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Summary

Background Airway remodelling encompasses the structural changes observed in asthmatic
airways. Mast cells, through the release of histamine and 5-hydroxytryptamine (serotonin),
are implicated in early asthmatic reactions, bronchoconstriction and mucosal oedema, and
in the development of bronchial hyperresponsiveness. However, the association between
serotonin and remodelling processes in murine model of airways inflammation remains
to be elucidated.
Objective As serotonin is released by murine mast cells upon antigen challenge, we tested the
hypothesis of its involvement in the development of inflammatory and remodelling processes
in a murine model of chronic airway inflammation following prolonged allergen challenge.
Methods BALB/c mice were exposed to aerosolized ovalbumin for 20 min 2 days a week, for 4
consecutive weeks. Two hours before each challenge, they were treated with methysergide
(intranasally, 40 mg/kg). Forty-eight hours after the last aerosol challenge, bronchoalveolar
lavage (BAL) and lung tissue were collected for analysis.
Results Methysergide inhibited the allergen-induced increase in airway eosinophilia, reduced
T helper type 2 (Th2) cytokines in lung, spleen or thoracic lymph nodes, and specific IgE
levels. The extravasation of plasma and fibronectin production in the lung, and collagen
deposition in the lung were also inhibited after methysergide treatment. Although
methysergide treatment induced an increase in IFN-g levels, experiments with neutralizing
antibody suggest that this is not responsible for inhibition. In addition, instillation of
serotonin to immunized mice induced eosinophil recruitment to BAL, Th2 cytokine
production and fibronectin release in lung as well as collagen deposition.
Conclusion Serotonin may contribute to the development and maintenance of remodelling
through the release of cytokines and of fibrogenic mediators. Serotonin should therefore be
considered as relevant for the development and maintenance of airway remodelling.

Keywords asthma, 5-hydroxytryptamine, lung remodelling, methysergide, prolonged allergen
exposure
Submitted 16 June 2006; revised 26 December 2006; accepted 8 February 2007

Introduction

Airway remodelling encompasses the structural changes
observed in asthmatic airways. These changes include
goblet cell hyperplasia, increased mitogenic activity in
the epithelium, and changes in extracellular matrix (ECM)
components. The latter involve deposition of interstitial

collagens and fibronectin in the lamina reticularis, matrix
deposition in the submucosa, smooth muscle hyperplasia,
and microvascular proliferation [1–5]. The clinical
consequences of airway remodelling in asthma remain
uncertain, but contributions to bronchial hyper-
responsiveness (BHR) and fixed airflow obstruction have
been suggested [6].
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Eosinophils are associated with airway remodelling in a
number of settings [7, 8]. In addition, eosinophil infiltra-
tion and the expression of TGF-b by these cells can be
reduced by anti-IL-5 treatment in moderate asthmatics [9]
or by budesonide administration in animal models [10].
These changes were accompanied by a significant reduc-
tion in sub-basement membrane deposition of ECM pro-
teins pro-collagen III. However, in a sheep model of
chronic airway remodelling in response to house dust
mite, Snibson et al. [11] found that 8–9 days after the last
allergen challenge, eosinophils were absent and mast cell
density was increased, suggesting that persistent exposure
to allergen maintains chronic inflammation and might
drive remodelling.

Mast cells, through the release of histamine and 5-
hydroxytryptamine (5-HT, serotonin) [12], are implicated
in early asthmatic reactions, bronchoconstriction, and
mucosal oedema, and in the development of BHR
[13–15]. The wide variety of 5-HT-mediated cell functions
is regulated by expression of different classes of G
protein-coupled as well as ionotrophic serotoninergic
receptors (5-HTR) [16, 17]. Isolated smooth muscle and
endothelial cells from pulmonary arteries or primary hu-
man alveolar epithelial cells type II and the human
epithelial lung cell lines A549 and BEAS-2B express
mRNAs for 5-HT1A, 5-HT1B, 5-HT1E, 5-HT1F, 5-HT2A,
5-HT2B, and 5-HT7 receptors [18–20]. A broad variety of
cell responses such as migration, phagocytosis, super-
oxide anion generation, and cytokine production by
serotonin have been reported [16, 20–24], but the associa-
tion between serotonin and remodelling processes in
asthmatics airways remains to be elucidated.

As serotonin is released by murine mast cells upon
antigen challenge, we tested the hypothesis of its involve-
ment in the development of inflammatory and remodel-
ling processes. Most of the currently developed animal
models of allergic airway inflammation have been re-
stricted to acute inflammatory changes following rela-
tively short periods of allergen exposure. In this study, we
investigated whether the exposition of BALB/c mice to
prolonged allergen challenge triggers airway remodelling
and the role of serotonin in this processes.

Methods

Animals

Seven- to 8-week-old male BALB/c mice and 3-month-
old male Wistar rats were obtained from a colony at the
Butantan Institute, Sao Paulo, Brazil. The animals were
maintained at the animal house facilities under specific
pathogen-free conditions. All the procedures involving
animals were in accordance with the guidelines provided
by the Brazilian College of Animal Experimentation.

Mice sensitization

On the first day of the experiments (day 0) and on day 7,
mice (n = 6) were immunized by an intraperitoneal (i.p.)
injection of 10 mg of ovalbumin (OVA, Grade V, Sigma-
Aldrich Co., St Louis, MO, USA), adsorbed to 1.6 mg of
aluminium hydroxide [Al(OH)3]. Starting on day 14, they
were exposed to aerosolized OVA (Grade V, 1%) for 20 min
twice a week for 4 consecutive weeks in an adapted
chamber (vehicle-treated OVA/OVA). Immunized mice
challenged with phosphate-buffered saline (PBS) were
considered to be the control group (OVA/PBS). The aerosol
was produced by an ultrasonic nebulizer (Icel US-800, São
Paulo, Brazil) as described elsewhere [25]. According to
the specifications of the manufacturer, the output of the
nebulizer was 2 mL/min and the mean particle size was
3.2 mm.

To confirm our hypothesis of the involvement of
serotonin in remodelling, we reproduced a chronic model
of airway inflammation. In some experiments, sensitized
or non-sensitized mice were challenged intra nasally (i.n.)
with vehicle (40 mL, 0.9% w/v NaCl–saline) or serotonin
in the vehicle (1 mg/mL, 40 mL, OVA/serotonin). This
dose of serotonin was derived from Little et al. [26].
Animals were exposed twice a week for 4 consecutive
weeks. Twenty-four hours after OVA or serotonin chal-
lenge, mice were killed for bonchoalveolar lavage (BAL)
and lung collection.

Treatment of mice

A group of mice were treated by an i.n. injection of vehicle
(40 mL, 10% tartaric acid diluted in saline) or 40 mL of
methysergide in the vehicle (Sandoz, Bâle, Switzerland,
40 mg/kg dissolved in 10% tartaric acid diluted in saline)
2 h before each challenge [27, 28]. IFN-g blocking anti-
body (XMG1.2; 100 mg/animal) was injected i.p. Control
rat IgG monoclonal antibody (mAb) (GL113; 100 mg/ani-
mal) injected 1 h before each challenge was used for
comparison. All antibodies were purchased from BD
Pharmingen (San Jose, CA, USA).

Bronchoalveolar lavage analysis

Forty-eight hours after the last challenge with aerosolized
OVA, mice were killed with an overdose of chloral hydrate
and the tracheas were cannulated. The airway lumina
were washed with 2� 0.5 mL of Hank’s balanced salt
solution (HBSS, Gibco BRL, Grand Island, NY,
USA)110 mM ethylenediaminetetraacetic acid (EDTA).
The resulting BAL was immediately centrifuged at 300 g
4 1C, for 10 min. BAL cells were washed twice with HBSS
containing 0.1% newborn calf serum (Sigma Chemicals
Co., St Louis, MO, USA). Cell counts were performed using
a haemocytometer and cytocentrifuge slides were
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prepared, air-dried, fixed in methanol, and stained
(Wright–Giemsa, Scientific Products, Chicago, IL, USA).
For differential cell counts, 300 leukocytes were enumer-
ated and identified as mononuclear cells, neutrophils, or
eosinophils, on the basis of staining and morphologic
characteristics. After BAL collection, the lungs were then
removed, weighed, and homogenized in HBSS and cen-
trifuged (1000 g, 10 min). After lyses of red blood cells, the
supernatant were stored for further analysis.

Cell culture

Forty-eight hours after the last challenge with aerosolized
OVA, mice were killed, and the spleens and thoracic lymph
nodes (TLN) were obtained by careful dissection after the
lungs had been removed from the thoracic cavity and
passed through Nytex (Cadisch Precision Meshes Ltd.,
London, UK) to prepare a single-cell suspension. Cells
were cultured at 2�106 cells/mL in RPMI 1640 medium
supplemented with 2 mM L-glutamine, 100 IU/mL penicil-
lin, 100 mg/mL streptomycin, 25 mM HEPES buffer, and
10% heat-inactivated fetal calf serum (all from Life
Technologies, Paisley, UK). Cells were cultured with
500 mg/mL OVA for 72 h, and the supernatants from
parallel triplicate cultures were stored at �70 1C until
analysis of cytokine concentrations by ELISA.

Passive cutaneous anaphylaxis

The IgE antibody response was also measured by passive
cutaneous anaphylaxis (PCA) as described by Mota and
Wong [29]. PCA reactions were triggered in rats, using
a sensitization period of 18–24 h and OVA in Evan’s
blue solution for challenge. The PCA titre was expressed as
the reciprocal of the highest dilution that induced a lesion of
more than 5 mm in diameter in triplicate tests. The detection
threshold of the technique was established at 1 : 5 dilutions.

Explants

The lungs from immunized mice treated or not with methy-
sergide were collected 48h after the last challenge with
aerosolized OVA and prepared for organ culture. Lungs were
obtained under sterile conditions and cultured as described
by Proust et al. [30]. Lung lobes were separated in PBS
(127mM NaCl, 10mM Na2HPO4, pH 7.4) and cultured pooled
in a 24-well plate (Falcon-Becton Dickinson, Lincoln Park,
NJ, USA) at 37 1C in 5% CO2/air. The medium, Dulbecco’s
modified eagle medium (GibcoBRL-Life Technologies, Basel,
Switzerland), was enriched with 10% serotonin-depleted
serum (GibcoBRL-Life Technologies, Basel, Switzerland), 5mg/
mL bovine insulin (Sigma Chemicals Co., St Louis, MO, USA),
2mM glutamine (Sigma Chemicals Co., St Louis, MO, USA), 75
mg/mL streptomycin (Sigma Chemicals Co., St Louis, MO,
USA), and 100mg/mL penicillin (Sigma Chemicals Co., Chan-

tilly, VA, USA) for 24h. Conditioned media from all cultures
were collected and stored for cytokine determinations.

Quantification of cytokines

Cytokines were measured in lung tissue homogenates by a
specific two-site sandwich ELISA, using the following
mAb: for IL-4, BVD-1D11 and biotinylated BVD6-24G2;
for IL-5, TRFK5 and biotinylated TRFK4; and for IFN-g,
XMG 1.2 and biotinylated AN18. Binding of biotinylated
mAbs detected using a streptoavidin–horseradish perox-
idase complex (Amersham Int., Amersham, UK) and
2-20-azino-bis(3-ethylbenz-thiazoline-6-sulphonic acid)
(Sigma) in 0.1 M citrate buffer containing hydrogen per-
oxide. The detection limits were 7.8 pg/mL for IL-4;
15.6 pg/mL for IL-5; 31.3 pg/mL for IL-10; 0.31 pg/mL for
IL-13; 31.3 pg/mL for IFN-g; and 500 pg/mL for eotaxin.

Fibronectin assay

The concentrations of fibronectin present in lung tissue
homogenates were determined using a competitive ELISA
method [31]. In brief, 96-well plates (Fisher Scientific,
Pittsburgh, PA, USA) were coated overnight with plasma
fibronectin at 1mg/mL in carbonate buffer, pH 9.6. In a
separate 96-well plate, samples and several concentrations of
a standard fibronectin solution were incubated with poly-
clonal anti-fibronectin rabbit antiserum overnight at 4 1C.
Plates coated with fibronectin were blocked with 1% bovine
serum albumin in TBS at room temperature for 30min. After
rinsing three times with TBS10.05% Tween-20, 100mL of
antigen–antibody incubations were added to plates and
incubated for 2h at room temperature. The wells were
washed, and the free antibody bound to the plate was
detected using biotinylated goat anti-rabbit antibody (Sigma
Chemicals Co., St Louis, MO, USA). The reactions were
developed with streptoavidin–peroxidase conjugate (Sigma
Chemicals Co., St Louis, MO, USA), OPD, and H2O2, and the
plates were read at 450nm on an automated ELISA reader
(Dynatech, MR 5000, Chantilly, VA, USA). Samples were
quantified by comparison with standard curves of recombi-
nant mouse fibronectin. The minimal amount of fibronectin
that could be detected was 3ng/mL.

Histology of the lungs

Histology was performed as described elsewhere [32]. Paraf-
fin-embedded sections (5mm) were stained with haematox-
ylin/eosin (H&E) to evaluate general morphology, and goblet
cells were visualized on periodic acid-Schiff (PAS)-stained
lung sections. Collagen deposition was on Picro Sirius red-
stained sections. All slides were examined with light micro-
scopy at a magnification of �40. For each group of six mice,
four stained lung sections from each mouse were analysed.
Scale bar: 15mm.
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Quantitation of lung oedema

As a separate measure of pulmonary oedema formation,
wet-to-dry lung weight ratios were determined for both the
left and right lungs. Six and 24h after last aerosol challenge,
the lungs of groups of mice were excised separately, and
each lung was rapidly weighed on pre-tared dishes for the
determination of wet lung weight. The samples were then
dried in an oven (Fisher isotemp, 65 1C) for 3–4 days and
weighed daily to establish dry lung weight. The wet-to-dry
lung weight ratio is expected to increase with an increase in
extra vascular lung water, blood volume, or both.

Statistical analysis

All values were expressed as mean� SEM. Parametric
data were evaluated using analysis of variance, followed
by the Tukey test for multiple comparisons. Non-para-
metric data were assessed using the Mann–Whitney test.
Differences were considered to be statistically significant
at Po 0.05. The SPSS statistical package (Release 13.0,
Evaluation Version, 2004) was used.

Results

Administration of methysergide reduces sustained airway
inflammation induced by prolonged ovalbumin challenge

To evaluate the role of serotonin in the inflammatory and
remodelling processes that follow a prolonged allergen
challenge, the effects of the 5-HT2 receptor antagonist
methysergide (40 mg/kg, i.n., 2 h before each challenge)
were determined. BAL of OVA/PBS mice contained only a
few macrophages and no eosinophils or neutrophils were
noted. Prolonged OVA challenge of vehicle-treated mice
(OVA/OVA) induced a large number of eosinophils in BAL.
Compared with the vehicle-treated OVA/OVA group,
methysergide-treated mice immunized and challenged
with OVA showed absence of eosinophil or neutrophils
(Fig. 1a). In addition, lung wet-to-dry weight ratio analy-
sis demonstrated a significantly lower water content in the
lung of methysergide-treated mice than in the vehicle-
treated OVA/OVA mice, 6 and 24 h after the last aerosol
challenge (Fig. 1b). We further analysed the fibronectin
level by an immunoenzymatic assay. A significant reduc-
tion in fibronectin content was noted in BAL from
sensitized mice treated with methysergide (Fig. 2).

IL-4 and IL-5 are the main cytokines involved in allergic
airway inflammation and, therefore, we measured their
levels in explants of lung tissue after challenge with
aerosolized OVA in vehicle- or methysergide-treated OVA/
OVA mice. The choice of the lung for the cytokines evalua-
tion is based on the fact that bronchial intraepithelial CD4
and CD8 allergen-specific T lymphocytes seem to be more
responsible for the production of the proinflammatory

cytokines associated with inflammation and asthma, differ-
ent from the circulating lymphocytes in the blood or present
in BAL [33]. Figures 3a and b show that both cytokines were
detected in the vehicle-treated OVA/OVA group. However, in
methysergide-treated mice, the amounts of T helper type 2
(Th2) cytokines (IL-4 and IL-5) in lung explants were
significantly reduced as compared with those from vehicle-
treated OVA/OVA mice. Interestingly, the administration of
methysergide significantly increased the amount of IFN-g
released by the explants from lungs provided by mice
following a challenge with OVA (Fig. 3c).

Methysergide suppresses ovalbumin-specific responses
in vitro

OVA-specific immune responses in spleen and TLN cul-
tures were performed to assess whether methysergide
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Fig. 1. Effects of methysergide on bronchoalveolar lavage (BAL) eosino-
philia. Immunized mice were exposed to aerosolized ovalbumin (OVA)
for 20 min twice a week, for 4 consecutive weeks. Two hours before each
challenge, they were treated with vehicle (saline, 40mL intra nasally) or
methysergide (i.n., 40 mg/kg). Forty-eight hours after the last aerosol
challenge, BAL was collected for cell counts (�105), (a) and wet-to-dry
lung weight ratios were determined for both the left and right lungs (b)
The results represent the mean�SEM of six animals/group. �Po 0.001
compared with the OVA/phosphate-buffered saline (PBS) group;
#Po 0.01 compared with the vehicle-treated OVA/OVA group.
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treatment directly affected lymphocyte function. The
OVA-specific production of IL-4, IL-5, and Eotaxin was
significantly decreased in both the spleen and TLN of mice
treated with methysergide. In these mice, the levels of
IL-13 or IFN-g were only decreased in the spleen or TLN,
respectively. Mice treated with methysergide showed no
significant difference in OVA-induced IL-10 levels in
spleen or lymph node cultures (Fig. 4).

Inhibition of airway remodelling does not correlate with
plasma levels of interferon-g

We studied whether the protection of mice against airway
chronic inflammation and remodelling by the administra-
tion of methysergide resulted from the presence of IFN-g
in their lung. When methysergide-treated mice were
exposed to IFN-g-blocking antibodies and subsequently
submitted to OVA, inhibition of eosinophil recruitment
into the BAL persisted (Fig. 5a). A significant increase in
the level of IgE was found after OVA challenge of vehicle-
treated animals (OVA/OVA). Methysergide-treated mice
injected with control antibodies had less plasma IgE than
vehicle-treated OVA/OVA, and plasma from the methyser-
gide group treated with IFN-g-blocking antibodies had
even less (Fig. 5b). The anti-IFN-g antibodies failed to
prevent the inhibitory effect of methysergide on the
elevated levels of Th2 cytokines in lung homogenates
(Fig. 6).

Sub-epithelial matrix collagen deposition is character-
istic of the remodelled airway. Prolonged allergen chal-
lenge of sensitized mice resulted in increased fibronectin
levels in BAL (Fig. 2) and in homogenates of lung tissue

(Fig. 7a) and in collagen deposition in the airways (Fig.
7b). Collagen deposition was substantially reduced in
lungs from mice treated with methysergide as compared
with vehicle-treated OVA/OVA mice. Further, the treat-
ment of these mice with IFN-g blocking antibodies failed
to restore the levels of fibronectin or collagen deposition
in lung tissue (Figs 7a and b).
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Effect of serotonin on airway chronic inflammation

Figure 8a shows that prolonged challenge of OVA-immu-
nized mice with i.n. serotonin induced a similar influx of
eosinophils into the BAL as compared with vehicle-treated
OVA/OVA mice. PAS-positive cells were not observed in
the bronchial epithelium after prolonged serotonin chal-
lenge, but only in animals exposed to repeated OVA
challenge (Fig. 8b). Eosinophil influx was associated with
a significant increase in IL-4 and IL-5 levels in lung
homogenates (Fig. 9). Interestingly, after prolonged ser-
otonin challenge, an increase in collagen deposition was
observed in the sub-epithelial layer of the airways, and an
increased fibronectin level in lung tissue (Fig. 10). Instilla-

tion of serotonin in non-immunized mice did not induce
eosinophil recruitment to BAL, Th2 cytokine production
nor fibronectin release and collagen deposition (data not
shown).

Discussion

Most studies of ‘asthma models’ in mice have used
relatively short-term protocols for antigen sensitization
and challenge, which can replicate some but not all of the
features of chronic asthma in humans. The long-term
changes in the airways of chronic asthma called airway
remodelling are characterized by a persistent airway
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inflammation, increased number of mucus-secreting gob-
let cells in the airway epithelium with excessive mucus
production, and increased deposition of collagen in the
lungs, smooth muscle cell hyperplasia/hypertrophy, as
well as airway hyperresponsiveness [10, 34, 35]. In the
present study, we found that BALB/c mice exposed to
prolonged allergen challenge developed significant air-
way remodelling (deposition of interstitial collagens and
augmented fibronectin production) in association with an
increase in airway eosinophilic inflammation with IL-4,
IL-5, IL-13, and eotaxin production, protein exudation,
specific IgE secretion, and goblet cell hyperplasia.

Rodents have large amounts of serotonin (5-HT) in the
granules of their mast cells. Serotonin is secreted abun-
dantly during the allergic response and its relevance for
acute broncoconstriction seems clear [13–15]. We investi-
gated the effect of serotonin released after IgE-mediated

mast cell degranulation on the remodelling process using
of methysergide, a specific 5-HT receptor antagonist.

Methysergide, instilled i.n. 2 h before each repeated
challenge, inhibited the allergen-induced increase in
airway eosinophilia, goblet cell hyperplasia, and
significantly reduced specific IgE levels. The cytokines
IL-4, IL-5, IL-13, and eotaxin produced by bronchial
intraepithelial allergen-reactive CD41 Th2 cells and lo-
cally by inflammatory cells recruited into the airways are
responsible for many features of allergic asthma including
specific IgE production, eosinophilia, and mucus hyperse-
cretion [36]. The observed reduction in pulmonary in-
flammation, goblet cell hyperplasia, and specific IgE
synthesis might have resulted from the reduction in the
lung tissue levels of IL-4 and IL-5 following treatment
with methysergide. In addition, the anti-inflammatory
effect of methysergide is at least in part mediated through
a suppressive action on T lymphocytes, as OVA-specific
IL-4, IL-5, IL-13, and eotaxin secretions were reduced
in spleen and thoracic lymph node cultures from mice
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treated with methysergide. The reduction in Th2 cytokine
production in both lymphoid organ cultures was not
accompanied by an increase in the secretion of IFN-g, a
Th1 cytokine or IL-10, an anti-inflammatory cytokine.
Indeed, IFN-g production was also reduced in lymph node
cultures.

In contrast to methysergide’s effect on T lymphocytes in
lymphoid organs, the treatment of mice with methyser-
gide up-regulated the lung levels of IFN-g, suggesting that
the suppression of the allergic parameters and the protec-
tion against airway remodelling might have resulted from
the presence of IFN-g in the effector organ (lung compart-
ment). This nevertheless seems unlikely, as neutralizing
anti-IFN-g antibodies administered to mice after methy-
sergide instillation and before OVA challenge did not
prevent the inhibitory effect of methysergide on Th2

inflammation or on airway remodelling in the lung. IFN-
g suppresses proliferation of Th2 cells [37], inhibits IgE
production [38], and promotes Th1 differentiation by
inducing IL-12 receptor b2-chain expression on T cells
[39]. In addition, when administered before inhaled anti-
gen challenge, IFN-g reduces the number of CD41 T cells
in the respiratory tract and consequently eosinophil
recruitment into the mouse airways [40–42]. In contrast,
there is now evidence that Th1 cells [43, 44] and IFN-g
[45] secretion may exarcebate airway inflammation in
asthma.

The mechanisms that increase the permeability of the
airway epithelium and of the arterial endothelium in
asthma are not yet completely understood. However,
plasma exudation in the airway interstitium and lumen
caused by an increase in the endothelial and epithelial
permeability might be due to the release of inflammatory
mediators, which in turn leads to microvascular and
epithelial leakage [46, 47]. Microvascular permeability
plays a key role in airway narrowing contributing to
abnormal airway function in chronic asthma [6, 48]. As
demonstrated clearly, serotonin increases vascular perme-
ability via stimulation of 5-HT2B receptors in lung
endothelial cells [49]. Our data show that methysergide
abrogated the extravasation of plasma from the vascular
into the alveolar space in the lung of treated compared
with untreated OVA/OVA mice.

Previous studies examining increased sub-epithelial
extracellular matrix deposition in murine models of air-
way remodelling have measured changes in collagen
[50–52] and fibronectin [34, 53]. In this regard, adminis-
tration of methysergide resulted in the abrogation of
airway fibronectin content, and collagen depositions in
the lung were virtually absent in treated mice, suggesting
the participation of serotonin in development of airway
remodelling.

It is also known that mast cells play a pivotal role in the
development of multiple features of asthma by producing
cytokines, such as IL-4, IL-5, IL-6, IL-10, and IL-13 and
TNF-a, which are important in the development and
maintenance of Th2 allergic response [54–57]. Some in
vitro studies have demonstrated that mast cells produce
various mediators such as TGF-b1 [58] and matrix metal-
loproteinases (MMPs) [59], which may contribute to the
development of airway remodelling. However, Masuda
et al. [60] demonstrated in mast cell-deficient mice
immunized with OVA plus Al(OH)3 and exposed to re-
peated OVA challenge that mast cells play a partial role in
the development of subepithelial fibrosis, although anti-
gen-induced airway inflammation and airway hyperreac-
tivity are independent of mast cells. In addition, Yu et al.
[61], working with mast cell knock-in mice sensitized
with a repetitive i.n. challenge without adjuvant engrafted
with FcRg1/1 (WT) vs. FcRg� /� mast cells showed that
mast cells, were essential for the full development of each

OVA/PBS OVA/OVA

Methysergide Methysergide/XMG1.2

0

100

200

300

400(a)

(b)

F
ib

ro
n

ec
ti

n
 (

n
g

/m
L

)

# #

*

OVA/PBS Vehicle-treated
OVA/OVA

Methysergide-
treated

OVA/OVA

Methysergide-
treated

OVA/OVA

XMG1.2 GL113

Fig. 7. Effect of IFN-g neutralization on airway remodelling. Ovalbumin
(OVA)-immunized mice were exposed to aerosolized OVA for 20 min
twice a week for four consecutive weeks. Two hours before each
challenge they were treated with vehicle (saline, 40mL intranasally) or
methysergide, and 1 h with rat anti-mouse IFN-g mAb (XMG 1.2) or
isotype control MoAb (GL113). Lungs were obtained 48 h after the last
aerosol challenge, for fibronectin determination (a) and for Picro Sirius
red staining at �40 magnification (b). �Po 0.05 compared with the
OVA/phosphate buffer saline (PBS) group; #Po 0.05 compared with the
vehicle-treated OVA/OVA group. Scale bar: 15 mm.

�c 2007 The Authors
Journal compilation �c 2007 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 37 : 723–734

730 C. Lima et al



of the features of the chronic asthma model as increased
number of lung mast cells, enhanced airway responsive-
ness to methacholine challenge, airway infiltrates of
eosinophils and lymphocytes, epithelial goblet cell hyer-
plasia, and increased levels of lung collagen. Therefore,
suitable animal models are needed to enable us to address
properly the real role of mast cells and mast cell-derived
mediators in the development of multiple features of
chronic asthma.

Mast cells, but not T cells or eosinophils, localize near
the airway smooth muscle (ASM) bundles in patients with
asthma, but not in normal individuals or in those with
eosinophilic bronchitis [62]. Smooth muscle mast cell
density correlates significantly with BHR, and is likely to
be an important factor determining the asthmatic pheno-
type. Interaction between ASM cells and mast cells,
probably due to the enhanced release of mast cell growth
factors, favours mast cell degranulation. Serotonin re-
leased from mast cells [63] upon activation by antigen-
specific IgE in mice might function as a potent pulmonary
vasoconstrictor [19] and can influence the development of
BHR [13–15]. However, its role in the remodelling process
following prolonged allergen exposure remains to be
elucidated.

To confirm our hypothesis of the involvement of
serotonin in remodelling, we reproduced the chronic
model of airway inflammation. In agreement with our

results with OVA challenge, increased local serotonin
levels in OVA-sensitized mice by repeated nasal instilla-
tion induced infiltration of inflammatory cells that were
predominantly eosinophilic, and was accompanied by up-
regulated levels of IL-4 and IL-5. The production of
fibronectin and the deposition of collagen around the
airways of mice challenged with serotonin were also
observed as compared with OVA-challenged mice. In
contrast, the hyperplasia of mucus cells was not observed
in serotonin-instilled mice. With regard to this, Cohn et al.
[45] showed that goblet cell differentiation does not occur
in immune responses, particularly those rich in IFN-g. In
our model, we suggest that the absence of goblet cells
induced by serotonin instillation could be the result of the
presence of significant levels of IFN-g in the lung.

An explanation for the observed effects of methyser-
gide on airway inflammation and lung remodelling could
be that binding of serotonin onto cognate receptors
distributed throughout the airways or its cellular inter-
nalization [19] triggers the release of cytokines and of
fibrogenic mediators that contribute to the development
and maintenance of remodelling. In a recent work, Little
et al. [26] confirmed the involvement of serotonin in the
in vivo release of IL-16, a very potent chemoattractant for
human eosinophils [64] and CD41 T cells [26, 65]. These
authors demonstrated that allergen stimulation of bron-
chial epithelial cells results in the production and
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secretion of IL-16 only after serotonin stimulation. A
recent study demonstrated that serotonin independently
acts as a chemoattractant for eosinophils and this effect
appears to be mediated by the interactions with the 5-
HT2A receptor expressed by eosinophils. Additionally,
serotonin has an additive effect with eotaxin, inducing
eosinophil chemotaxis and pulmonary eosinophilia [66].

Thus, in our model, the recruitment of eosinophils and
the activation of CD41 Th2 lymphocytes and subsequent
secretion of IL-4, IL-5, IL-13, and eotaxin might be
dependent on the release of IL-16 from bronchial epithe-
lial cells after serotonin release dependent on mast cell
activation. Moreover, the direct effect of serotonin on the
proliferation and activation of CD41 T helper cells has
been described [21, 67]. In addition, evidences recently
provided by O’Connell et al. [68] indicate that DCs can

regulate T cell proliferation and differentiation via ser-
otonin. Resident DCs in peripheral tissues, including the
skin and lung, may uptake serotonin that is released by
activated platelets, degranulating mast cells, or sympa-
thetic nerves. This stored serotonin is then released via
Ca21-triggered exocytosis and can alter cAMP levels in T
cells by acting at type 1 5-HT receptors.

Overall, our data indicate that serotonin release depen-
dent on mast cell activation may contribute to the devel-
opment and maintenance of remodelling, through action
on eosinophils, and the induction of cytokines and fibro-
genic mediator release. Serotonin should therefore be
considered as a relevant signalling for the development
and maintenance of airway remodelling.
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