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Peptide N-formyl-methionyl-leucyl-phenylalanine (FMLP)
activates capsaicin-sensitive primary afferent nerves in
guinea-pig atria and urinary bladder
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1 We have investigated the ability of the N-formyl-methionyl-leucyl-phenylalanine (FMLP) a synthetic
analogue of a chemotactic peptide derived from a variety of bacteria, to activate capsaicin-sensitive
primary afferents in the guinea-pig atria and urinary bladder.

2 In the isolated, electrically-driven left atria from reserpine-pretreated guinea-pigs (atropine in the
bath), FMLP (3 nmM-1uM) produced a biphasic positive inotropic response. The late component of this
response was selectively abolished by in vitro capsaicin pretreatment while both the early and late
responses were abolished by indomethacin.

3 The inotropic response to FMLP in the guinea-pig atria was unaffected by ruthenium red. The late
but not the early response was strongly inhibited or abolished by tetrodotoxin (TTX), w-conotoxin (CTX)
or by the C-terminal fragment (8-37) of human a-calcitonin gene-related peptide (hCGRP). hCGRP-(8-37)
acts as competitive antagonist at CGRP receptors.

4 In the guinea-pig isolated bladder, FMLP (10 nM—10 uM) produced a concentration-dependent contrac-
tion which was unchanged by previous in vitro capsaicin, TTX or CTX pretreatment. The response to low
concentrations of FMLP was suppressed by indomethacin, irrespective of the capsaicin pretreatment.

5 FMLP (10 um) produced a significant increase in the outflow of CGRP-like immunoreactivity (CGRP-
LI) from superfused guinea-pig atria or urinary bladder. CGRP-LI outflow induced by FMLP was
blocked by indomethacin or in vitro capsaicin pretreatment.

6 These findings indicate that FMLP activates the ‘efferent’ function of capsaicin-sensitive primary affer-
ents via prostanoid generation. This action could provide a neurogenic contribution to the overall inflam-
matory response produced by bacteria-derived peptides in inflamed tissues. In addition the present data
indicate that endogenous prostanoids generated during exposure to FMLP produce peptide secretion

from sensory nerves via a TTX- and CTX-sensitive but ruthenium red-resistant mechanism.

Introduction

N-formyl-methionyl-leucyl-phenylalanine (FMLP) is a power-
ful synthetic analogue of a chemotactic peptide derived from a
variety of bacteria (Schiffmann et al., 1975; Showell et al.,
1976). FMLP is known to produce a variety of biological
responses including airway smooth muscle contraction
(Hamel et al., 1984; Smith et al., 1985), vascular contraction
and relaxation (Crowell et al., 1989; Laplante et al., 1989), leu-
cocyte and macrophage chemotaxis and granule enzyme
secretion (Smith & Iden, 1980). The action of FMLP on gra-
nulocytes is mediated by specific receptors (Aswanikumar et
al., 1977) and some of its biological actions are indirectly
mediated by production of prostanoids (Laplante et al., 1989;
Crowell et al., 1989).

In recent years much attention has been directed to inves-
tigation of the mechanisms leading to activation of the ‘effer-
ent’ function played by capsaicin-sensitive afferents
(Szolcsanyi 1984; Maggi & Meli, 1988). Several chemical
stimuli including bradykinin (Geppetti et al., 1988; Saria et al.,
1988) or arachidonic acid metabolites (Manzini et al., 1990)
have been shown to induce secretion of neuropeptides from
peripheral endings of capsaicin-sensitive afferents. This
process is thought to be of relevance for the pathophysiology
of various organs and systems and particularly to play a
pivotal role in the genesis of neurogenic inflammation.

In this study we present functional and neurochemical evi-
dence indicating that FMLP activates, via prostanoid gener-
ation, capsaicin-sensitive afferents in the guinea-pig atria and
urinary bladder. Additionally, we investigated the effects of
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various pharmacological tools, such as w-conotoxin and
ruthenium red on the response to FMLP in the guinea-pig
atria. These pharmacological tools have been recently used
(Maggi et al., 1988; 1989a) to distinguish between different
modes of peptide secretion from peripheral endings of
capsaicin-sensitive afferents.

Methods

General

Male albino guinea-pigs weighing 250-300 g were stunned and
bled. The urinary bladder and left atria were excised and
placed in oxygenated (96% O, and 4% CO,, pH 7.4 at 37°C)
Krebs solution (urinary bladder) or Tyrode solution (atria), as
described previously (Maggi et al., 1988; 1989a; Giuliani et al.,
1989).

Functional experiments

The left atria or longitudinal strips of the urinary bladder
(mucosa-free, 1 cm long 3 mm wide) were placed in Sml baths
for isolated organs, maintained at 37°C. Tension was recorded
isometrically (atria, load 5mN) or isotonically (urinary
bladder 10 mN) by means of Basile 7050 Unirecord. The atria
were obtained from reserpine-pretreated (Smgkg™!, ip.,
72-96 h beforehand) animals and placed in Tyrode solution
containing atropine (1 uM), and driven at a frequency of 3Hz
(0.5 ms pulse width, maximal voltage) by means of a Grass S88
stimulator, as described previously (Maggi et al., 1988; 1989a;
Giuliani et al., 1989).



All experiments started after a 90 min equilibration period.
In the atria, the positive inotropic response produced by
trains of electrical field stimulation (10 Hz for 2.5s, 1 ms pulse
width, 60 V) was determined at 15-20 min intervals by means
of the second output channel of the stimulator until repro-
ducible inotropic responses, shown previously to depend on
antidromic activation of sensory nerves (Maggi et al., 1988;
1989a).

Concentration-response curves to FMLP were obtained for
the atria or urinary bladder with 30min intervals between
doses. In both cases the effect of FMLP was allowed to
develop for 10min before washing. No significant desensi-
tization was found with this protocol for the response to 10 um
FMLP checked at the end of the equilibration period or at the
end of the concentration-response curve.

In some experiments the effect of FMLP was studied in
preparations which were desensitized to capsaicin in vitro.
This was done by applying 10 uM capsaicin for 15min at the
end of the equilibration period followed by washing.

The effects of indomethacin (10 uM) on responses to FMLP
was investigated by adding the drug to the Krebs or Tyrode
solution from the beginning of the experiment.

In the atria the response to 1 umM FMLP was also investi-
gated in the presence of 0.1 uM w-conotoxin fraction GVIA
(CTX, 20min before), tetrodotoxin (TTX, 0.3uM, 10min
before), ruthenium red (10 um, 10 min before) or the CGRP
antagonist, hCGRP-(8-37) (1 uM, 10 min before). The concen-
trations of CTX, TTX and ruthenium red were selected from
previous studies in which these drugs have been shown to
inhibit responses produced by activation of sensory nerves
without exerting postjunctional effects (Maggi et al., 1988;
1989a). The C-terminal fragment of hCGRP, hCGRP-(8-37) is
a competitive antagonist at CGRP receptors, as shown by
Chiba et al. (1989). The concentration of the CGRP antago-
nist used here was selected from a previous study in which it
was shown to antagonize competitively the response to
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Figure 1 Typical tracings showing the positive inotropic response to
electrical field stimulation (EFS 10Hz, 1 ms, 60V for 2.5s) and to N-
formyl-Met-Leu-Phe (FMLP, 1 uM) administration in control (a) and
in capsaicin-pretreated (10uM for 15min) electrically-driven guinea-
pig left atria (b). EFS, applied at the dots, produced a post stimulus
potentiation (indicated by asterisks) followed by a delayed neurogenic
positive inotropic response (indicated by arrows) which is due to anti-
dromic activation of capsaicin-sensitive sensory nerves. FMLP pro-
duced a biphasic positive inotropic effect. In vitro capsaicin
desensitization abolished both the delayed positive inotropic response
to EFS and the late inotropic response to FMLP.
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hCGRP in guinea-pig left atria without affecting the inotropic
response to isoprenaline (Maggi et al., 1991).

In the atria the response to FMLP was expressed as %
variation of resting inotropism. In the urinary bladder it was
expressed as % of the response to KCl (20 mM, added to the
bath for 60s) chosen as an appropriate internal standard. The
response to KCl was not modified by previous exposure to
capsaicin or indomethacin.

Release experiments

Release of calcitonin gene-related peptide-like immunoreac-
tivity (CGRP-LI) was determined by radioimmunoassay in
superfusates from guinea-pig atria and mucosa-free urinary
bladder, using the same technique as described previously
(Maggi et al., 1989a,b). Tissue slices (100-150 mg) were placed
in a 2ml bath maintained at 37°C and superfused at a rate of
0.3mlmin~! with oxygenated (96% O, and 4% CO,) Krebs
solution containing 1 um thiorphan. Five-min (1.5 ml) fractions
were collected before (2 fractions), during (4 fractions) and
after (1 fraction) the stimulus. After a 90min equilibration
period the tissues were exposed for 20min to the stimulus.
Samples were added with acetic acid to give 2N final concen-
tration and freeze-dried. At the end of the experiments the
tissues were blotted two—three times with filter paper and
weighed.

Statistical analysis

Each value in the text and figures is mean + standard error
of the mean (s.e.mean). Statistical analysis was performed by
means of the Student’s ¢ test for paired or unpaired data or by
means of analysis of variance, as indicated in the legends. A P
value <0.05 was considered statistically significant.

Drugs

Drugs used were: N-formyl-Met-Leu-Phe (FMLP), human
calcitonin gene-related peptide (\CGRP), hCGRP-(8-37), w-
conotoxin GVIA (CTX) (Peninsula), thiorphan, indomethacin,
tetrodotoxin (TTX) (Sigma), ruthenium red (Aldrich), capsa-
icin, reserpine (Serva).

Results
Functional experiments: guinea-pig atria

FMLP (3nM-1uMm) produced, after a latency of 5-10s, a
concentration-dependent slowly developing positive inotropic
effect (Figures 1 and 2) that was fully reproducible at 30 min
interval. At 0.1-1 uM the response to FMLP was clearly bip-
hasic, as shown in a typical tracing in Figures 1 and 2. During
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Figure 2 Time-course of the inotropic effect of N-formyl-Met-Leu-
Phe (FMLP) on guinea-pig isolated left atria at various concentra-
tions (O 3nM; (J 10nM; A 0.1uM; @ 1uM). Maximal effect was
reached at 0.1-1 uM concentration with a clearly biphasic response.
Each value is the mean of 5-6 experiments with s.e. shown by vertical
bars.
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Figure 3 Time-course of the inotropic response to N-formyl-Met-
Leu-Phe (FMLP) at 1 uM concentration (O control response) on iso-
lated electrically-driven left atria of guinea-pig. Pre-exposure to capsa-
icin (@ 10um for 15min) significantly reduced the late inotropic
response to 1 uMm FMLP leaving the early one unchanged. In the pre-
sence of indomethacin (A 10 uM) the inotropic response to FMLP was
abolished.

* P < 0.05 significantly different from control response (Student’s t
test for paired data). Each value is the mean of 5-7 experiments with
s.e.mean shown by vertical bars.

the first min after FMLP application inotropism slowly
increased and reached a plateau at about 20~-30% over resting
tension. At this stage a further, marked increase in atrial ino-
tropism was observed which peaked at about 2-3min after
FMLP administration. Data in Figures 3 and 4 show that
pre-exposure of the preparations to a desensitizing concentra-
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Figure 4 Effect of capsaicin, indomethacin, tetrodotoxin (TTX),
human calcitonin gene-related peptide~(8-37) (hCGRP-(8-37)), cono-
toxin (CTX) and ruthenium red (RR) on the inotropic effect (early and
late responses calculated at 1 and 3 min respectively) produced by N-
formyl-Met-Leu-Phe (FMLP, 1uM) and for comparison by electrical
field stimulation (EFS 10Hz, 1 ms, 60V for 2.5s). In all panels (a—f),
open columns are controls; hatched columns: in (a) capsaicin 10 uM;
(b) indomethacin 10uM; (c) TTX 0.3 uM; (d) hCGRP~(8-37) 1 uM; (e)
CTX 0.1 uMm; (f) RR 10 uMm.

* P < 0.05 significantly different from the respective control (Student’s
t test for paired data). Each column is the mean of 4—6 experiments
with s.e.mean shown by vertical lines.

tion of capsaicin (10 uM for 15min) failed to affect the early
inotropic response to FMLP while the late component was
significantly reduced and the overall response to FMLP
appeared as a monophasic inotropic response with a peak at
2min after FMLP administration. In the presence of indo-
methacin (10 um) the inotropic response to FMLP was abol-
ished (Figures 3 and 4).

In subsequent experiments we investigated the action of
various substances on the biphasic inotropic response to 1 um
FMLP on the assumption that the biphasic behaviour
observed in control conditions reflected activation of two dis-
tinct mechanisms, the latter involving peptide release from
capsaicin-sensitive afferents. Tension developed in the pre-
sence of FMLP was therefore calculated at 1 and 3min after
FMLP administration and the effect of test substances evalu-
ated at these two times after FMLP administration.

Data in Figure 4 show that the early response to FMLP
was unaffected by either TTX (0.3 um), CTX (0.1 uM), ruthe-
nium red (10um) or the CGRP antagonist, h-CGRP(8-37)
(1 uM). Ruthenium red was also without effect on the delayed
response to FMLP which was, by contrast, significantly and
markedly reduced by TTX, CTX or the CGRP antagonist
(Figure 4). Data in Figure 4 also show, for comparison, the
effect of various pretreatments on the inotropic response pro-
duced in the same preparation by electrical field stimulation
which, in the present experimental conditions, has been pro-
posed to depend upon CGRP release from capsaicin-sensitive
afferents (Saito et al, 1987; Maggi et al, 1988; 1989a): the
response to electrical field stimulation was abolished or mark-
edly inhibited by in vitro capsaicin desensitization, TTX,
CGRP antagonist, CTX while it was unaffected by indo-
methacin or ruthenium red (Figure 4).

Functional experiments: guinea-pig urinary bladder

FMLP (10nM-10uM) produced a concentration-dependent
contraction of mucosa-free strips from the guinea-pig urinary
bladder. At maximal concentrations (1-10uM) the response
approached 40-50% of that to KCl (20mM) and was not sig-
nificantly affected by indomethacin (10uM), capsaicin-
pretreatment (10 um for 15 min followed by repeated washings)
or a combination of these two treatments (Figure 5, n = 5 for
each group). At low FMLP concentrations (10-100nM) no
response was observed in the presence of indomethacin
(Figure 5). The response to FMLP in capsaicin-pretreated
strips was not different from controls (Figure 5). Likewise, the
response to FMLP was not significantly modified by pretreat-
ment with either TTX (0.3 um) or CTX (0.1 uM) (n = 4 each,
Figure 5).

Release experiments

Data in Figure 6, show that 10 uM FMLP evoked a significant
increase in CGRP-LI outflow from both guinea-pig atria and
urinary bladder. The FMLP-evoked peptide release was abol-
ished, in both tissues, in the presence of indomethacin (10 um)
or in tissues pre-exposed to capsaicin (10uM for 15min) in
order to inactivate capsaicin-sensitive primary afferents
(Figure 6).

Discussion

The present findings provide functional and neurochemical
evidence indicating that the bacterial chemotactic peptide
FMLP activates indirectly, via prostanoid generation, the
‘efferent’ function of capsaicin-sensitive primary afferents and
determines the release of CGRP-LI. In both the guinea-pig
atria and urinary bladder, CGRP-LI is entirely stored in per-
ipheral endings of capsaicin-sensitive primary afferents (Su et
al., 1986; Franco-Cereceda et al., 1987) from which it has been
shown to be released in response to a variety of stimuli includ-
ing capsaicin, high potassium depolarizing media or brady-
kinin (Maggi & Meli, 1988 for review).
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Figure 5 Concentration-response curves showing the contractile
effect of N-formyl-Met-Leu-Phe (FMLP, 0.01-10 uM) on guinea-pig
isolated urinary bladder (O control response) alone and in the pre-
sence of indomethacin ([0 10 um), following in vitro capsaicin desensi-
tization (@ 10uM for 15min), a combination of these two treatments
(M), tetrodotoxin (A) or conotoxin (A).

* P < 0.05 significantly different from control (Student’s t test for
unpaired data). Each value is the mean of 4-5 experiments; vertical
lines show s.e.mean.

In the atria, the functional response produced by FMLP
was clearly biphasic with a late component ascribable to
sensory nerve activation. The early response, which persisted
after in vitro capsaicin desensitization, is most likely ascribable
to the inotropic effect of prostanoids generated by FMLP
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Figure 6 Effect of superfusion with N-formyl-Met-Leu-Phe (FMLP,
10 um) on the calcitonin-gene related peptide like (CGRP-LI) outflow
from slices of guinea-pig urinary bladder (a) or atria (b) in control
preparations (left panels), preparations pre-exposed to capsaicin
(10 uM for 15 min, middle panels) or in presence of 10 uM indomethacin
(right panels).

* P < 0.05 significantly different from the basal values (by Analysis of
Variance). Each bar indicates the mean of at least 5 experiments; ver-
tical lines show s.e.mean.
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being abolished by indomethacin. Release experiments indi-
cate that FMLP activates the efferent function of capsaicin-
sensitive afferents even in the guinea-pig urinary bladder. As
in the case of the atria, this effect of FMLP can be ascribed to
prostanoid generation, CGRP-LI release being abolished by
indomethacin. However, in the case of the guinea-pig bladder,
peptide release from sensory nerves by FMLP does not play a
relevant role in the local motor response, which was
unchanged by capsaicin, TTX or CTX pretreatment. In spite
of this, the contraction of the bladder induced by FMLP is
partially indomethacin-sensitive. It appears therefore that the
motor effect produced by sensory nerve activation in the
guinea-pig bladder is masked by the larger contraction pro-
duced by FMLP through capsaicin-insensitive mechanisms.
However, we cannot exclude the possibility that the local
release of sensory neuropeptides by FMLP in the bladder
might have a prominent action on other smooth muscle cells,
e.g. in the regulation of blood flow and vascular permeability,
thus contributing to the overall symptoms of cystitis.

The electrically driven left atria from reserpine-pretreated
guinea-pigs (atropine in the bath) have been repeatedly shown
to provide an excellent bioassay for functional responses pro-
duced by activation of capsaicin-sensitive primary afferents
(Saito et al., 1988; Maggi et al., 1988; 1989a). In these particu-
lar experimental conditions, sensory nerve activation deter-
mines a positive inotropic response which is thought to be
mediated by endogenous CGRP (Franco-Cereceda et al.,
1987; Saito et al., 1988). This is further supported by the
observation that hCGRP-(8-37), which acts as a competitive
antagonist at certain CGRP receptors (Chiba et al., 1989),
selectively blocked the inotropic response to hCGRP (pA, 6.8)
without affecting that to isoprenaline (Maggi et al., 1991). The
CGRP antagonist blocked the positive inotropic response
produced by electrical field stimulation and the late response
to FMLP without affecting the inotropic response to iso-
prenaline (Maggi et al., 1991) or the early response to FMLP.
This result provides pharmacological evidence for an involve-
ment of CGRP in the late component of the functional
response to FMLP.

Recently, evidence has been presented indicating that two
distinct mechanisms for activation of the ‘efferent’ function of
capsaicin-sensitive primary afferents exist (Maggi et al., 1988;
1989a). The first mechanism, activated by capsaicin itself,
involves a TTX-resistant direct stimulation of sensory nerve
endings that is selectively blocked by ruthenium red and does
not involve the voltage-sensitive calcium channels. The second
mechanism, activated by electrical field stimulation, involves
the generation of a propagated action potential (TTX-sensi-
tive) which invades antidromically sensory nerve endings and
determines peptide secretion via CTX-sensitive calcium chan-
nels. This second mode of sensory nerve activation is unaf-
fected by ruthenium red at concentrations which block the
effect of capsaicin (Maggi et al., 1989a).

Present data indicate that the indirect action of FMLP on
sensory nerves, via prostanoid generation, fits this second
mechanism of activation e.g. mimics an axon reflex arrange-
ment.

As discussed in the Introduction, FMLP is a synthetic che-
moattractant peptide derived from bacteria. It has been pro-
posed that FMLP-like peptides generated during bacterial
infections play a pathogenic role in inflammatory diseases by
virtue of their powerful chemotactic activity. The present
results indicate an additional mechanism through which
bacteria-derived peptides could exert a local pro-
inflammatory action i.e. sensory neuropeptide release from
peripheral endings of capsaicin-sensitive primary afferents.
This might be important in the case of the urinary bladder
bacterial cystitis and, in the heart, for pericarditis/myocarditis.
The action of FMLP on sensory nerves at this level could
participate in the genesis of symptoms by stimulating reflexes
(pain, cardiovascular reflexes) and, through peptide release
from sensory nerves, contribute to the overall inflammatory
process.
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