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Activation of human neutrophils by substance P:
effect on FMLP-stimulated oxidative and arachidonic acid metabolism
and on antibody-dependent cell-mediated cytotoxicity
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SUMMARY

We show that the neuropeptide, substance P (SP), a putative mediator of neurogenic inflammation, is
a potent regulator of mature, human neutrophil function. SP increased neutrophil cytotoxic activity
against an antibody-coated target (P815 cells) in a dose-dependent manner. The maximal effect was
noted at an SP concentration of 10~*M, when cytotoxicity increased from 4-7+0-9% to 33-4 + 10-3%.
This effect was not due to toxicity of SP against the target cells and was antibody-dependent. The level
of cytotoxic activity induced by SP was comparable to that described for a number of cytokines, such
as GM-CSF, under identical assay conditions. SP-induced cytotoxicity was 73-1+5:8% of that
produced by an optimum concentration of conditioned medium known to contain a number of
cytokines which activate mature neutrophils. In addition, SP enhanced FMLP-stimulated superoxide
anion production by neutrophils in a dose-dependent fashion. Neutrophils preincubated with
medium or 7-5 x 10~ M SP and then stimulated with 10-” M FMLP produced 7-9 +2-7 and 29-9 +3-7
nmol superoxide anion/10° cells, respectively. This priming effect of SP was rapid in onset ( < 15 min)
and was maximal from 15 to 60 min, after which it declined. It was not reversed by washing the cells
and was temperature dependent. SP did not shift the dose-response curve to FMLP to the left, but it
enhanced the response to FMLP in the concentration range 10~8-10-¢ M. Similarly SP enhanced
LTB, and S-HETE production by FMLP-stimulated but not calcium ionophore-stimulated
neutrophils. Therefore, these data provide evidence that SP regulates a number of neutrophil
functions and suggests a mechanism whereby the nervous system may affect the immune response.
Furthermore, the regulatory effects of SP on the neutrophil functions studied appear to be similar to

those of a number of cytokines that have been previously implicated in inflammation.

INTRODUCTION

The undecapeptide substance P (SP) (Arg-Pro-Lys-Pro-Gln-
Gln-Phe-Phe-Gly-Leu-Met-NH,) was originally isolated from
the equine brain, but is now known to be distributed widely in
the central and peripheral nervous systems of many species,
including man (Pernow, 1983; Holzer, 1988). In the peripheral
nervous system it is synthesized in dorsal root ganglion cells and
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itis present mainly in C-afferent fibres, where it is thought to act
as a neurotransmitter.

A number of studies have suggested that SP is involved in the
inflammatory response, so called neurogenic inflammation,
following its release by local axon reflexes (Jancso, Jancso-
Gabor & Szolcsanyi, 1967; Thureson-Klein et al., 1987). SP has
a number of actions on non-neuronal tissues which lend support
to this role as a chemical mediator of inflammation and as a link
between the nervous system and the immune response: it induces
a vasodilator response and causes tissue oedema (Lundberg et
al., 1983) and it has direct effects on a number of inflammatory
cells (reviewed by Payan, McGillis & Goetzl, 1986).

SP also has a regulatory role by stimulating the release of
cytokines such as IL-1 and IL-6 (Lotz, Vaughan & Carson,
1988) and interferon-gamma (IFN-y) (Wagner et al., 1987), as
well as inflammatory mediators including histamine (Shanahan
et al., 1985) and prostaglandins (Hartung, Wolters & Toyka,
1986), all of which are important in the acute-phase reaction.
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In the skin, SP has been implicated in the wheal and flare
reaction in response to a number of noxious stimuli as well as
antigen challenge (Foreman & Jordan, 1983). All of these
findings have led to the hypothesis that SP is the chemical
mediator of inflammation in a number of diseases, including
asthma (Barnes, 1986) and rheumatoid arthritis (Lotz, Carson
& Vaughan, 1987; Levine et al., 1984).

In order to define the role of SP in inflammation more
precisely, we investigated its effects on human neutrophil
function. We report that SP stimulates neutrophil antibody-
dependent cell-mediated cytotoxicity (ADCC) but that it has
little direct effect on superoxide anion (O;) production or
metabolism of arachidonic acid (AA) via the 5-lipo-oxygenase
pathway. However, SP primed neutrophils to produce increased
amounts of Oy, leukotriene B4 (LTB,) and S-hydroxyeicosate-
traenoic acid (S-HETE) in response to the stimulus formyl-
methionyl-leucyl-phenylalanine (FMLP). This is the first report,
to our knowledge, that SP acts as a priming agent for
neutrophils.

MATERIALS AND METHODS

Isolation of human neutrophils

Neutrophils for ADCC and O; production were isolated from
the peripheral blood of normal volunteers who did not suffer
from clinical asthma or allergic rhinitis. A leucocyte fraction
was obtained by sedimenting the erythrocytes with dextran
(Dextran T-500; Pharmacia, Uppsala, Sweden). Neutrophils
were isolated by density-gradient centrifugation (400 g, 20 min,
22°) using Lymphoprep (NYCOMED AS, Oslo, Norway) and
hypotonic lysis of residual erythrocytes. The cells were always
> 96% pure, as determined by Grunwald-Giemsa staining, and
>98% viable by trypan blue exclusion. Neutrophils were
resuspended either in RPMI-1640 medium containing 20 mMm
HEPES (Gibco, Grand Island, NY), 2 mm L-glutamine, 60 ug/
ml penicillin and 8 ug/ml gentamycin for the ADCC assay, or in
a modified Dulbecco’s phosphate-buffered saline (DPBS;
Gibco; 0-5 mm Mg?*, 0-5 mm Ca?*, 0-75 mM glucose, pH 7-3) for
measurement of O production. For assessment of LTB4and 5-
HETE production, neutrophils were isolated using Percoll as
described previously (McColl et al., 1986). Briefly, erythrocytes
were sedimented with dextran and the neutrophils were purified
on a double Percoll gradient, specific gravities 1-070 and 1-092
(Pharmacia), at 450 g for 20 min at 22°. Cells were collected from
the interface between the two Percoll layers, washed in DPBS
(Ca?* and Mg?* free) and resuspended in DPBS.

Antibody-dependent cell-mediated cytotoxicity

The method had been described in detail previously (Vadas,
Nicola & Metcalf, 1983). All experiments were performed in
triplicate and SD were < 10% in each experiment. The assay was
performed in RPMI-1640 containing 0-1% bovine serum albu-
min (BSA). Briefly, 40 ul (containing 4 x 10°) of 5!Cr-labelled
trinitrophenyl (TNP)-coupled P815 target cells (DBA/2 masto-
cytoma; a gift from Dr Angel Lopez, Institute Medical and
Veterinary Science, Adelaide) were mixed with 80 ul (1-:2 x 10%)
neutrophils as effector cells (target:effector ratio (1:30) and
24 pl of rabbit IgG anti-TNP (Miles-Yeda, Rehovot, Israel) and
16 ul of SP (final concentrations 10-7, 10-6, 105, 2-5x 103,
5x%10-5, 7-5x 10-% and 10-* M) (AUSPEP, Melbourne) in V-
bottomed microtitre plates. The final volume was 160 ul. After

incubation for 2-S hr at 37°, 80 ul of the supernatant were
removed and the radioactivity counted using a gamma-counter
(LKB, Turku, Finland, 1282 Commugamma, Universal gamma

counter). .
Percentage cytotoxicity was calculated as follows:

% cytotoxicity =
experimental c.p.m. — spontaneous release c.p.m.

x 100
total c.p.m. —spontaneous release c.p.m.

where spontaneous release was the !Cr released from P8135 cells
in the presence of medium alone and the total count was the 5'Cr
released from P815 cells lysed by the addition of 4% Triton
X-100.

We used bladder-conditioned medium (BCM) from the
bladder carcinoma cell line, U5637 (a gift from Dr Angel Lopez)
as a positive control since it contains a number of colony-
stimulating factors (CSF) known to enhance human neutrophil
ADCC (Vadas et al., 1983; Lopez et al., 1986).

Superoxide production

Generation of O; was measured as superoxide dismutase
(SOD)-inhibitible reduction of ferricytochrome C. This was
determined by addition of SOD (10 ul of 2 mg/ml; Boehringer
Mannheim, GMbH, FRG) to duplicate samples in all experi-
ments. In the initial dose-response experiments, 10° neutrophils
were incubated in triplicate with cytochrome C (Calbiochem-
Behring, N.S.W.; final concentration 10-* M) with medium or
varying concentrations of SP (10~°-10-4 M) in a final volume of
1-0 ml. Cells were incubated for 30 min at 37° and then FMLP or
medium was added (10 pl; final concentration 10-7 M) and the
mixture incubated for a further 6 min. The reaction was stopped
by addition of SOD (10 ul of 2 mg/ml) and by immersion of
tubes in ice water (4°). The cells were pelleted by centrifugation
at 4°. O; production was measured by reduction of cytochrome
C by measuring absorption at 550 nm (Weening, Weever &
Roos, 1975) and using an extinction coefficient of 21-1 nMm~!
cm~! (Van Gelder & Slater, 1962). In subsequent experiments
(kinetics, temperature-dependence and effect on FMLP dose-
response curve), purified neutrophils (5x 10%/ml) were incu-
bated in triplicate with medium or different concentrations of SP
for the stated times at 37°. Then, 200 ul of cells (10°) were
removed and added to 800 ul of a mixture containing cyto-
chrome C (10~* M) and FMLP (at stated concentrations). This
reaction mixture was then incubated for 6 min at 37° and the
reaction was stopped as outlined above.

LTB, and 5-HETE production

Neutrophils isolated by Percoll density-gradient centrifugation
were washed and resuspended in DPBS (10°¢ cells/ml). Nine-
hundred microlitres of cells were incubated with medium or SP
(10-7and 5 x 10-5 M) for 15 min at 37°, and were then stimulated
with 0-5 um A23187 (Sigma, St Louis, MO) or 10-7 M FMLP
(Sigma) for 5 min at 37° in the presence or absence of 10-5 M
arachidonic acid (AA; Sigma). The reaction was stopped by
addition of 250 ul of 100 mM citric acid, which reduced the pH to
3. Internal standards [Prostaglandin B, (Sigma) and 15-HETE,
synthesized according to the method of McColl et al. (1986)]
were added to the samples followed by extraction with a
chloroform-methanol mixture (7:3). The organic phase was
collected, evaporated to dryness under vacuum using a centrifu-
gal evaporator (Savant, Hicksville, NY) and the samples were
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Figure 1. The effect of SP on neutrophil cytotoxicity. Neutrophils were
incubated with various concentrations of SP (10~7-10~* M) or medium
asindicated for 25 hr with the indicated dilutions of anti-TNP antibody
(m, 0 antibody; O, 1/300; O, 1/1000; @, 1/3000). Data are means + SEM
of four experiments performed in triplicate. * Indicates values (in
presence of SP) which differ significantly from the corresponding
medium control (P <0-05-P <0-01).

reconstituted in 100 ul of methanol. Aliquots of 25 ul were
analysed with each run. LTB, and 5-HETE were measured by
reversed-phase high-performance liquid chromatography
(HPLC) as described previously (McColl et al., 1986).

HPLC analysis

The HPLC system was from Waters Millipore (Milford, MA)
and included a model 510 pump, 730 data module, 490 variable
wavelength UV detector and 710B WISP autoinjector. The
mobile phase was methanol-water-acetic acid (70:30:0-08) and
the pH was 6-2 (adjusted with ammonium hydroxide). The
separation was done using a C;s Nova Pak column (Waters
Millipore) and guard column at a flow-rate of 1-5 ml/min.
Detection of LTB, was carried out at 270 nm and 5-HETE at
235 nm.

Statistics

Data were analysed using Student’s paired z-test and analysis of
variance or non-parametric statistics (Mann-Whitney U test) as
indicated, using a MacIntosh Plus computer and the Statview
512™ (1986) statistics package. Results are expressed as
mean +SEM (n=number of experiments).

RESULTS

Effect of SP on ADCC

SP stimulated neutrophil cytotoxicity in a dose-dependent
manner at all antibody concentrations tested (Fig. 1). Optimal
antibody dilution was 1/300. At higher antibody concentra-
tions, high levels of cytotoxicity were seen in the absence of a
stimulus in some individuals. At this antibody dilution, a
significant effect was noted at an SP concentration of 2-5 x 10~3
M (11-1+1-6% versus 4-7+0:9%, n=4, P <0-02, compared to
medium control). Maximal mean cytotoxicity was observed at
104 m SP (33:-4+10-3%, n=4, P<0-05). However, in one
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Figure 2. The effect of SP on superoxide production. Neutrophils (10%/
ml) were incubated with cytochrome C and the stated concentrations of
SP (10~°-10~* M) or medium control for 30 min at 37°. They were then
stimulated with 107 M FMLP (O) or diluent (@) for 6 min. Data are
means + SEM of four experiments each performed in triplicate.

subject maxmum cytotoxicity (37-5%) was seen at an SP
concentration of 5 x 10-% M, while it occurred at 10~* M in the
remaining three (34, 39 and 55%). Since the magnitude of the
response to SP differed between individuals, data were also
calculated as a percentage of ADCC stimulated by an optimum
dilution of BCM (1/10). In these experiments mean maximal
cytotoxicity induced by SP was 73-1 +5-8% of that induced by
BCM (range 64:2-88-7%).

At antibody dilutions of 1/3000 and 1/1000 a small but
significant effect was noted at an SP concentration of 5x 10-5M
compared to medium control (4:5+0-6% and 10-9+1-9%
versus 2:4+1:0% and 3:4+0-2%, P<0-02 and P<0-04, re-
spectively). Maximum effects were seen at an SP concentration
of 10-*M (8-1+1:4% and 20-6 +2-2%, P<0-05 and P=0-005,
respectively).

Spontaneous release of 5'Cr from target cells was < 10%. No
significant cytotoxicity was noted in the absence of antibody or
neutrophils. In the absence of SP or BCM, cytotoxicity was
< 7% at all antibody concentrations tested. SP alone exhibited
no cytotoxicity on the target cells.

Effect of SP on superoxide production

In initial experiments, 10° neutrophils were incubated with
cytochrome C and SP (10-°-10-* M) or control medium for
30 min at 37°. At the end of this period cells were stimulated by
the addition of 10-7 M FMLP or control diluent and Oy
production measured after 6 min. Data are shown in Fig. 2. SP
alone (without subsequent stimulation with FMLP) induced a
small but significant production of O, (3:6 £ 1-6 nmol/10° cells
at 7-5x 105 M SP, n=4). This represented 48+ 15% of the
response induced by 10-7 M FMLP. Preincubation with SP
greatly enhanced FMLP-stimulated O; production in a dose-
dependent fashion (Fig. 2). A small priming effect was noted at
10~% M (11-0+3-6 nmol O;/10¢ cells, P<0-03) and the maxi-
mum effect was noted at 7-5x 10-5 M SP (29-143-7 versus
7-9+2-7 nmol O;/10° cells for SP and medium control,
respectively, P<0-01). At this optimum concentration SP
enhanced the response to FMLP approximately five-fold
(4801 146%, range 252-906%).

In order to study the kinetics of this priming effect,
neutrophils (5 x 104/ml) were incubated with 5x 10~5 M SP at
37° for varying times (1-120 min). At each time point, 10°
neutrophils were placed into tubes containing 10-” M FMLP
(final concentration) and cytochrome C. The reaction was
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Figure 3. The effect of SP on FMLP-stimulated superoxide production
as a function of time. Neutrophils (5 x 10¢/ml) were incubated with
medium (W) or 5 x 10~5 M SP (O) at 37° for the indicated times. At each
time point 10° neutrophils were added to tubes containing cytochrome C
and 10-7 M FMLP and O, production measured. Values are
mean + SEM from four experiments each performed in triplicate.
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Figure 4. Effect of SP on the superoxide dose-response to FMLP.
Neutrophils were incubated with 5 x 10~5 M SP (O) or medium (M) for
30 min and were then stimulated with the stated concentrations of
FMLP or diluent for 6 min. Values are mean+SEM from four
experiments each performed in triplicate.

stopped at 6 min. Results are depicted in Fig. 3. The priming
effect of SP on FMLP-stimulated O, production was already
evident at 5 min, plateaued between 15 and 60 min (P <0-05-
<0-0025) then declined slowly, but was still significant at
120 min (P <0-02, Fig. 3). In these experiments there was no
significant O; production when neutrophils were stimulated
with SP alone for 6 min.

The effect of SP on the O, dose-response curve to FMLP
was also investigated (Fig. 4). SP enhanced the response to
FMLP at all doses tested between 10-% and 10-¢ M FMLP
(P<0-05-0-02), but did not shift the FMLP dose-response
curve to the left.

To test the temperature dependence of the priming effect of
SP, neutrophils were incubated with 5 x 10~ M SP or medium
for 30 min at 4° (on ice), 24° or 37°. They were then washed twice
in DPBS, allowed to equilibrate to 37°, and then stimulated with
10-7M FMLP for 6 min. Data are shown in Fig. 5. The priming
effect was not evident when cells were incubated with SP at 4°.
Cells incubated at 24° and 37° showed an enhanced response to
FMLP from 12-3+3:1 to 15-4+2:3 nmol O;/10° cells (n=4,
P<0-05) and 10:7£2:6 to 21:3+4-3 nmol O;/10° cells
(P <0-015), respectively. Furthermore the effect of SP was not
reversed by washing the cells after incubation. When cells were
incubated with SP at 37° the response after washing before
stimulation with FMLP did not differ to that when cells were
stimulated without washing (Fig. 5).

P<0-0I5 P<0-025

Superoxide anion (nm/10° cells)

Temperature (°C)

Figure 5. Temperature dependence of SP on FMLP-stimulated super-
oxide production. Neutrophils were incubated with SP 5 x 10~ m (®) or
medium (O) for 30 min at the stated temperature, washed, and then
stimulated with 10~7 v FMLP at 37°. Data are means + SEM from four
experiments each performed in triplicate. 37* refers to cells which were
incubated with SP or medium at 37° and then stimulated with FMLP
without prior washing. Values which differed significantly are shown.

Table 1. The effect of SP on LTB, and 5-HETE production
by neutrophils stimulated with FMLP or A23187 with or

without AA
Conc. S-HETE LTB,
of SP (M)  Stimulus AA (ng/10° cells) (ng/10°cells)
0 (medium) A23187 —  29:8+4-2 73+1-0
0 (medium) + 10474132 12.3+1-4
10-7 A23187 —  30:6+87 6:0+1-2
10-7 + 1101116 12-1+20
5x 103 A23187 —  432+12:1 87420
5x10-3 + 117-8+£107  14-5+2-7
0 (medium) FMLP — ND ND
0 (medium) +  234462* 3-5+0-8%
10-7 FMLP - ND ND
10-7 + 267168 43+1:1
5x10-3 FMLP - ND ND
5x10-3 43-1+7-4* 7-0+ 1-4%

Neutrophils (10%/ml) were incubated with medium or
SP for 15 min and then stimulated by addition of 5 um
A23187 or 10-7 M FMLP with or without AA (10 uMm).
Data are means+ SEM (three experiments performed in
triplicate).

Values with the same superscript (*, 1) are significantly
different from each other (P <0-05).

ND, not detected.

+ Refers to presence or absence of AA.

Effect on LTB, and S-HETE production

The effect of SP on the production of the metabolites of the
5-lipo-oxygenase pathway, LTB, and 5-HETE, was studied by
incubating cells with medium or SP (10-7 or 5x 10-% M) for
15 min followed by stimulation by 0-5 um A23187 or 10~ M
FMLP for 5 min in the presence or absence of 10 uM exogenous
AA. As can be seen from Table 1, SP did not significantly affect
the production of LTB, and 5-HETE by neutrophils stimulated
with A23187, but did increase the response to FMLP plus AA
(P <0-05). LTB, production increased from 3-5+0-8 to 7-0+ 24
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ng/10¢ neutrophils (n = 3) after preincubation with 5 x 10~-*M SP
and stimulation with FMLP plus AA; S-HETE production
increased from 234 10-7 to 43 4 12-8 ng/10¢ cells. SP alone did
not stimulate any LTB; or 5-HETE production (data not
shown).

DISCUSSION

The present study shows that SP regulates human neutrophil
function in a complex and selective manner: It enhances
neutrophil effector activity by directly stimulating ADCC and
to a lesser extent O, production. A much more dramatic effect is
to enhance the production of inflammatory mediators (LTB,,
S-HETE and O;) following stimulation with FMLP. These are
neutrophil functions which are thought to have an important
role in the pathogenesis of inflammation. Therefore, on the basis
of these studies, and the work of others, SP appears to be a
potent pro-inflammatory agent able to stimulate the production
of oxy radicals and AA metabolites, to degranulate neutrophils
(Marasco, Showell & Becker, 1981) and to stimulate neutrophil
chemotaxis and phagocytosis (Bar-Shavit et al., 1980; Marasco
etal., 1981). We show that it is also able to prime neutrophils for
an enhanced response to a second stimulus. Furthermore, these
effects of SP on neutrophil function are qualitatively and
quantitatively similar to those of a number of cytokines such as
GM-CSF and tumour necrosis factor (TNF) under the same
assay conditions (Vadas et al., 1983; Lopez et al., 1986;
Atkinson et al., 1988 a,b). For example, Lopez et al. (1986)
reported that GM-CSF increased neutrophil ADCC from 6% to
32%, comparable to the levels induced by SP.

SP stimulated ADCC by human neutrophils. This effect was
not due to the toxic effect of SP on the target cells and was
dependent on the antibody concentration. Spontaneous cyto-
toxicity (in the absence of antibody) was not enhanced. The
mechanisms by which neutrophils lyse antibody-coated target
cells are uncertain: contact between the effector and target cells
is necessary and neutrophil degranulation may also be impor-
tant (Dallegri et al., 1987). A possible mechanism by which SP
may stimulate ADCC is to increase the expression of neutrophil
Fc gamma receptors or to degranulate neutrophils. Production
of oxy radicals may also be important: although SP alone
induced little O; production by neutrophils, it is possible that
SP also primes the O; response to Fc stimulation. We are
currently performing experiments to determine the mechanisms
involved. Several other studies have shown that SP affects
neutrophil opsonin-dependent phagocytosis and degranulation
(Bar-Shavit et al., 1980).

SP enhanced the production of mediators including Oj,
LTB, and 5-HETE following stimulation with FMLP. Serra et
al. (1988) reported that SP stimulated neutrophils to produce
H;0,, an effect noted at SP concentrations greater than 104 M.
We showed a small direct effect of SP on O~ production, but no
direct effect on AA metabolism via the 5-lipo-oxygenase
pathway.

The mechanism(s) by which SP primes the neutrophil
response to FMLP is (are) uncertain. Marasco et al. (1981)
reported that in rabbits, SP stimulated neutrophil chemotaxis
and caused degranulation, most likely by binding to the FMLP
receptors. In our experiments this is an unlikely mechanism
since SP potentiated O, production in response to FMLP. If SP
were binding to the human FMLP receptor, this would be

expected to interfere with the subsequent response to FMLP.
Furthermore recent evidence suggests that SP acts via a
biochemical pathway which differs from that induced by FMLP
(Serra et al., 1988).

The priming effect of SP on O; production was rapid in
onset (<15 min) and the FMLP dose-response curve was not
shifted to the left. A possible mechanism by which SP exerts its
effects may be to mobilize intracellular calcium with subsequent
translocation of protein kinase C to the cell membrane. SP
increases phosphoinositide turnover in brain (Watson &
Downes, 1983) and human neutrophils (Serra et al., 1988) and
mobilizes intracellular calcium in neutrophils (Serra et al., 1988)
and smooth muscle cells (Payan, 1985). This could have the
effect of increasing the intrinsic responsiveness to FMLP, an
agonist which appears to act through the phospholipase C
pathway (Allen et al., 1988; Omann et al., 1987). A more likely
mechanism is that SP modulates the neutrophil FMLP receptor
in much the same way as reported for TNF (Atkinson et al.,
1988b) and GM-CSF (Atkinson et al., 1988a), i.e. it may convert
low-affinity FMLP receptors to intermediate-affinity receptors.

Our data extend our knowledge by showing that SP primes
neutrophils for an increased production of LTB,and 5-HETE in
response to FMLP plus AA but not A23187.

There are several questions which need to be addressed
concerning the role of SP in regulating neutrophil effector
function, including specificity and whether the effects are
receptor-mediated, and the physiological relevance in vivo. To
date these questions must remain largely unanswered. The
finding that ADCC, but not O; (to any extent) or AA
metabolism are stimulated by SP per se, argues for a specific
effect. We have found that high concentrations of SP are needed
to demonstrate its effect on neutrophils and it is uncertain at the
moment if neutrophils are exposed to SP concentrations of the
magnitude used in our studies in vivo. The concentrations
needed to demonstrate an in vitro effect under our assay
conditions are similar to those needed to degranulate mast cells
in vitro (Shanahan et al., 1985). Nevertheless, there is evidence
that, in vivo, axon reflexes (which lead to the release of SP) cause
a wheal and flare response, part of which is due to secondary
release of histamine from skin mast cells (Foreman & Jordon,
1983). These data suggest indirectly that local concentrations of
SP (i.e. in the cell micro-environment) may be quite high.
Furthermore, a number of factors may modulate the metab-
olism of SP or the responsiveness of the cell to SP at the site of
inflammation in vivo, as has been demonstrated for its effects on
smooth muscle contraction (Stimler-Gerard, 1987).

In summary, we provide evidence that SP regulates neutro-
phil effector functions and provide further evidence for a link
between the nervous system and the immune response.
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