysis.

3 The proadhesive effects of SP (range 10�18–10�6
m) were illustrated in a biphasic dose–response

curve, with a maximum at 10�15
m (276716% adhesion vs control; Po0.01) and another one at

10�10
m (200718% adhesion vs control; Po0.01). Neurokinin A was less active and neurokinin B was

inactive. The adhesion molecules LFA-1 and OKM-1, but not selectins, were involved according to
results with selective mAbs.

4 The NK1 agonist [Sar9,Met(O2)
11]SP reproduced the effects of SP, whereas the NK2 agonist

[bAla8]-neurokininA (4–10) acted at 10�13–10�8
m only. The NK3 agonist, senktide, was ineffective.

5 The NK1 antagonists, CP 96,345 and L 703,606 (both 10�6
m), abolished the effect of 10�15

m SP
and inhibited that of 10�10

m SP by 5675% (Po0.01). By comparison, the NK2 antagonist, SR 48,968
(10�7

m), partially antagonised the adhesion evoked by 10�10
m SP (% inhibition: 6176; Po0.05).

6 Since preincubation of PMNs and HUVEC with SP gave the same results it is clear that both cell
types contributed to its proadhesive effects.

7 These results indicate that SP induced a proadhesive effect during inflammatory processes, which
was mediated by NK1 and NK2 receptors.
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Introduction

The peripheral effects evoked by substance P (SP) and other

tachykinins released from unmyelinated sensory nerve endings

are collectively referred to as ‘neurogenic inflammation’

(Foreman, 1984). SP’s effects included arteriolar dilatation,

plasma extravasation in postcapillary venules and leukocyte

activation and recruitment (Joos & Pawels, 2000; Harrison &

Geppetti, 2001). Migration of polymorphonuclear cells

(PMNs) into the inflammatory area requires their prior

adhesion to the vascular endothelium and extravasion into

tissues where they are retained and activated to mediate the

inflammatory responses. These, too, involve adhesive interac-

tions (Springer, 1990).

Tachykinins are a family of peptides that share the common

C-terminal sequence Phe-X-Gly-Leu-MetNH2. In mammals,

they include SP, neurokinin A (NKA) and neurokinin B

(NKB), all of which interact with three receptors, namely NK1,

NK2 and NK3 (Patacchini & Maggi, 1995). SP is the most

selective agonist for NK1, NKA for NK2, and NKB for NK3

receptors (Regoli et al., 1994). An additional receptor, NK4,

has been postulated, but has not been characterised (Donald-

son et al., 1996; Krause et al., 1997). SP’s proinflammatory

properties seem to involve NK1 receptor (Walsh et al., 1995).

NK1-deficient mice, in fact, display defective neutrophil

recruitment into tissues and oedema formation (Cao et al.,

2000). Transfection of the human NK1 receptor onto CHO

cells shows that it couples to Gq/11, Gas and Gao proteins

(Roush & Kwatra, 1998), whereas the roles of NK2 and NK3

receptors are not known.

SP’s effects in neurogenic inflammation include the trigger-

ing of mast cell degranulation (Dianzani & Foreman, 1986)

and costimulation of the PMN response to several activation

stimuli (Brunelleschi et al., 1991; Sterner-Kock et al., 1999;

Dianzani et al., 2001). It also modulates PMN and eosinophil

migration by inducing chemotactic activity (Carolan & Casale,
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1993). Moreover, it is not clear whether SP targets PMNs or

endothelial cells (EC), and the concentrations needed to trigger

its effects have not been established. Tominaga et al. (1999)

suggested that SP acts by activating protein-kinase C on

human umbilical vein endothelial cells (HUVEC) via NK1

receptor in the concentration range 10�10–10�7
m. HUVEC do,

in fact, express mRNA for NK1, NK2 and NK3 receptors.

Moreover, several types of vascular EC have been reported to

predominantly express NK1 receptors. This appears to be

partly dependent on cell activation (Greeno et al., 1993; Baluk

et al., 1997; Quinlam et al., 1998).

Other authors, however, suggest that SP acts directly on

neutrophils at 10�8–10�16
m (De Rose et al., 1994) or 10�10–

10�12
m (Zimimerman et al., 1992). Shipp et al. (1991) have

shown that 10�7
m SP upmodulates expression of the adhesion

molecule LFA-l (CD11/CD18) on human neutrophils, and we

have demonstrated that mm doses prime the PMN response to

IL-8, probably by acting on NK1 receptors (Dianzani et al.,

2001).

The aim of this study was to investigate the effect of

tachykinins on PMN adhesion to HUVEC. Their effects on

the two cell types are assessed and the role of the NK receptors

is determined from their responses to receptor-specific agonists

and antagonists. We show that SP promotes PMN adhesion by

acting on both PMNs and HUVEC, and that the effect of its

low doses is primarily mediated by NK1 receptors, whereas

that of high doses also involves NK2 receptors.

Methods

Cell preparation

PMNs were prepared from the citrated blood of healthy male

and female volunteers aged 25–45 years by standard dextran

sedimentation followed by Histopaques1077 gradient centri-

fugation. Residual erythrocytes were removed by hypotonic

lysis and PMNs were resuspended in buffered salt solution

(BSS) (138mmol l�1 NaCl, 2.7mmol l�1 KCl, 8.1mmol l�1

Na2HPO4, 1.5mmol l�1 KH2PO4, 1mmol l�1 MgCl2,

1mmol l�1 CaCl2, pH 7.4) supplemented with 1mgml�1

glucose and 1mgml�1 human serum albumin (HSA). Purity

of the final cell suspension and cell viability, assessed by the

trypan blue-exclusion test, were always 495%. Cell viability

was not affected by drug treatment.

HUVEC were isolated from human umbilical veins by

trypsin treatment (1%) and cultured in M199 medium with the

addition of 20% bovine calf serum (BCS) and 10 ngml�1

human fibroblast growth factor (FGF). Purity of the HUVEC

preparation, evaluated by morphology and immunostaining

for factor VIII, was 495%. Contaminant leukocytes were

detected by immunostaining for CD45. HUVEC were grown

to confluence in flasks and used at the third to fifth passage.

Informed consent was obtained from the volunteers.

Adhesion assay: effect of agonists

HUVEC were grown to confluence in 24-well plates, washed,

and rested for 1 day in M199 plus 10% BCS without FGF.

PMNs (107 cellsml�1) were labelled with fluorescein diacetate

(5 mgml�1) for 30min at 371C, washed with BSS, and plated at

106 cells well�1 in a final volume of 0.25ml BSS on HUVEC

treated or not with either SP, or [Sar9,Met(O2)
11]SP, or [b-Ala8]

neurokinin A-(4–10), or neurokinin A (NKA), or neurokinin

B (NKB), or senktide for 10min. All these agonists were tested

in the 10�18–10�6
m range and all concentrations were used

concurrently for each stimulus in the same experiment. After

incubation, nonadherent PMNs were removed by washing

three times with 1ml BSS. The centre of each well was

analysed by fluorescence image analysis. Adherent cells were

counted by the Image Pro Plus Software for microimaging

(Media Cybernetics, version 4.1 for Windows 98). Single

experimental points were assayed in quadruplicate, and

standard error mean (s.e.m.) of the four replicates was always

lower than 10%. Data are presented as per cent of adhesion,

calculate as follows:

ðsample adhesion=control adhesionÞ�100

where control adhesion was measured in the absence of any

treatment of HUVEC, and corresponds to an adhesion of

78715 cells per microscope fields (n¼ 50).

The direct effect on HUVEC was assessed by preincubating

HUVEC with tachykinin for 10min at 371C. HUVEC were

washed three times to remove tachykinin and used in the

adhesion assay with untreated PMNs.

The direct effect on PMNs was assessed in the same way, by

preincubating only PMNs with tachykinin for 10min at 371C.

PMNs were washed and centrifugated three times to remove

tachykinins and used in the adhesion assay with untreated

HUVEC.

To confirm the data obtained with this method, PMNs were

seeded on 24-well plates lacking EC for 10min at 371C in the

presence of tachykinin. The plates were previously coated with

heat-inactivated calf serum for 3 h to reduce spontaneous

adhesion to the plastic wells. In the time-course experiments,

HUVEC were incubated with SP (10�15 and 10�10
m) and

PMNs for 2, 5, 10, 15, 20, 40min before washing out PMNs.

Adhesion assay: effects of antagonists

HUVEC were pretreated for 15min (Maggi et al., 1993) with

the selective NK1 antagonists (7)CP 96,345 (Sachais et al.,

1993) or L-703,606 (Cascieri et al., 1992) (both at 10�6
m), or

the NK2 antagonists SR 48,968 (10�7
m), MEN 10,376

(10�6
m), R396 (10�6

m) (Renzetti et al., 1999), and then

coincubated with SP (10�18–10�8
m) and PMNs for 10min.

To antagonise the whole dose-response curve of SP, the

antagonists were tested at concentrations that evoked max-

imum inhibitory effects in other experimental models (Greeno

et al., 1993; Warner et al., 1999).

The adhesion inhibition percentage was calculated as

follows: [100�(a)/(b)]� 100, where a is the adhesion measured

in the presence of tachykinin and NK antagonist minus basal

adhesion and b is the adhesion elicited by tachykinin minus

basal adhesion.

Adhesion assay: effect of monoclonal antibodies

HUVEC and PMNs were coincubated for 10min with

monoclonal antibodies (mAbs) to LFA-1, OKM-1, L-selectin,

P-selectin and E-selectin in the presence of 10�15
m SP. The

ability of these mAbs to block adhesion molecules in a selective

way has been previously demonstrated (Altieri et al., 1990;
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Bragardo et al., 1997; Kitayama et al., 1997). UCHL-1

(CD45R0) was tested as a control mAb (Dianzani et al., 1994).

Each mAb was used at the concentration that demonstrated

saturation in binding assays or maximal inhibitory effects in

adhesion assays (20 mgml�1) (Zimmerman et al., 1992).

Statistical analysis

Results were expressed as mean7s.e.m.; n indicates the

number of experiments. Statistics were obtained by one-way

analysis of variance to ascertain whether the differences among

the means were significant. The statistical analysis was further

implemented by using the Student–Newman–Keuls multiple

comparisons post-test to determine significant differences

between specific mean pairs. Differences were considered to

be statistically significant at a value of Po0.05.

Materials

Dextran T500 was obtained from Pharmacia Biotech (Uppsa-

la, Sweden). Bovine calf serum (BCS, endotoxin tested) was

obtained from Hyclone Laboratories Inc. (Logan, UT,

U.S.A.). Trypsin was obtained from Difco Laboratories Inc,

Detroit, MI, U.S.A. Histopaques1077, fluorescein diacetate,

M199 (endotoxin tested), SP, neurokinin A (NKA) and

neurokinin B (NKB) were obtained from Sigma (St Louis,

MO, U.S.A.). SP was also purchased from Peninsula (St

Helens, Merseyside, U.K.). The selective NK1 agonist [Sar9,-

Met(O2)
11]SP, the selective NK2 agonist [b-ala8] neurokinin A

(4–10), the selective NK3 agonist senktide (Suc-Asp-Phe-

MePhe-Gly-Leu-Met-NH2), the selective NK1 antagonist

L703,606, oxalate salt (cis-2-(diphenylmethyl)-N-[(2-iodophe-

nyl)methyl]-1- azabicyclo[2.2.2]octan-3 amine oxalate) were

purchased from RBI/Sigma (Natick, MA, U.S.A.). The

selective NK1 antagonist (7)CP 96,345 (2-(diphenylmethyl)-

N-[(2- methoxyphenyl)methyl]-1-azabicyclo[2.2.2]octan-3

amine), MEN 10,376 ([Tyr5,d-Trp6,8,9,Lys10] NKA 4-10) and

R 396 (Ac-Leu-Asp-Gln-Trp-Phe-Gly-NH2) were kindly sup-

plied by Dr. C.A. Maggi (A. Menarini Pharmaceuticals,

Firenze, Italy). The selective NK2 antagonist SR 48,968

[(S)-N-methyl-N-(4-(4-acetylamino-4-phenylpiperidino)-2-(3,4

dichlorophenyl)butyl)benzamide] was a gift from Dr.

X. Edmonds-Alt (Sanofi Recherche, Montpellier, France).

Mab LFA-1 (CD11a) was a gift from Prof. U. Dianzani

(University of Piemonte Orientale, Novara, Italy). MAb

OKM-1 (CD11b) was obtained from American Type Culture

Collection (Rockville, MD, U.S.A.); UCHL-1 (CD45R0) was

obtained from Dako Igs (Copenhagen, Denmark); anti-human

P-selectin, CD62P and anti-human E-selectin, CD62E, were

purchased by R&D Systems (Minneapolis, U.S.A.) and anti-

human L-selectin, CD62L was purchased by ImmunoKontact

(Frankfurt, Germany). All the other reagents and solvents

were from Merck (Darmstadt, Germany).

NKB, CP 96,345 and SR 48,968 were dissolved in dimethyl

sulphoxide (DMSO); the final concentration of DMSO was

not higher than 0.1%. The same amount of DMSO was added

to the control samples, and it did not affect the absolute

control adhesion. L703,606 were dissolved in methanol; the

final concentration of methanol was not higher than 0.1%.

The same amount of methanol was added to the control

samples, and it did not affect the absolute control adhesion.

Stock solutions of tachykinins were prepared daily and diluted

in M199 to the appropriate concentrations before each

experiment.

Results

Effects of SP on PMN/HUVEC adhesion

The SP effect on PMN adhesion to HUVEC was evaluated by

coincubating both cell types for 10min with SP tested in the

10�18–10�6
m range (Figure 1). The control adhesion was

78715 cells per microscope field (mean7s.e.m., n¼ 50). The

dose–response curve gave two bell-shaped curves: the first in

the 10�18–10�12
m range, with the maximum proadhesive effect

at 10�15
m (276716% vs control, mean7s.e.m.), the second in

the 10�11–10�8
m range, with the maximum effect at 10�10

m

(200718% vs control, mean7s.e.m.). 10�12
m SP was inactive.

The same response was obtained with SP from two distinct

sources (Peninsula and Sigma). Time-course experiments

assessing the effect of 10�15
m SP (Figure 2) showed that

adhesion induction was clearly detectable after 5min and

reached a plateau at 10min, which lasted up to 40min

(Po0.01). Prolongation of the kinetics was not possible

because of bleaching of the fluorescent dye labelling PMNs.

A similar kinetics was obtained using 10�10
m SP (data not

shown). The effects evoked by 10min coincubation of SP were

not statistically different from those measured until 40min. We

therefore chose 10min of incubation for all the experiments.

Effects of agonists To detect the receptor(s) involved in SP-

induced adhesion, we first compared the effect of SP with that

of NKA and NKB, which preferentially bind to different

tachykinin receptors.

Figure 1 Effects of SP (&) compared with those of NKA (*) and
NKB (~) on PMN adhesion to HUVEC. PMNs and HUVEC were
incubated with increasing concentrations of tachykinins for 10min
at 371C. Data are expressed as per cent of adhesion. Statistical
analysis established the following significance: Po0.01 vs control
for the concentration range of SP 10�16–10�13 and 10�11–10�9

m;
Po0.01 vs control for NKA 10�16–10�14 and 10�11–10�10

m;
Po0.05 vs control for NKA 10�13 and 10�9

m. Asterisks mark
values significantly different from NKA 10�15

m (*Po0.05). Control
value corresponds to an absolute adhesion of 78715 cells/
microscope field. Data are expressed as means7s.e.m.; n¼ 10.
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Figure 1 shows that also NKA, but not NKB, induced PMN

adhesion to HUVEC and gave two bell-shaped curves, with

maximum effects at 10�15 and 10�10
m, similarly to SP.

Quantitative comparison of the adhesion evoked by SP and

NKA showed that the effects at 10�15
m were significantly

higher for SP (Po0.05 SP vs NKA), whereas there was no

significant difference at 10�10
m. Since SP interacts preferen-

tially with NK1 receptors, as does NKA with NK2 receptors,

and NKB with NK3 receptors, these data suggested that the

effects evoked in the femtomolar range preferentially involved

NK1 receptors, while those evoked in the nanomolar range

involved both NK1 and NK2 receptors, and NK3 receptors

were not involved.

To confirm these data, we assessed the effects of the NK1

receptor agonist [Sar9,Met(O2)
11]SP, the NK2 receptor agonist

[bAla8]-neurokinin A (4–10) and the NK3 receptor agonist

senktide in the 10�18–10�7
m range. Figure 3 shows that

[Sar9,Met(O2)
11]SP displayed a biphasic dose–response curve,

which is never statistically different from that evoked by SP.

[bAla8]-neurokinin A (4–10) displayed only one bell-shaped

curve, with a maximum effect at 10�11
m. Senktide was always

ineffective. These data further confirm those obtained with the

natural tachykinins.

Effects of antagonists Involvement of NK1 and NK2

receptors was further evaluated by assessing the effects

displayed on SP-induced PMN/HUVEC adhesion by the

nonpeptide antagonists CP 96,345 and SR 48,968. These are

specific for human NK1 and NK2 receptors, respectively.

Figure 4 shows that adhesion induced by 10�15
m SP is

completely inhibited by CP 96,345 (10�6
m), whereas that

evoked by 10�10
m SP is only partially inhibited (% inhibition:

5675%; Po0.01). When L703,606, another potent nonpep-

tide human NK1 receptor antagonist, was evaluated at this

concentration, the qualitative and quantitative effects of the

two antagonists were so close that their respective inhibitory

effects could not be differentiated (data not shown). By

contrast, SR 48,968(10�7
m) did not inhibit the maximum

response induced by 10�15
m SP, but almost halved that

induced by 10�10
m SP (% inhibition: 6176%; Po0.01,

Figure 5). Further experiments were performed by incubating

PMNs and HUVEC with SP (10�10
m) in the contemporaneous

presence of CP 96,345 (10�6
m) and SR 48,968 (10�7

m). The

two antagonists caused complete inhibition and thus displayed

an additive effect.

The biphasic effects evoked by [Sar9, Met(O2)
11]SP were

completely inhibited by the NK1 receptor antagonists (data

not shown).

To confirm the involvement of NK2 receptors, the effects of

the NK2 receptor antagonists SR 48,968 (10�7
m), MEN 10,376

(10�6
m), and R 396 (10�6

m) on adhesion induced by NKA

(10�10
m) and [[bAla8]-neurokinin A (4–10) (10�11

m) were

assessed. Results (not shown) demonstrated that all three

antagonists inhibited the adhesion in a rank order similar to

Figure 2 Time course- of adhesion effects of SP (10�15
m). PMNs

and HUVEC were coincubated for 2–40min with 10�15
m SP. Data

are expressed as means7s.e.m.; n¼ 7. Asterisks mark values
significantly different from control (**Po0.01).

Figure 3 Effects of the three selective NK1, NK2 and NK3 receptor
agonists, respectively [Sar9,Met(O2)

11]SP (&), [b-Ala8]neurokinin A
(*) and senktide (~) on PMN adhesion to HUVEC. Incubation
time and methods were identical to those selected for SP. Data are
expressed as means7s.e.m.; n¼ 7. Statistical analysis established the
following significance: Po0.01 vs control for the concentration
range of [Sar9,Met(O2)

11]SP 10�16–10�13 and 10�11–10�9
m; Po0.01

vs control for [b-Ala8]neurokinin A 10�12–10�10
m.

Figure 4 Effect of the NK1 receptor antagonist CP 96,345 (open
columns) on the adhesion effects evoked by SP (closed columns).
HUVEC were incubated 15min with the antagonist (10�6

m), then
exposed to PMNs and increasing concentrations of SP (10�18–
10�8

m). Data are expressed as means7s.e.m.; n¼ 7. Asterisks mark
statistically significant inhibition values (*Po0.05 and **Po0.01).
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that observed by Warner et al. (1999) in a different model: SR

48,9684MEN 10,3764R 396. None of the antagonists

affected the basal adhesion of resting PMNs.

Effects of monoclonal antibodies Figure 6 summarises the

effects of mAbs that bind selectively different adhesion

molecules involved in the interaction between PMNs and

ECs (Albelda et al., 1994). The adhesion evoked by 10�15
m SP

was significantly inhibited by mAbs against the integrin

adhesion molecules, LFA-1 and OKM-1, that have been

demonstrated on PMNs (% inhibition: 9772 and 9573%;

both Po0.01). UCHL-1, which is a mAb directed against a

lymphocyte molecule (CD45R0), was used as a control and did

not exert any effect in our experimental model, thus support-

ing the specificity of the observed inhibition. In comparison,

no significant inhibitions were noted with mAbs directed

against the selectins CD62E, CD62L, CD62P. None of the

mAbs affected the basal adhesion of resting PMNs.

Similar results were obtained using 10�10
m SP (data not

shown).

Individual treatment of PMNs or HUVEC

To evaluate whether SP acted on PMNs or HUVEC, we

evaluated the effect of SP, [Sar9,Met(O2)
11]SP, [bA1a8]-

neurokinin A (4–10) and senktide in the three experimental

systems, previously described. The SP incubation time with

only PMNs or HUVEC was always 10min, in accordance with

the coincubation time-course results that demonstrated no

statistical differences between 10 and 40min.

Table 1 shows that all the adhesion patterns are similar to

those found in the standard PMN/HUVEC adhesion assay,

with no statistical differences. The four basal adhesion values,

too, were always similar. To simplify, only the adhesion peaks

are included in Table 1 because there were no statistical

differences at any point along the 10�18–10�7
m range. It is

evident, therefore, that both PMNs and HUVEC contributed

to the proadhesive effects of the agonists.

Discussion

The aim of this study was to investigate the effect of

tachykinins on PMN adhesion to HUVEC and identify the

receptor(s) involved. Dose–response experiments showed that

the SP-induced PMN adhesion to HUVEC resulted in a

biphasic response, with maxima at femtomolar and at

nanomolar concentrations. The magnitude of the adhesion

induced was comparable to that we found for other

proadhesive agents in the same experimental model (Avanzi

et al., 1998). For example, exposure of PMNs and HUVEC to

PAF or IL-1b resulted in a two- to three-fold increase over

control adhesion, linked to that observed with 10�10 and

10�15
m SP. The proadhesive effect of nanomolar SP concen-

trations was described by Zimmerman et al. (1992). They did

not test the femtomolar concentrations that proved active in

our experiments. Femtomolar concentrations stimulated EC

differentiation into capillary-like structures in an in vitromodel

of angiogenesis (Wiedermann et al., 1996). De Rose et al.

(1994) showed that 10�16–10�10
m SP increased PMN adhesion

to bovine bronchial epithelial cells, with significant effects

already detectable at 10�16–10�14
m, and femtomolar concen-

trations induced the release of neutrophil chemotactic activity

in the same cell model (Von Essen et al., 1992). A bell-shaped

dose–response curve for SP was previously described by De

Rose et al. (1994) and also by Vishwanath & Mukherjee

(1996), whose curve was similar to ours, with a maximum

effect at 10�10
m and no response at 10�12

m, when the adhesion

of EL4T cell hybridoma, primary T cells and splenocytes to

EC was measured.

A biphasic curve at SP concentrations between 10�10 and

10�4
m was reported by Noveral & Grunstein (1995) for airway

smooth muscle cell proliferation. These authors used selective

receptor agonists and antagonists to demonstrate that this

effect was mediated by the NK1 receptor. The response

obtained at 10�4
m, however, may involve direct G-protein

activation rather than a receptor-mediated effect.

Figure 5 Effects of the NK2 receptor antagonist SR 48,968 (open
columns) on the adhesion effects evoked by SP (closed columns).
HUVEC were incubated 15min with the antagonist (10�7

m), then
exposed to PMNs and to increasing concentrations of SP (10�18–
10�8

m). Data are expressed as means7s.e.m.; n¼ 7. Asterisks mark
statistically significant inhibition values (**Po0.01).

Figure 6 Effect of mAbs (striped columns) on the adhesion effects
evoked by SP (grey column). LFA-1mAb and OKM-1mAb were
selectively directed against neutrophil adhesion molecules, CD62E
mAb, CD62L mAb and CD62P mAb against the selectins, UCHL-
1mAb was used as a control. PMNs and HUVEC were coincubated
for 10min with 10�15

m SP and 20 mgml�1 mAbs. Data are expressed
as means7s.e.m.; n¼ 7. Asterisks mark values significantly different
from 10�15

m SP (**Po0.01).
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The receptor types involved in SP’s proadhesive effects were

investigated in our study by using selective NK1, NK2 and

NK3 receptor agonists and antagonists. The selective NK3

receptor agonist, senktide, was never effective, in agreement

with the negative data obtained with NKB. The selective NK1

receptor agonist [Sar9,Met(O2)
11]SP reproduced the entire

dose–response curve of SP, displayed the same biphasic

pattern and achieved quite close maximum responses. CP

96,345 and L-703,606 antagonised the responses induced by

[Sar9,Met(O2)
11]SP and by SP, although with a notable

difference. Inhibition was complete at both femtomolar and

nanomolar concentrations of the selective agonist, but only

complete at femtomolar SP concentrations. Addition of the

selective NK2 receptor antagonist SR 48,968 caused a full

inhibition of the effect of nanomolar SP. Involvement of NK2

receptor was evident from the fact that its selective NK2

receptor agonist [bA1a8]-neurokinin A (4–10) reproduced the

response evoked by SP, though not at femtomolar concentra-

tions, unlike [Sar9,Met(O2)
11]SP. The selective antagonist SR

48,968 was obviously active in the presence of [bA1a8]-

neurokinin A (4–10). In the nanomolar range, [Sar9,Me-

t(O2)
11]SP and [bA1a8]-neurokinin A (4–10) achieved effects

similar to SP when evaluated individually. Activation of only

one receptor type is needed to evoke the same response as SP,

which can bind both types. Taken as a whole, these findings

indicate that when SP stimulates PMN adhesion to HUVEC it

interacts with NK1 receptors only at femtomolar and with

both NK1 and NK2 receptors at nanomolar concentrations.

The data with NKA agree with this conclusion and the

statistical difference at 10�15
m underlie the higher affinity of

SP for NK1 receptors.

There is no evident reason why SP induces such a dose–

response curve. Comparison with other demonstrations of its

proadhesive effects (Vishwanath & Mukherjee, 1996) confirms

that 10�12
m SP is a noneffective dose. SP’s effects in our study

resulted in two bell-shaped dose–response curves. The first (in

the femtomolar range) reflects interaction of SP with a NK1

receptor population displaying very high affinity for the ligand

and giving the maximum response at 10�15
m. At higher

concentrations, the signal and response decline to the 10�12
m

no-response level. The second (in the nanomolar range) starts

at concentrations higher than 10�12
m. The proadhesive effects

in this dose range are apparently attributable to a NK1

receptor population with a lower affinity for SP, together

with a NK2 K2 receptors population labelled by selective

ligands. SP at 10�10
m was the optimal concentration for

evoking PMN adhesion. Higher concentrations induced a

decreasing response. Different NK1 receptor isoforms may

have been marked by the ligands, but effects on the mechanism

of signal transduction cannot be ruled out a priori. NK1

receptors undergo rapid internalisation and desensitisation

(Bowden et al., 1994) and interact with different G-proteins

(Roush and Kwatra, 1998). In the absence of direct experi-

mental evidence, no conclusions can be reached with regard to

this suggestion.

The specific contribution of PMNs and HUVEC on SP-

evoked adhesion could not be deduced from these findings,

since SP was coincubated with both cell types at the same time.

SP was, therefore, incubated with PMNs or HUVEC alone. A

10min incubation was selected because the response at 10min

was unchanged for up to 40min in the coincubation model.

Individual treatment of both HUVEC and PMNs with SP gave

responses whose extent was quite close to that in the co-

incubation model. It can thus be assumed that a challenge of

either HUVEC or PMNs with SP is sufficient to evoke the full

response without additive effects, and the contribution of any

effect on the two cell types is the same throughout the time

course. The possibility that PMNs are a direct target of the

proadhesive effects mediated by tachykinins was strongly

supported by the observation that both the femtomolar and

the nanomolar concentrations of SP induced proadhesive

effects in a HUVEC-free PMN adhesion assay, namely that

assessing PMN adhesion to serum-coated wells. Moreover,

similar results were obtained in the experiments where PMN

were preincubated with SP or with the selective agonists before

their seeding on HUVEC.

The observation that HUVEC pretreatment with SP or the

agonists induced the same biphasic effect suggested that

tachykinins also acted on EC. This would agree with the

reports that these cells express NK1 receptor (Greeno et al.,

1993). However, another possibility is that tachykinins may

have bound to ‘non specific’ sites exposed on the HUVEC

surface during pretreatment and were not removed by

washing. These HUVEC-bound tachykinins could have

exerted their effects on PMNs when they were seeded on the

HUVEC. This possibility is in line with that reported for

chemokines and other chemoattractants whose binding to

membrane-bound proteoglycans may present them on the

surface of EC to circulating leukocytes (Tanaka et al., 1998;

Vaday & Lider, 2000; Fernandez-Botran et al., 2002). A

similar mechanism has also been demonstrated for TNF-a,
which binds to fibronectin, laminin and collagen in the

extracellular matrix, and augmented the integrin-mediated

adhesion of leukocytes to fibronectin (Alon et al., 1994). The

Table 1 Proadhesive effects of SP and NK-agonists: comparison between different incubation methods

Coincubation Pretreated HUVEC Pretreated PMNs PMN adhesion to serum-coated plates
(n¼ 10) (n¼ 5) (n¼ 5) (n¼ 5)

% adhesion
SP 10�15

m 276715 312742 246720 313729
[Sar9,Met(O2)

11]SP 10�15
m 260718 260731 225718 290735

[bAla8]-neurokinin A (4–10) 10 – 15
m 11073 12075 10872 11275

SP 10�10
m 200718 230734 18079 188713

[Sar9,Met(O2)
11]SP 10�10

m 200716 217720 17676 216723
[bAla8]-neurokinin A (4–10) 10 – 11

m 235719 280735 205712 270726

Values are expressed as percent adhesion. Data represent the means7s.e.m.
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two bell-shaped dose–response curve of SP may thus be

ascribable not only to the recruitment of different tachykinin

receptors on PMNs, but also to the involvement of different

EC ‘binding’ sites. The model would also help to explain the

effect of femtomolar SP concentrations, since a high affinity

binding of SP to HUVEC binding sites might increase its

effectiveness on PMNs.

A prevalent effect on PMNs may explain the rapid kinetics

of the SP-induced adhesion already detectable after 5min. A

similar time course in both in vivo and in vitro experiments has

been reported by other authors (De Rose et al., 1994; Mancuso

et al., 1995; Mantyh et al., 1995; Baluk et al., 1995). This

rapid kinetics can be attributed to the triggering of inside–out

signalling on PMN that increases the avidity of their

b2-integrins for the ligands. A similar effect on PMNs

displayed by chemokines and other chemoattractants is

inhibited by PKC inhibitors and agents able to increase cAMP

levels. This effect may involve (1) induction of conformational

changes that increase the intrinsic integrin affinity for ligands

and (2) induction of integrin aggregation that increases the

number of integrin/ligand interactions at the cell–cell inter-

face. According to this model, we performed experiments

showing that the SP-induced PMN/HUVEC adhesion was

completely blocked by mAbs to the PMN b2-integrins LFA-1

and OKM-1.

Other authors have detected a direct effect of SP on EC and

shown that it upregulates their expression of the b2-integrin
ligands ICAM-1 and VCAM-1, in a time-dependent manner,

probably by acting on the NK1 receptor (Nakagawa et al.,

1993, 1995; Quinlam et al., 2000). However, this effect was

relatively late since it required de novo synthesis of these

ligands. It was presumably undetectable in our experiments

that only assessed the earlier effects of tachykinins. As

Zimmerman et al. (1992) have stated, SP probably does not

increase adhesion molecule expression on PMNs or HUVEC

in a few minutes. In our system, early modulation (within 5–

10min) of HUVEC adhesion could theoretically be mediated

by upmodulation of the expression of P-selectin, which is

stored, preformed, inside EC and translocated to the plasma

membrane upon activation. This accounts for PMN rolling on

vascular EC.

However, involvement of selectins in our system was

unlikely, since no substantial inhibition of SP-induced PMN/

HUVEC adhesion was found in experiments with anti-selectin

mAbs, probably because we used a static and not a dynamic

adhesion assay.

In conclusion, this work provides experimental evidence that

SP induces an early proadhesive response of PMNs and allows

their adhesion to HUVEC. This effect was mainly mediated by

NK1 receptors, but NK2 receptors were also recruited when

higher SP doses were used. The nerve fibres that innervate

lymphoid organs are an important in vivo source of SP (Payan,

1989), but it seems that it can also be secreted by activated EC

in a later phase of the inflammatory response (Vishwanath &

Mukherjee, 1996; Quinlam et al., 2000). Therefore, SP may be

released upon antigenic, mechanical, thermal or chemical

stimuli and modulate leukocyte recruitment in both the early

and late phase of the inflammation.
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