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Abstract

 

Substance P (SP), neurokinin A (NKA), and calcitonin
gene-related peptide (CGRP) have potent proinflammatory
effects in the airways. They are released from sensory nerve
endings originating in jugular and dorsal root ganglia. How-
ever, the major sensory supply to the airways originates
from the nodose ganglion. In this study, we evaluated
changes in neuropeptide biosynthesis in the sensory airway
innervation of ovalbumin-sensitized and -challenged guinea
pigs at the mRNA and peptide level. In the airways, a three-
to fourfold increase of SP, NKA, and CGRP, was seen 24 h
following allergen challenge. Whereas no evidence of local
tachykinin biosynthesis was found 12 h after challenge, in-
creased levels of preprotachykinin (PPT)-A mRNA (encod-
ing SP and NKA) were found in nodose ganglia. Quantita-
tive in situ hybridization indicated that this increase could
be accounted for by de novo induction of PPT-A mRNA in
nodose ganglion neurons. Quantitative immunohistochem-
istry showed that 24 h after challenge, the number of tachy-
kinin-immunoreactive nodose ganglion neurons had in-
creased by 25%. Their projection to the airways was shown.
Changes in other sensory ganglia innervating the airways
were not evident. These findings suggest that an induction
of sensory neuropeptides in nodose ganglion neurons is cru-
cially involved in the increase of airway hyperreactivity in
the late response to allergen challenge. (
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Introduction

 

Allergic disorders of the respiratory tract, such as bronchial
asthma, are considered chronic inflammatory diseases. Phar-
macological studies and experiments using electrical field stim-
ulation, have demonstrated that many of the proinflammatory
processes involved in asthma, such as bronchoconstriction,
mucus hypersecretion, and plasma extravasation are mimicked
by neuropeptides (1, 2), that can be released from primary af-
ferent (sensory) nerve endings by various stimuli (3).

It appears that the predominant sensory neuropeptides are
calcitonin gene-related peptide (CGRP)
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 and the tachykinins,
substance P, and neurokinin A (4). Whereas it seems difficult
to define their function under physiological conditions, a
pathophysiological function for these neuropeptides as media-
tors of neurogenic inflammation has been well characterized
(5), and has been postulated for the airways (6). Indeed, there
is evidence to support the hypothesis of an involvement of en-
dogenous tachykinins in allergic airway disease. For example,
increased levels of tachykinins were measured in bronchoalve-
olar lavage fluids of asthmatic patients (7). In guinea pigs, re-
lease of endogenous sensory neuropeptides was shown to en-
hance nonspecific airway hyperresponsiveness (8).

Substance P (SP) and neurokinin A (NKA), which are de-
rived from the same gene, the preprotachykinin (PPT) A gene,
share a common COOH-terminal amino acid sequence, which
is responsible for most of their biological effects (9). SP and
NKA can act through the same receptors but differ in their rel-
ative potency with respect to the tachykinin receptor subtypes.
Within the airways, there is a differential distribution of these
tachykinin receptor subtypes that may underly differences in
the contribution of SP and NKA to the mediation of neuro-
genic inflammation (10). Thus, in the guinea pig, SP, acting
through NK-1 receptors, may be more relevant than NKA for
the mediation of extravasation and mucous secretion (11, 12),
whereas NKA, acting through NK-2 receptors is an important
mediator of bronchoconstriction (13). Pharmacological evi-
dence suggests that CGRP, which is produced by the same
neurons that produce SP and NKA, is the most relevant of
these neuropeptides with regard to the mediation of vasodila-
tation (14).

In the airways, tachykinin-immunoreactive nerve fibers
have been localized to the airway smooth muscle, submucosal
glands, blood vessels of the lamina propria, and to nerve fibers
innervating intrinsic neurons (15). As revealed by studies using
retrograde neuronal tracing in combination with immunohis-
tochemistry, in rat (16) and in guinea pig (17), nerve fibers in-
nervating the trachea almost exclusively originate from the su-
perior (jugular) and inferior (nodose) vagal sensory ganglion,
whereas the lung also receives a sensory innervation originat-
ing from dorsal root ganglia. Interestingly, tachykinin immu-
noreactivity was not seen in nodose sensory neurons project-
ing to the airways, although they are the major source of the
sensory airway innervation (17). Thus, tachykinin-immunore-
active nerve fibers innervating the airways originate from the
jugular ganglion and from dorsal root ganglia (17, 18).
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Activation or damage of neurons can lead to changes in
neuropeptide biosynthesis that may include changes in the
level of neuropeptide biosynthesis as well as induction or re-
pression of neuropeptide gene expression (19). For example,
in specific models of acute and chronic inflammation, plasticity
of neuropeptide expression in dorsal root ganglion sensory
neurons has been demonstrated (20, 21). So far, changes in the
neuropeptide biosynthesis by sensory neurons in allergic in-
flammation have not been reported.

In the present study, we used the model of the actively sen-
sitized and allergen- challenged guinea pig, which has been
well characterized and shown to have many similarities to
asthma of human airways (22). In this model, we investigated
possible quantitative and qualitative changes in the neuropep-
tide biosynthesis of primary afferent neurons at the mRNA
level, using northern blot analysis and in situ hybridization and
at the neuropeptide level, using radioimmunoassay and by
immunohistochemistry combined with retrograde neuronal
tracing.

 

Methods

 

Active sensitization of guinea pigs to ovalbumin. 

 

The sensitization pro-
tocol was adapted from Sanjar et al. (22). Female specific pathogen-
free guinea pigs of 200–250 g body weight (Charles River Wiga,
Kieslegg, Germany) received intraperitoneal injections of ovalbumin
(10 mg; Sigma GmbH, Munich, Germany), pertussis vaccine (250 ml;
Berna GmbH, Berne, Switzerland) and aluminium hydroxide (50 mg;
Sigma) dissolved to a final volume of 1 ml at day 1, 14, and 28. Con-
trol animals received the same injections except for the omission of
ovalbumin. At day 35 all animals were tested by an intradermal injec-
tion of 50-ml ovalbumin solution (0.01% wt/vol in physiological sa-
line) into the dorsal skin. Sensitization was considered successful
when a doubling of skin thickness and an obvious allergic flare reac-
tion were observed. Successfully sensitized and control animals were
then exposed to the allergen by nebulization of 10-ml ovalbumin so-
lution (0.1%) into a 4 liter chamber over 60 min using a pressure neb-
ulizer (pari-boy type 37.00, pari-Werk GmbH, Starnberg, Germany).
At each of the following time points and for each of the following
techniques, five sensitized and five control animals were killed and
tissues were removed: before, 0.5, 1, 3, and 7 d after allergen chal-
lenge.

 

Scanning electron microscopy. 

 

Thoracic trachea and main stem
bronchi of sensitized and control animals were removed 3 d after
challenge and immersed in Zamboni’s fixative (2% buffered formal-
dehyde, 15% saturated picric acid) for 12 h, rinsed in 0.1 M phosphate
buffer (PB), and dehydrated in ascending ethanol concentrations.
The anterior wall of the airways was cut and tissues were critical-
point dried and sputtered with gold. Specimens were viewed with a
Philips scanning electron microscope.

 

Northern blot analysis. 

 

Total RNA was extracted from pooled
snap frozen sensory ganglia (

 

n

 

 

 

5

 

 4 for each extraction) with guanidin-
ium thiocyanate (GTC; Sigma Chemical Co., St. Louis, MO) followed
by ultracentrifugation in cesium trifluoroacetate (CsTFA; Pharmacia,
Freiburg, Germany) according to a modified protocol of Chirgwin et
al. (23).

RNA-electrophoresis and -transfer to nylon filters (Hybond N;
Amersham, Braunschweig, Germany) as well as the preparation of
radiolabeled PPT-A and Actin- cDNAs and the subsequent prehy-
bridization and hybridization steps, were performed as described be-
fore (24). In brief, the 

 

b

 

-PPT-A cDNA insert, excised from the plas-
mid pG1-PPT (kindly provided by Dr. J.E. Krause, St. Louis, MO,
25), and the mouse Actin cDNA insert, excised from the plasmid
AL.41 (Bluescript; Stratagene, Heidelberg, Germany), were radiola-
beled using [

 

32

 

P]dCTP (Amersham). For direct quantification, hy-
bridized northern blots were measured using the “PhosphorImager”

system (Molecular Dynamics Inc., Krefeld, Germany) and, for docu-
mentation, exposed to x-ray film (X-OMAT; Eastman Kodak Co.,
Rochester, NY).

 

In situ hybridization. 

 

Digoxigenin-labeled cRNA probes were
obtained by in vitro transcription of the 

 

b

 

-PPT-A cDNA using a non-
radioactive nucleic acid detection kit (Boehringer Mannheim, Mann-
heim, Germany). In situ hybridization was performed on sections of
paraformaldehyde-fixed (4%, immersion fixation) ganglia and lung
tissue according to a protocol described earlier (26).

For microscopic evaluation, slides with sections of the sensory
ganglia were coded, to ensure that the investigator could not identify
the tissues with respect to sensitization status and time point of tissue
removal. Two sections were chosen at random, and in each section
100 neurons were examined for their PPT-A mRNA expression.

 

Double-labeling immunohistochemistry. 

 

Zamboni-fixed sensory
ganglia (nodose and jugular ganglia, dorsal root ganglia T1-T6) and
lung samples were rinsed in 0.1-M PB and cryoprotected with 18%
sucrose in 0.1-M PB overnight. Sections of the lung and serial sections
of the sensory ganglia were cut on a cryostat (model 500 OM Microm;
Walldorf, Germany) at 12 mm and air dried for 30 min. Two ran-
domly chosen slides from the sensory ganglion series and lung sec-
tions were incubated with a blocking solution containing 1% BSA
and 10% normal swine serum in 0.1-M PB for 60 min, followed by a
combination of a monoclonal antibody from rat that recognizes both
SP and NKA (Dunn, Asbach, Germany; dilution 1:200) and a poly-
clonal antiserum to CGRP from rabbit (Peninsula Laboratories Inc.,
Belmont, CA; dilution 1:800) overnight. After washing in PBS, a
biotinylated anti–rat-immunoglobulin (Ig) from sheep (Amersham;
dilution 1:50) was applied for 1 h, and, after several washes in PBS,
followed by a mixture of a streptavidin–Texas-Red-conjugate (Amer-
sham; dilution 1:50) and an FITC-conjugated anti–rabbit-Ig from
sheep (Wellcome Industries, Beckenham, UK; dilution 1:120) for 1 h.
Slides were washed thoroughly in PBS and placed on coverslips with
buffered glycerol (pH 8.6).

For microscopic evaluation with an epifluorescence microscope
(model Axioplan; Zeiss, Oberkochen, Germany), sections were ex-
amined for their SP/NKA- and CGRP-immunoreactivity as described
for in situ hybridization.

 

Retrograde neuronal tracing. 

 

At day 29 of the sensitization pro-
tocol, three sensitized and three control animals were anaesthetized
by intramuscular injections of ketamine hydrochloride (Ketanest

 

R

 

;
Parke-Davis, Freiburg, Germany; 50 mg/kg) followed by xylazine hy-
drochloride (Rompun

 

R

 

; Bayer, Leverkusen, Germany; 5 mg/kg). The
mid-cervical trachea was exposed and a Hamilton syringe was intro-
duced through a small incision between two tracheal cartilages and
forwarded to the right main stem bronchus, and 1 ml of the fluores-
cent tracer Fast-Blue (Dr. Illing, Gross-Umstadt, Germany; 2%
aqueous solution containing 1% dimethylsulphoxide) were injected
into the right hilar region. Animals were allowed to recover until skin
test and allergen challenge as described before. Tissues (injection
sites and nodose ganglia) were removed 1 d after challenge and
treated as described for double-labeling immunohistochemistry.

 

Radioimmunoassay. 

 

Samples of the upper thoracic trachea and
of peripheral lung were snap frozen in liquid nitrogen. Radioimmu-
noassay for SP, NKA, and CGRP was performed as described before
(27). The following antibodies were checked for cross-reactivities and
used in this study: anti–SP-antibody Rd2 (donated by Dr. S. Leeman,
University of Boston, Boston, MA), anti–NKA-antibody K12 (do-
nated by Dr. E. Theodorsson, Karolinska Hospital, Stockholm, Sweden)
and anti–CGRP-antibody RAS6009 (Peninsula Laboratories Inc., St.
Helens, UK). Non radioactive synthetic peptides were obtained from
Peninsula and radioactively labeled peptides from Amersham.

 

Statistical analysis of data. 

 

The data obtained from radioimmu-
noassay, in situ hybridization, double-labeling immunohistochemis-
try, and northern blot analysis were expressed as mean values, with
the standard error of the mean (SEM) and compared in sensitized an-
imals between the different time points investigated and between
sensitized and control animals by Mann Whitney U-test. In each
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group and at each time point, data from three to five animals were an-
alyzed.

 

Results

 

Active sensitization of guinea pigs to ovalbumin. 

 

The sensi-
tization protocol shows very consistent results because no ani-
mal (

 

n

 

 

 

5

 

 173) had to be excluded from the study due to false-
positive or false-negative skin testing. In sensitized animals, a
massive flare reaction and more than a doubling of skin thick-
ness is observed, whereas no reaction is seen in control animals.

 

Scanning electron microscopy. 

 

The airways of sensitized
animals show the typical signs of an allergic airway inflamma-
tion, e.g., epithelial shedding and accumulation of inflamma-
tory cells. These are seen 12 and 24 h after allergen challenge,
and persist 3 d after challenge (Fig. 1 

 

A

 

), whereas, after 7 d, the
respiratory epithelium recovers from the signs of inflamma-
tion. In contrast, the respiratory epithelium of control animals

is intact at all investigated time points after allergen challenge
(Fig. 1 

 

B

 

).

 

Northern blot analysis. 

 

During the allergic airway inflam-
mation, a moderate increase (

 

z

 

 20%) of PPT-mRNA-/actin-
mRNA-ratios in the nodose ganglion 12 h after inhalative al-
lergen challenge is observed, returning to values comparable
to prechallenge ratios and followed by a decrease (

 

z

 

 20%) at
days 3 and 7 after challenge (Fig. 2). These changes are statisti-
cally significant (

 

P

 

 

 

,

 

 0.05). In contrast to the nodose ganglion,
the PPT-mRNA-/actin-mRNA-ratios obtained for the jugular
ganglion did not exhibit marked changes in preliminary exper-

Figure 1. Scanning electron microscopic photomicrograph of the tra-
cheal epithelium 3 d after inhalative ovalbumin challenge. Signs of an 
allergic inflammation (e.g., epithelial shedding) are observed in sensi-
tized animals (A), whereas the respiratory epithelium of control ani-
mals is intact (B). 32,500.

Figure 2. Northern blot analysis of b-PPT-A mRNA and b-actin 
mRNA expression in the guinea pig nodose ganglion. Quantification 
using a PhosphorImager reveals increased PPT/actin-ratios in sensi-
tized (S) guinea pigs (rectangles) 12 h after allergen challenge fol-
lowed by a decrease 3 and 7 d after challenge as compared to control 
(C) animals (diamonds). X-ray documentation of the hybridized blots 
is given in the lower panels. Each value is a mean of three indepen-
dent experiments6SEM. 1P , 0.05; trig 5 trigeminal ganglion.
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iments. So, the investigation of these ganglia was not repeated
and insufficient data for statistical analysis was obtained. In
the lung, no PPT-mRNA is detectable at any time point in tis-
sues from neither control nor sensitized animals.

 

In situ hybridization. 

 

The number of neurons in the no-
dose ganglion expressing PPT-mRNA increases 12 h after al-
lergen challenge (Fig. 3 

 

A

 

 and 

 

B

 

) by one-third as compared to
sensitized animals investigated at other time points after aller-
gen challenge and to control groups (

 

P

 

 

 

,

 

 0.025, Fig. 3 

 

A

 

 and

 

C

 

). Incubation of the ganglia with 2 ng/ml of the sense probe

Figure 3. Nonradioactive in situ hybridization for b-PPT-A mRNA 
in the nodose ganglion of the guinea pig. (A) In sensitized guinea pigs 
(rectangles), 12 h after allergen challenge, an increased percentage of 
sensory neurons expresses PPT-mRNA as compared to control ani-
mals (diamonds). Each value is a mean of three independent 
experiments6SEM (1P , 0.05). (B–D) Photomicrographs of in situ 
hybridization on sections of the guinea pig nodose ganglion, 12 h after 
allergen challenge: (B) sensitized, antisense probe (0.5 ng/ml), (C) 
control, antisense probe (0.5 ng/ml), and (D) sensitized sense probe 
(2 ng/ml). (E) In bronchi no hybridization of PPT-cRNA is seen. 
3140.

Figure 4. Immunohistochemistry for SP/NKA and CGRP in the no-
dose ganglion reveals an increase of immunoreactive perikarya in 
sensitized (rectangles) as compared to control (diamonds) guinea pigs 
24 h after allergen challenge, returning to control values 3 and 7 days 
after challenge. Each value is a mean of five independent experi-
ments 6SEM (1P , 0.025). Photomicrographs of SP-/NKA-
immunoreactive neurons in the nodose ganglion 24 h after allergen 
challenge. In sensitized animals, a higher percentage of neurons is im-
munoreactive for SP/NKA as compared to control animals. Scale bar: 
50 mm.
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resulted in absence of labeling (Fig. 3 

 

D

 

). In the airways, no
hybridization of PPT-cRNA is seen in sensitized and control
animals (Fig. 3 

 

E

 

).

 

Immunohistochemistry. 

 

The percentage of SP/NKA-immu-
noreactive neurons in the nodose ganglion increases from 25%
to a maximum of 48% 24 h following allergen challenge and
returned to prechallenge values 3 d after allergen challenge
(Fig. 4 

 

A–C

 

).
Similarly, but to a lesser extent, the percentage of CGRP-

immunoreactive neurons rises from 8% to a maximum of 15%
24 h after allergen challenge (Fig. 4 

 

D

 

). These increases are
statistically significant (

 

P

 

 

 

,

 

 0.025).

 

Retrograde neuronal tracing. 

 

In the six nodose ganglia of
three control animals an overall of 1,261 neurons was found to
be retrogradely labeled from the right lung hilum (Fig. 5 

 

C

 

 and

 

D

 

, 

 

left

 

 and 

 

right

 

). Only three of them are immunoreactive for
SP/NKA, which corresponds to 0.2%. In the nodose ganglia of
sensitized and challenged guinea pigs 938 retrogradely Fast-
Blue-labeled neurons were identified 24 h after allergen chal-
lenge. 98 (10.4%) of these neurons exhibited SP/NKA immu-
noreactivity (Fig. 5 

 

A

 

 and 

 

B

 

).

 

Radioimmunoassay. 

 

Neuropeptide concentrations in the
trachea are higher than in the lung and show a large inter indi-
vidual variation. However, no significant differences between

sensitized and control animals before or during the course of
the allergic airway inflammation are apparent (Fig. 6). In
contrast, in lung tissues the concentrations of SP, NKA, and
CGRP show less variation. During the time course of the aller-
gic inflammation, three- to fourfold increases of the tissue con-
centrations of SP, NKA, and CGRP are observed 24 h after in-
halative ovalbumin challenge, returning to control values at
days 3 and 7 after challenge (Fig. 6). These increases are statis-
tically significant (

 

P

 

 

 

,

 

 0.01) as compared to the other time
points investigated and to control animals.

 

Discussion

 

The present study provides evidence for plasticity of the ex-
pression of PPT-mRNA, tachykinin peptides, and CGRP in
the nodose ganglion of the guinea pig induced by allergic air-
way inflammation. To our knowledge, induction of plastic
changes in vagal sensory neurons of the nodose ganglion by in-
flammation have not, so far, been reported. Changes in the
biosynthesis of sensory neuropeptides have been found in sev-
eral animal models of tissue inflammation or of nerve damage.
For example, the number of PPT-mRNA expressing neurons
in rat dorsal root ganglia (DRG) increases after formalin injec-
tion into the hindlimb (20). Additionally, enhanced biosynthe-

Figure 5. Retrograde neuronal tracing combined with immunohis-
tochemistry for SP/NKA. (a and b) A sensory neuron in the guinea 
pig nodose ganglion, retrogradely labeled from the lung hilum with 
the fluorescent tracer Fast-Blue (a) and killed 24 h after allergen 
challenge, displaying strong immunoreactivity for SP/NKA (b). 
(c and d) Retrogradely labeled neuron in the nodose ganglion of a 
control animal (c) is negative in immunohistochemistry for SP/NKA. 
3160.

Figure 6. Neuropeptide levels in the airways as determined by radio-
immunoassay. SP, NKA, and CGRP levels/mg tissue wet weight are 
higher in trachea than in lung tissues but show a large variation with-
out significant changes at the time points investigated. In contrast, in 
lung tissues the neuropeptide levels show smaller variations, and a 
statistically significant (1P , 0.01) three- to fourfold increase is ob-
served in tissues of sensitized guinea pigs (rectangles) 24 h after aller-
gen challenge as compared to other investigated time points and to 
control animals (diamonds).
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sis and axonal transport of neuropeptides in the sensory neu-
rons was shown in a model of adjuvant-induced arthritis (21).
In inflammatory diseases of the viscera, the involvement of
tachykinin signals has been inferred by the demonstration of
certain trophic changes. For example, neurokinin 1 (NK1) re-
ceptors are upregulated in human inflammatory bowel dis-
eases, ulcerative colitis, and Crohn’s disease (28) as well as in
human asthma (29). In inflammatory bowel disease, it has
been shown that inflammatory cells, e.g., mast cells are sources
of tachykinins (28). In this model of allergic airway inflamma-
tion, no evidence of PPT-mRNA or tachykinin neuropeptide
expression was seen in inflammatory cells in in situ hybridiza-
tion and immunohistochemistry of lung sections. Since mast
cells are also important sources of degrading enzymes and tar-
gets of tachykinins, indirect effects may influence the inflam-
matory reaction. In this respect, it also seems likely that sub-
stances derived from the inflamed tissue are responsible for
inducing the trophic changes in tachykinin and tachykinin-recep-
tor metabolism. The importance of target-derived factors for
regulating the biosynthesis of the tachykinins and other neu-
ropeptides is also evident from the decreased PPT-mRNA and
CGRP-mRNA levels in sensory neurons observed following
axotomy (30, 31). Indeed, the regulation of PPT-gene expres-
sion in dorsal root ganglion sensory neurons is dependent on
several factors (32), including nerve growth factor (NGF) and
IL-1, and involves AP1- and AP2-transcription factors (33).
However, it remains to be determined whether neurotrophic
factors, or other mechanisms such as changes in the neuronal
electrical activity, are responsible for the rapid and transient
induction of PPT-mRNA expression in the nodose ganglion
that has been demonstrated here in response to allergen chal-
lenge.

The active sensitization of guinea pigs to ovalbumin is a
commonly used model for allergic airway diseases. Its reliabil-
ity and reproducibility was evident in this study because no an-
imal had to be excluded from the study due to negative skin
testing. Although this model may not entirely reflect the situa-
tion in human allergic asthma, many similarities are observed:
histological features (34), allergen-induced eosinophilia and
hyperreactivity (22), and early- and late-phase airway obstruc-
tion after allergen challenge (35).

A moderate, but statistically significant increase of the rela-
tive levels of PPT-mRNA is observed 12 h after allergen chal-
lenge, followed by a decrease after between 3 and 7 d. This in-
crease is due to de novo induction of PPT–mRNA-expression
in nodose ganglion primary afferent neurons. In the rat model
of adjuvant-induced arthritis, similar increases of PPT- and
CGRP-mRNA in dorsal root ganglion sensory neurons, 8 h af-
ter induction of inflammation, have been reported (36).

As observed in earlier reports of combined in situ hybrid-
ization and immunohistochemistry, a higher percentage of
PPT expressing sensory neurons was detected, in the present
study, using in situ hybridization (35–40%) than using immu-
nohistochemistry (

 

z

 

 25%). But, with the induction of PPT ex-
pression, the changes observed by in situ hybridization paral-
leled those observed by immunohistochemistry which were,
however, later due, presumably, to translation and posttransla-
tional events. The experiments of Huang and colleagues (31),
in contrast, revealed changes in CGRP expression in rat no-
dose ganglion sensory neurons after axotomy using in situ hy-
bridization, that were not apparent using immunohistochemis-
try (37). In rat nodose ganglion sensory neurons, NPY-gene

expression was apparent from in situ hybridization analysis,
whereas NPY immunoreactivity was found only occasionally
(38). These discrepancies may reflect differences in the rela-
tive sensitivities of the different methods or indicate differen-
tial regulation of posttranscriptional and posttranslational pro-
cesses.

24 h after allergen challenge of sensitized guinea pig, an in-
creased number of sensory neurons is immunoreactive for SP/
NKA. However, because a model of systemic sensitization and
allergen challenge was used, the increase in tachykinin immu-
noreactivity cannot be assumed to be caused by airway inflam-
mation. Therefore, using retrograde tracing, the projections of
those sensory neurons of the nodose ganglion, in which tachy-
kinin immunoreactivity was induced by sensitization and inha-
lative allergen challenge, were identified.

In normal guinea pigs, nodose ganglion sensory neurons
are the major source of the afferent innervation of the airways
(17), but are not immunoreactive for substance P and neuroki-
nin A. However, the results of our tracing experiments suggest
that the vast majority of the increased number of tachykinin
synthesizing cells that occurs in the nodose ganglion following
allergen challenge can be accounted for by the induction of
tachykinin biosynthesis in neurones projecting to the airways.
But, allergic reactions in other organs supplied by the nodose
ganglion, such as the upper gastrointestinal tract, may also
contribute to the induction of tachykinin biosynthesis. The
rapid increase of tachykinin immunoreactivity with a similarly
rapid fall to control values parallels, with a delay of 12 h, the
increase and decrease of PPT-mRNA in these neurons.
Whereas in other models of chronic inflammation, such as the
adjuvant-induced paw inflammation, a long lasting increase of
the percentage of immunoreactive sensory neurons was re-
ported (39). The acute airway inflammation, with a single al-
lergen challenge, is associated with a shorter period of in-
creased neuropeptide content in the perikarya.

Changes in CGRP immunoreactivity are similar to the
changes in tachykinin immunoreactivity but are less marked.
In the course of airway inflammation, immunoreactive CGRP
is induced in nodose ganglion sensory neurons in parallel to
the changes observed for SP and NKA.

Decreased levels of SP and NKA have been reported in
lung tissue extracts during the early phase following allergen
challenge (40), indicating a release of neuropeptides stored in
sensory nerve endings. In contrast, three- to fourfold elevated
levels of the sensory neuropeptides were found in this study in
lung tissue extracts of sensitized animals 24 h after allergen
challenge, concomitant to the increase of tachykinin-immu-
noreactive neurons innervating the airways. These increased
levels in the lung tissues 24 h after allergen challenge are ap-
parently due to an increased biosynthesis of the neuropeptides
in the ganglion and an increased transport to the peripheral
ending. Similarly, in the model of the adjuvant-induced paw
inflammation a rapid and increased axonal transport of sen-
sory neuropeptides towards the peripheral terminals was dem-
onstrated (21).

In our animal model, the apparent increased delivery of
tachykinins to the airways, which is concomitant with their in-
creased biosynthesis, is consistant with the elevated levels of
tachykinins found in broncho-alveolar lavage fluids of asth-
matic patients compared to those of healthy volunteers (7).
The measurement of the release of the bioactive at present is
only possible in functional studies using specific receptor an-
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tagonists. In the present study, we have addressed changes of
neuropeptide biosynthesis and chosen to measure the tissue
concentrations of neuropeptides. Hence, also contributing to
the increased tachykinin content of the airways following aller-
gen challenge may be decreased postsecretory breakdown of
peptide. A loss of extracellular peptidase activity has been re-
ported to occur in the inflamed airways (41).

As discussed earlier, the model used in the present study
shows many similarities to the human asthma. One of the im-
portant parallels to human asthma is the early and late onset
airway obstruction (35), due to an increased airway reactivity
in the early phase after allergen challenge, which, following a
period of several hours of attenuation, increases again in the
late phase of the allergic reaction, 24 h after allergen challenge
(22). In the early phase of the allergic reaction, release of sen-
sory neuropeptides as described by Yoshihara (40) may ac-
count for the enhanced nonspecific airway hyperresponsive-
ness (8). The data presented in this study indicate that the
further augmented airway hyperresponsiveness during the late
response, 24 h after allergen challenge, is very closely associ-
ated with an induction of biosynthesis of sensory neuropep-
tides in the nodose ganglion and an enhanced transport to the
peripheral nerve endings. Because these sensory neuropep-
tides may mediate neurogenic inflammation, these plastic
changes in the airway innervation could be a crucial patho-
physiological process.
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