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Abstract

Introduction: Airway sensory nerves have the capacity to release neuromediators such as substance P and nitric oxide to control airway

functions. The aim of the present study was to investigate substance P and neuronal nitric oxide synthase (NOS-1) expression in airway-

specific sensory neurons.

Methods: Airway-projecting neurons in the jugular-nodose ganglia were investigated for NOS-1 and substance P expression by neuronal

tracing and double-labelling immunoreactivity.

Results: Of the Fast blue labelled neurons, 14.6F1.8% (meanFS.E.M.) were immunoreactive only for NOS-1, 3.0F0.3% for NOS-1 and

substance P, 2.7F0.3% only for substance P, and 79.7F1.7% of the labelled neurons were nonimmunoreactive for substance P or NOS-1 but

were partly positive for I-B4-lectin-binding. Fast blue labelled NOS and/or substance P-positive neurons were small to medium sized

(b20Am).

Conclusion: Based on the expression of substance P and nitric oxide synthase in airway neurons, the present study suggests that there may be

substance P and NO biosynthesis and release following a peripheral activation of the afferents, there could be a triggering of substance P and

NO-mediated phenomena, including those related to airway inflammation, such as plasma extravasation and vasodilatation.

D 2004 Elsevier B.V. All rights reserved.

Keywords: Airway sensory innervation; Neuronal tracing; Double immunohistochemistry; Mice; Jugular and nodose ganglia
1. Introduction

Airway sensory nerves have the capacity to respond to a

broad range of stimuli, including capsaicin, bradykinin,

adenosine 5́-triphosphate (ATP), hyperosmolar saline,

tobacco smoke and cold dry air with the release of
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Research Unit of Allergy Charité, Humboldt University Ostring 3, R.

3.0066 Augustenburger Platz 1 D-13353 Berlin, Germany. Tel.: +49 30 450

559852; fax: +49 30 450 559951.

E-mail address: q-thai.dinh@charite.de (Q.T. Dinh).
substance P (SP) and/or nitric oxide (NO) [1–6]. The gas

molecule NO and the peptide SP are reported to be

important modulators of the respiratory system. In the

periphery released from the afferent nerve terminals, SP

has been demonstrated to mediate many effects such as

neurogenic airway inflammation [7,8]. Neurogenic inflam-

mation can be described as a complex response consisting

of increased vascular permeability, plasma extravasation,

glandular secretion and proinflammatory cells influx which

are mediated by SP.

There is also increasing evidence that endogenous nitric

oxide (NO) plays an important role in the physiological

regulation of airway functions and may be involved in many
6 (2005) 189–194
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aspects of airway diseases [3,9,10]. NO is generated by NO

synthase (NOS), of which three isoforms, the neuronal

(nNOS, NOS-I), endothelial (eNOS, NOS III) and inducible

(iNOS, NOS II) are known [11,12].

SP and NOS-I expression so far has been described only

in the innervation of human and guinea pigs lower

respiratory tract [13,14], the present study, therefore, aimed

to examine the occurrence and distribution of SP and NOS-I

in airway-specific jugular-nodose ganglia complex (JNC)

neurons that innervate the lower respiratory tract of mice by

using neuronal tracing techniques in combination with

double immunohistochemistry.

The mouse has been chosen in this study as it serves

increasingly as species for animal models to study airway

diseases due to the advantages of genetically altered mice

with targeted disruption or overexpression of genes [15].

Contrary to numerous existing reports on murine airway

immunology [16,17] and airway neurobiology of species

such as guinea pig [13,18,19], rat [20,21] and human

[14,19], only little is known on the airway neurobiology of

the mouse.
2. Materials and methods

2.1. Animals

In total, seven adult female FVB mice weighing 15–20

g were used. The animals were kept under standard

laboratory conditions. All protocols were performed in

accordance with the Animal Welfare Act and the National

Institutes of Health bGuidelines for the care and Use of

Laboratory AnimalsQ (NIH publication 85-23, revised

1985) and approved by the state animal committee

(0059/01).

2.2. Neuronal tracing and tissue preparation

Animals were anaesthetised with intraperitoneal injec-

tions of ketamine hydrochloride (Ketanest, Parke-Davies,

Freiburg, Germany; 10 mg/kg, body weight) and xylazine

hydrochloride (Rompun, Bayer, Leverkusen, Germany; 10

mg/kg). The midcervical trachea of the animals was

surgically exposed, and 5 Al Fast blue tracing dye (2%

aqueous solution containing 1% dimethyl sulphoxide

(DMSO); Sigma, St Louis, MO, USA) was injected between
Table 1

Colocalisation of SP and NOS-1 immunoreactivities in sensory neurons in the ju

FB+/NOS-1�/SP�a (10–38F2 Am) FB+/NOS-1+/SP�b (10–25F2 Am) F

JNC 79.7F1.7% 14.6F1.8% 3

Colocalisation of SP and NOS-1 immunoreactivities in JNC neurons innervating

neither SP nor NOS-1, 14.6% of Fast blue labelled neurons express NOS-1, only

solely positive for SP-immunoreactivity. Percentages of Fast blue labelled neuron

from 10 to 40 Am; bFB+/NOS-1+/SP� were neurons with diameters shorter than 2

and dFB+/NOS-1�/SP+ were neurons with diameters shorter than 20 Am Fast bl
the fourth and fifth tracheal cartilage, using the tip of a 10-Al
syringe (Hamilton, Bonaduz, Switzerland) into the right

main stem bronchus. The cut between the two cartilages was

sutured with a 7–0 Vicryl suture, and the skin sutures were

made with 4–0 Vicryl suture (Ethicon, Norderstedt, Ger-

many). Major bleeding was not observed during and after

the operation. After the injection procedure, animals were

placed with elevated head for about 5 min. With this

technique, we have previously demonstrated that this small

amount of the tracer dye is limited to the lower trachea and

the lung [18,22]. All animals recovered undisturbed for a

postoperative period of 7 days until they were killed by CO2

asphyxiation.

Directly after asphyxiation, the animals were perfusion-

fixed retrograde through the abdominal aorta with freshly

prepared Zamboni’s solution (2% paraformaldehyde, 15%

picrinic acid, 0.1 M PBS, pH 7.4 for 5 min), as described

previously [23]. This routine protocol was performed to

ensure optimal conditions for immunohistochemistry and

published previously for immunohistochemical analysis of

ganglionic neuropeptide expression [18,22]. Dissection of

the Zamboni-fixed JNC and lung samples was followed by

rinses in 0.1 M phosphate buffer (pH 7.4) and cryoprotec-

tion with 18% sucrose in 0.1 M phosphate buffer overnight.

Serial sections of the ganglia and lung were cut on a cryostat

(Leica, CM 1900, Bensheim, Germany) to 8 Am and air

dried for 30 min.

2.3. Immunohistochemistry for SP-, NOS-1- and I-B4-lectin

binding

Ganglia and lung sections were first incubated for 1 h

with phosphate-buffered saline (PBS) containing 10%

normal swine serum to block nonspecific protein binding

sites and 0.5% Tween 20 to enhance penetration of

immunoreagents. Ganglia and lung sections were then

incubated with a combination of a monoclonal antibody

from rat that recognises SP (Boehringer Ingelheim

Heidelberg, Germany; dilution 1:400) with a polyclonal

antiserum to NOS (Dr. B. Mayer, Graz, Austria; dilution

1:1000). In separate studies, biotinylated I-B4 lectin

(Sigma, Deisenhofen, Germany; dilution 1:50) was used

to identify nonpeptidergic C-fiber neurons. After rinsing

in phosphate-buffered saline (PBS), a biotinylated sheep

antirat immunoglobulin (IgG) (Amersham; dilution 1:100)

was applied for 1 h. Following several washing steps, all
gular-nodose ganglia innervating the mouse airways

B+/ NOS-1+/SP+c (10–20F2 Am) FB+/NOS-1�/SP+d (10–20F2 Am)

F0.3% 2.7F0.3%

the mouse airways. Nearly 79.7% of the Fast blue labelled neurons express

3% of Fast blue labelled neurons is reactive for NOS-1 and SP, and 2.7% is

s which express aFB+/NOS-1�/SP� were neurons with diameters ranging

0 Am; cFB+/NOS-1+/SP+ were neurons with diameters shorter than 20 Am;

ue (FB).
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sections were incubated with a mixture of a streptavidin–

texas red conjugate (Amersham, Freiburg, Germany;

dilution 1:200) and FITC-conjugated goat antirabbit IgG

(Cappel, ICN Pharmaceuticals, OH, USA; dilution 1:400)

for 1 h. Finally, the sections were washed again in PBS

and mounted in carbonate-buffered glycerol at pH 8.6.

For immunohistochemical analysis, 20 randomly chosen

sections were selected from the serial sections of every

ganglia (14 ganglia of seven animals), and all neurons with

an apparent nucleus were analysed by using an epifluor-

escence microscopy (Leica, DMRA2, Bensheim, Germany)

and appropriate filter combinations. Fast blue was detected

with the filter module U1 (excitation filter: band pass 330–

380 nm, barrier filter long pass 418), Texas red with the
Fig. 1. Correlation of SP and NOS-1 immunoreactivities in Fast blue labelled neu

immunoreactive to SP and NOS-1 (arrowheads). The neighbouring Fast blue labell

blue labelled neuron expresses neither SP nor NOS-1 immunoreactivities (large a

neurons expresses SP immunoreactivity but not NOS-1 immunoreactivity (arro

immunoreactivity (arrowheads). Scale bar=20 Am.
filter G1 module (band pass 546/10 nm, long pass 590 nm)

and FITC with the B2 module (band pass 455–490 nm, long

pass 515–560 nm). The section was photographed with the

camera (Visitron-System, Imagine microscopy, Puchheim,

Germany).

The immunohistochemical analysis was carried out by

two investigators. Next to the analysis of the expression

pattern of SP, NOS-I and I-B4-lectin, the neuronal diameter

was calculated as the mean of the maximum and minimum

diameters of the cell bodies by using a calibrated ocular grid

(Software program Spot-Advance, Visitron, Germany). To

verify the immunoreactive specificity, preabsorption studies

was undertaken resulting in an absence of the labelling.

Specific immunohistochemical signals also disappeared
rons of JNC complex of mice. (A–C) Fast blue labelled neuron is strongly

ed neuron displays NOS-1 but not SP immunoreactivities (arrows). This Fas

rrows). (D–F) Two neighbouring Fast blue labelled neurons, one of these

ws). The other neuron is neither immunoreactive for SP nor for NOS-1
t
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after replacement of the primary antisera by PBS or

preimmune serum.
3. Results

3.1. Neuronal tracing

Fast blue dye was found in the epithelium of the main

stem bronchi but not in the nasal mucosa or in the

epithelium of the proximal trachea of the animals. The dye

was detected in the basement membrane and underneath

the lamina propria of the bronchial epithelium. JNC

neurons of all cell sizes were labelled with the tracer

injected in the right main stem bronchus. Fast blue labelled
Fig. 2. SP and I-B4 lectin reactivity in Fast blue labelled neurons of JNC of

mice. Airway-projecting neuron that binds to I-B4 lectin (arrow in panel

[B]) and negative for SP (arrow in panel [C]). A Fast blue labelled neuron

which is negative for both I-B4 lectin (arrowhead in B) and SP

immunoreactivities (arrowhead in panel [C]). Scale bar=20 Am.
neurons were found on the right and the left side (bilateral)

of the JNC.

3.2. Immunohistochemistry for SP, NOS-1 and I-B4 lectin

reactivity in Fast blue labelled sensory neurons of the JNC

neurons innervating the lower airways

In total, 2548 neurons labelled with a neuronal tracer Fast

blue from the lower airway were investigated in the present

study. All combinations of mediator profiles were found in

Fast blue labelled neurons. Fast blue labelled neurons,

which were SP positive, were predominantly located to a

region in the immunohistochemical section, whereas Fast

blue labelled and NOS-1 positive neurons were evenly

distributed on the section. Of the Fast blue labelled neurons,

14.6F1.8% (meanFS.E.M.) were immunoreactive only for

NOS-1, 3.0F0.3% for NOS-1 and SP, 2.7F0.3% only for

SP. Fast blue labelled NOS- and/or SP-positive neurons

were found to be small- to medium-sized neuronal profiles

(b20 Am). A large proportion (79.7F1.7%) of Fast blue

labelled neurons was nonimmunoreactive for SP or NOS-1

(Table 1, Fig. 1).

Further characterisation of NOS-1- and SP-negative

neuronal population showed that most of them were found

to be I-B4-lectin positive. These neurons had diameters

ranging from 10 to 40 Am. Also, Fast blue negative neurons

positive for I-B4-lectin binding were found to be abundantly

present. (Fig. 2).
4. Discussion

Using this technique of neuronal tracing in combination

with double immunohistochemistry, the present study aimed

to investigate SP and NOS-1 expression in JNC neurons that

innervate the vessels and the epithelium of the lower

airways. Sensory neurons innervating the lower airways of

mice were largely found to be located at JNC as reported for

rats and guinea pigs by previous studies [18,20].

The present study showed that only 5.7% of the total

amount of Fast blue labelled sensory neurons exhibit SP

immunoreactivity. The percentage of SP immunoreactivity

in neurons projecting to the airways of the mouse is

relatively low if compared to the high percentage (60–

67%) of SP-positive neurons innervating the respiratory

tract of the species guinea pigs, as published previously

[18]. This discrepancy in the innervation pattern may arise

from the species-specific difference as reported before for

the neurochemical basis of the sensory primary neurons in

trigeminal ganglia of different species such as the rat, guinea

pig and mouse [24,25] and may also arise from the different

location where the tracing substances were injected in the

present and the previous studies. In the present experiments,

Fast Blue was injected in the right stem bronchus, whereas

in previous study, Fast Blue was injected in the upper guinea

pigs trachea [18].
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Fast blue labelled neurons displaying SP immunoreac-

tivity belonged to the subgroups of neurons with small

diameters b 20 Am. These neurons are most probably

capsaicin-sensitive C-fibers which are known to be

mechanically insensitive and have low conduction veloc-

ities averaging about ~0.5 ms�1 [5]. Furthermore, we

have provided information on diameters of airway-specific

neurons, which may be useful information for the study of

neuronal plasticity which has been already described for

guinea pigs large-diameter neurons after allergen and NGF

exposition [26–28]. The present study revealed that only

3% of the Fast blue labelled neurons displayed SP and

NOS-1 IR. These neurons are likely to be cell bodies of

the SP /NOS-1 IR nerves fibres found in the airways of

many species including human [14,18]. Multimodal

stimulation of the vagus nerve of rodents was demon-

strated to cause microvascular leakage, bronchoconstric-

tion and vasodilatation, which could be prevented by prior

treatment with capsaicin or tachykinin antagonists indicat-

ing the tachykinin release from sensory nerves [7,18,29–

32]. SP has also been reported to stimulate mucus

secretion from submucosal glands and goblet cells [33].

Endogenous tachykinins have been shown to enhance

cholinergic neurotransmission and capsaicin pretreatment

to reduce significantly cholinergic neural response both in

vitro and in vivo [34,35].

In contrast to the large body of evidence for the

functional role of the tachykinins in the airways, however,

only little is known about their cellular source of origin.

Here, we directly show airway-specific neurons of vagal

sensory ganglia of mice containing SP, which may release

SP from their terminal endings to mediate neurogenic

airway inflammation.

The costorage of NO and SP in the same vagal sensory

airway-specific neurons suggests an interaction of these two

mediators in their effects. Numerous studies have been

carried out to examine the pharmacological effects of NO in

the airways and have revealed that NO appears to be an

important bronchodilator of human and rodents airways [6].

NO has been shown to enhance tachykinergic activity by

modulating NK receptors [36]. In accordance with previous

findings on guinea pig trachea [22], we found that 14.6% of

the vagal sensory-labelled neurons expressed NOS-1 IR but

not tachykinin IR, and that they were mainly medium-sized

neurons. NOS-1 has also been localised to human airway-

nonspecific vagal sensory neurons [13]. The physiological

role of this NOS-1-positive neuronal population has not

been investigated so far and therefore remains to be

investigated in future experiments.

Out of the airway-projecting neurons, more than 79.7%

displayed neither SP nor NOS-1 IR. To further characterise

these neurons, we have examined their binding to the lectin

I-B4, which is a marker for nonpeptidergic C-fiber neuro-

nal population. These neurons were found to be partly

binding to I-B4 lectin indicating that they belong to the

group of nonpeptidergic C-fibers [37,38]. The findings that
Fast blue labelled (airway-specific)-, SP- and NOS-1-

negative neurons were different in their cell size (10 to

40 Am diameters) suggest that these neurons may belong to

different neuronal subpopulations. Most of them are

probably Ay-fibres [39]. However, the exact physiological

role of these murine airway neurons remains to be

investigated in future studies.

In conclusion, based on the expression of SP and NOS-1

in airway sensory neurons, the present study suggests that,

due to SP and NO release following a peripheral activation

of the nerve endings, there may be a triggering of SP- and

NO-mediated phenomena such as plasma extravasation and

vasodilatation.
Acknowledgements

This project was supported by BMBF and DFG (SFB

547). The authors thank W. Kummer and R. Haberberger for

the helpful discussions, M. Strozynski for his expert

technical assistance and M. Scheibner for the editorial work.
References

[1] Barnes PJ. Neuropeptides in human airways: function and clinical

implications. Am Rev Respir Dis 1987;136:S77–83.

[2] Barnes PJ, Baraniuk JN, Belvisi MG. Neuropeptides in the respiratory

tract Part I. Am Rev Respir Dis 1991;144:1187–98.

[3] Barnes PJ, Belvisi MG. Nitric oxide and lung disease. Thorax

1993;48:1034–43.

[4] Barnes PJ, Chung KF, Page CP. Inflammatory mediators of asthma: an

update. Pharmacol Rev 1998;50:515–96.

[5] Kollarik M, Dinh QT, Fischer A, Undem BJ. Capsaicin-sensitive and -

insensitive vagal bronchopulmonary C-fibres in the mouse. J Physiol

2003;8:8.

[6] Belvisi MG, Stretton CD, Yacoub M, Barnes PJ. Nitric oxide is the

endogenous neurotransmitter of bronchodilator nerves in humans. Eur

J Pharmacol 1992;210:221–2.

[7] Saria A, Martling CR, Yan Z, Theodorsson-Norheim E, Gamse R,

Lundberg JM. Release of multiple tachykinins from capsaicin-

sensitive sensory nerves in the lung by bradykinin, histamine,

dimethylphenyl piperazinium, and vagal nerve stimulation. Am Rev

Respir Dis 1988;137:1330–5.

[8] Trevisani M, Smart D, Gunthorpe MJ, Tognetto M, Barbieri M, Campi

B, et al. Ethanol elicits and potentiates nociceptor responses via the

vanilloid receptor-1. Nat Neurosci 2002;5:546–51.

[9] Gaston B, Reilly J, Drazen JM, Fackler J, Ramdev P, Arnelle D, et al.

Endogenous nitrogen oxides and bronchodilator S-nitrosothiols in

human airways. Proc Natl Acad Sci U S A 1993;90:10957–61.

[10] Eynott PR, Groneberg DA, Caramori G, Adcock IM, Donnelly LE,

Kharitonov S, et al. Role of nitric oxide in allergic inflammation and

bronchial hyperresponsiveness. Eur J Pharmacol 2002;452:123–33.

[11] Nathan C, Xie QW. Regulation of biosynthesis of nitric oxide. J Biol

Chem 1994;269:13725–8.

[12] Fischer A, Folkerts G, Geppetti P, Groneberg DA. Mediators of

asthma: nitric oxide. Pulm Pharmacol Ther 2002;15:73–81.

[13] Fischer A, Mayer B, Kummer W. Nitric oxide synthase in vagal

sensory and sympathetic neurons innervating the guinea-pig trachea.

J Auton Nerv Syst 1996;56:157–60.

[14] Fischer A, Hoffmann B. Nitric oxide synthase in neurons and nerve

fibers of lower airways and in vagal sensory ganglia of man.



Q.T. Dinh et al. / Regulatory Peptides 126 (2005) 189–194194
Correlation with neuropeptides. Am J Respir Crit Care Med 1996;

154:209–16.

[15] Williams RS, Wagner PD. Transgenic animals in integrative biology:

approaches and interpretations of outcome. J Appl Physiol 2000;

88:1119–26.

[16] Daser A, Daheshia M, De Sanctis GT. Genetics of allergen-induced

asthma. J Allergy Clin Immunol 2001;108:167–74.

[17] Drazen JM, Finn PW, De Sanctis GT. Mouse models of airway

responsiveness: physiological basis of observed outcomes and

analysis of selected examples using these outcome indicators. Annu

Rev Physiol 1999;61:593–625.

[18] Kummer W, Fischer A, Kurkowski R, Heym C. The sensory and

sympathetic innervation of guinea-pig lung and trachea as studied by

retrograde neuronal tracing and double-labelling immunohistochem-

istry. Neuroscience 1992;49:715–37.

[19] Lundberg JM, Hokfelt T, Martling CR, Saria A, Cuello C. Substance

P-immunoreactive sensory nerves in the lower respiratory tract of

various mammals including man. Cell Tissue Res 1984;235:251–61.

[20] Springall DR, Cadieux A, Oliveira H, Su H, Royston D, Polak JM.

Retrograde tracing shows that CGRP-immunoreactive nerves of rat

trachea and lung originate from vagal and dorsal root ganglia. J Auton

Nerv Syst 1987;20:155–66.

[21] Baluk P, Nadel JA, McDonald DM. Substance P-immunoreactive

sensory axons in the rat respiratory tract: a quantitative study of their

distribution and role in neurogenic inflammation. J Comp Neurol

1992;319:586–98.

[22] Fischer A, McGregor GP, Saria A, Philippin B, Kummer W. Induction

of tachykinin gene and peptide expression in guinea pig nodose

primary afferent neurons by allergic airway inflammation. J Clin

Invest 1996;98:2284–91.

[23] Stefanini M, De Martino C, Zamboni L. Fixation of ejaculated

spermatozoa for electron microscopy. Nature 1967;216:173–4.

[24] Lazarov NE. Comparative analysis of the chemical neuroanatomy of

the mammalian trigeminal ganglion and mesencephalic trigeminal

nucleus. Prog Neurobiol 2002;66:19–59.

[25] Dinh QT, Groneberg DA, Mingomataj E, Peiser C, Heppt W, Dinh S,

et al. Expression of substance P and vanilloid receptor (VR1) in

trigeminal sensory neurons projecting to the mouse nasal mucosa.

Neuropeptides 2003;37:245–50.

[26] Undem BJ, Hunter DD, Liu M, Haak-Frendscho M, Oakragly A,

Fischer A. Allergen-induced sensory neuroplasticity in airways. Int

Arch Allergy Immunol 1999;118:150–3.

[27] Hunter DD, Myers AC, Undem BJ. Nerve growth factor-induced

phenotypic switch in guinea pig airway sensory neurons. Am J Respir

Crit Care Med 2000;161:1985–90.
[28] Myers AC, Kajekar R, Undem BJ. Allergic inflammation-induced

neuropeptide production in rapidly adapting afferent nerves in

guinea pig airways. Am J Physiol, Lung Cell Mol Physiol 2002;

282:L775–81.

[29] Martling CR, Theodorsson-Norheim E, Lundberg JM. Occurrence and

effects of multiple tachykinins; substance P, neurokinin A and

neuropeptide K in human lower airways. Naunyn-Schmiedeberg’s

Arch Pharmacol 1987;336:183–9.

[30] Matran R, Martling CR, Lundberg JM. Inhibition of cholinergic and

non-adrenergic, non-cholinergic bronchoconstriction in the guinea pig

mediated by neuropeptide Y and alpha 2- adrenoceptors and opiate

receptors. Eur J Pharmacol 1989;163:15–23.

[31] Rogers DF, Belvisi MG, Aursudkij B, Evans TW, Barnes PJ. Effects

and interactions of sensory neuropeptides on airway microvascular

leakage in guinea-pigs. Br J Pharmacol 1988;95:1109–16.

[32] Advenier C, Naline E, Toty L, Bakdach H, Emonds-Alt X, Vilain P,

et al. Effects on the isolated human bronchus of SR 48968, a potent

and selective nonpeptide antagonist of the neurokinin A (NK2)

receptors. Am Rev Respir Dis 1992;146:1177–81.

[33] Kuo HP, Rohde JA, Tokuyama K, Barnes PJ, Rogers DF. Capsaicin

and sensory neuropeptide stimulation of goblet cell secretion in

guinea-pig trachea. J Physiol (Lond) 1990;431:629–41.

[34] Martling CR, Saria A, Andersson P, Lundberg JM. Capsaicin

pretreatment inhibits vagal cholinergic and non-cholinergic control

of pulmonary mechanics in the guinea pig. Naunyn-Schmiedeberg’s

Arch Pharmacol 1984;325:343–8.

[35] Stretton D, Belvisi MG, Barnes PJ. The effect of sensory nerve

depletion on cholinergic neurotransmission in guinea pig airways.

J Pharmacol Exp Ther 1992;260:1073–80.

[36] Joad JP, Kott KS, Bonham AC. Nitric oxide contributes to substance

P-induced increases in lung rapidly adapting receptor activity in

guinea-pigs. J Physiol (Lond) 1997;503:635–43.

[37] Plenderleith MB, Snow PJ. The plant lectin Bandeiraea simplicifolia

I-B4 identifies a subpopulation of small diameter primary sensory

neurones which innervate the skin in the rat. Neurosci Lett 1993;

159:17–20.

[38] Streit WJ, Schulte BA, Balentine DJ, Spicer SS. Histochemical

localization of galactose-containing glycoconjugates in sensory

neurons and their processes in the central and peripheral nervous

system of the rat. J Histochem Cytochem 1985;33:1042–52.

[39] Undem BJ, Oh EJ, Lancaster E, Weinreich D. Effect of extracellular

calcium on excitability of guinea pig airway vagal afferent nerves. J

Neurophysiol 2003;89:1196–204.


	Expression of substance P and nitric oxide synthase in vagal sensory neurons innervating the mouse airways
	Introduction
	Materials and methods
	Animals
	Neuronal tracing and tissue preparation
	Immunohistochemistry for SP-, NOS-1- and I-B4-lectin binding

	Results
	Neuronal tracing
	Immunohistochemistry for SP, NOS-1 and I-B4 lectin reactivity in Fast blue labelled sensory neurons of the JNC neurons innervating the lower airways

	Discussion
	Acknowledgements
	References


