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Abstract

Objectives: Our previous data demonstrated that allergic
airway inflammation induces migration of dendritic cells
(DQ) into airway sensory jugular and nodose ganglia (jugu-
lar-nodose ganglion complex; JNC). Here we investigated
the effects of steroid treatment regarding the expression
and migration of DC and calcitonin gene-related peptide
(CGRP)-immunoreactive neurons of vagal sensory ganglia
during allergic airway inflammation. Methods: A house dust
mite (HDM) model for allergic airway inflammation was
used. The mice received 0.3 mg fluticasone propionate per
kilogram of body weight in the last 9 days. JNC slices were
analyzed on MHC Il, the neuronal marker PGP9.5, and the
neuropeptide CGRP. Results: Allergic airway inflammation
increased the numbers of DC and CGRP-expressing neurons
in the JNC significantly in comparison to the controls (DC/

neurons: HDM 44.58 + 1.6% vs. saline 33.29 + 1.6%, p < 0.05;
CGRP-positive neurons/total neurons: HDM 30.65 + 1.9% vs.
saline 19.49 + 2.3%, p < 0.05). Steroid treatment did not have
any effect on the numbers of DC and CGRP-expressing neu-
rons in the JNC compared to HDM-treated mice. Conclu-
sions: The present findings indicate an important role of DC
and CGRP-containing neurons in the pathogenesis of aller-
gicairway inflammation. However, steroid treatment did not
have an effect on the population of DC and neurons display-
ing CGRP in the JNC, whereas steroid treatment was found
to suppress allergic airway inflammation.

© 2015 S. Karger AG, Basel

Introduction
Allergic bronchial asthma is characterized by revers-

ible airway obstruction, airway hyperresponsiveness
(AHR), mucus hypersecretion, and chronic airway in-
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Fig. 1. Treatment protocol of the chronic
HDM mouse model. The animals were sys-
temically sensitized by intranasal applica-
tion of HDM extract 5 days a week for 7
weeks. FP treatment was administered i.n.
at 0.3 mg/kg of body weight in a volume of
50 ul on the final 9 days. All analyses were
carried out 24 h after the final challenge.
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HDM: i.n. 25 pg in 50 pl saline 5 days/week for 7 weeks
Control: 50 pl saline
Steroid: FP 0.3 mg/kg of body weight

15

Section 24 h after
the final HDM
challenge

flammation with recruitment of various immune cells, in-
cluding dendritic cells (DC) [1-3]. As antigen-presenting
and phagocytic cells, DC are known to play a key role in
the allergic immune response and to be localized in many
organs like the skin, the mucosa of the intestines, and the
lungs [2-5].

DC have been shown to have the capacity to activate
T lymphocytes, induce immune tolerance, and main-
tain immune memory [3, 5-7]. Recently, the matura-
tion and differentiation of DC have been described to
be modulated by many cytokines of immune cells as
well as neuropeptides such as the calcitonin gene-relat-
ed peptide (CGRP) released by airway sensory nerve fi-
bers [8-13].

CGRP consists of 37 amino acids [14] and is biosyn-
thesized and released from sensory neurons innervating
the airways in response to different stimuli including al-
lergic airway inflammation [12, 14, 15]. CGRP released
from airway nerve fibers has the capacity to act as a che-
moattractant factor for different immune cells such as
CD4+ T lymphocytes, CD8+ T lymphocytes [16, 17], eo-
sinophils [18, 19], and DC [20] and to induce the prolif-
eration of airway epithelial cells [21]. Besides, as a che-
moattractant for inflammatory cells, CGRP plays an im-
portant role, with multiple effects in the pathogenesis of
allergic airway inflammation [22, 23]. CGRP has been
proposed to induce bronchoconstriction and vasodilata-
tion in airway diseases [24, 25].

Fluticasone propionate (FP) has been commonly used
for therapy of bronchial asthma and chronic obstructive
pulmonary disease (COPD). Treatment with FP has been
demonstrated to reduce the expression of sensory neuro-
peptides such as substance P and CGRP [26, 27] and to
inhibit the migration of DC [28].

In our previous study, DC were found to be localized
in the jugular-nodose ganglion complex (JNC) under
physiologic conditions, and their number was signifi-
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cantly increased during allergic airway inflammation by
migration from outside into the ganglia [4]. However, the
impact of FP on neuropeptide expression and on the mi-
gration of DC in airway sensory ganglia has been not ex-
plored so far.

The present study, therefore, aimed to investigate the
anti-inflammatory effects of steroid treatment on the
presence and the distribution of DC and CGRP-immuno-
reactive neurons in vagal sensory jugular-nodose ganglia
under allergic airway inflammation.

Materials and Methods

Animals

Female wild-type BALB/c mice (6-8 weeks old) were pur-
chased from Charles River. The animals were held in regular 12-
hour dark/light cycles at a room temperature of 22°C and received
laboratory food and tap water ad libitum. The animals were accli-
matized for at least 2 weeks prior to the study. All animal experi-
ments were performed in strict concordance with the German an-
imal protection law and were approved by the appropriate govern-
mental authority (No. 10/0207).

House Dust Mite Mouse Model

The application of house dust mites (HDM) to induce chronic
allergic airway inflammation has been reported previously [4].
Shortly, BALB/c mice (n = 6) were exposed consecutively 5 days a
week for a total of 7 weeks to intranasal (i.n.) instillation of HDM
extract (catalog No. XPB82D3A2.5; Greer Inc.) at a dose of 25 pg
protein in 50 yl saline. The control groups (n = 6) were treated i.n.
with 50 ul saline. Analyses were performed 24 h after the last al-
lergen challenge (fig. 1).

Steroid Treatment

To assess steroid efficacy in HDM-treated animals, one group
(n = 6) was treated in. with FP at 0.3 mg/kg of body weight in a
volume of 50 pul 1 h before HDM application daily during the final
9 days before necropsy. The animals in the nontreated groups re-
ceived 50 pl of vehicle i.n. instead. The body weights of the steroid-
treated animals were monitored daily.
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Table 1. Antibodies for immunofluorescence staining

Antibody Source Dilution
Primary purified antibodies

Rabbit polyclonal antibody against mouse, human PGP9.5 Abcam, Cambridge, UK 1:200
Rat monoclonal antibody against mouse I-A/I-E BioLegend, San Diego, Calif., USA 1:200
Goat polyclonal antibody against mouse CGRP Acris, Herford, Germany 1:400
Isotype control purified antibodies

Rabbit IgG Dianova, Hamburg, Germany 1:5,000
Rat IgG 2b kappa BioLegend 1:200
Goat IgG R&D Systems 1:300
Secondary antibodies

DyLight 488-conjugated donkey anti-rabbit IgG antibody Jackson ImmunoResearch Inc., Baltimore, Md., USA 1:400
Cy3-conjugated donkey anti-rat IgG antibody Jackson ImmunoResearch 1:500
Cy3-conjugated donkey anti-rabbit IgG antibody Jackson ImmunoResearch 1:400
DyLight 488-conjugated donkey anti-goat IgG antibody Jackson ImmunoResearch 1:400
DyLight 649-conjugated donkey anti-rabbit IgG antibody Jackson ImmunoResearch 1:400

Ganglion Preparation

JNC ganglia were fixed immediately in Zamboni solution
(Morphisto Evolutionsforschung und Anwendung GmbH, Frank-
furt am Main, Germany) for 6 h, rinsed overnight in 0.1 M phos-
phate-buffered saline (PBS), and cryoprotected for 24 h with 30%
sucrose in 0.1 M PBS. All of the above described steps were per-
formed at 4°C. The ganglia were embedded in optimal cutting
temperature medium and frozen in liquid nitrogen. Serial 8-pm
sections of the ganglia were prepared using a cryostat (Leica CM
1900; Bensheim, Germany), placed on APES (3-aminopropyltrieth-
oxysilane)-coated glass slides, dried at room temperature for 30
min, and then stored in the freezer at -80°C.

Immunofluorescence Staining

The immunofluorescence staining has been described previ-
ously [4]. Briefly, every fourth section from serial sections of JNC
was dried at room temperature for 15 min and then rehydrated for
5 min in PBS. To reduce nonspecific antibody binding, the sections
were incubated for 15 min at room temperature in 5% normal se-
rum of the host species of the secondary antibody diluted in PBS.
The sections were incubated with primary antibodies against
PGP9.5, MHC II, CGRP, or the appropriate isotype control anti-
bodies (table 1) for 1 h at room temperature and then overnight at
4°C. After rinsing with 0.1 M PBS twice, the sections were incu-
bated with secondary fluorescein-conjugated antibodies (table 1)
for 2 h at room temperature; for counterstaining, the sections were
then incubated with 100 ul DAPI (0.5 pug/ml; Carl Roth, Germany)
for 15 min at room temperature. Finally the sections were washed
twice with 0.1 M PBS and once with double distilled water, mount-
ed with the fluorescent mounting medium Prolong Gold (Invitro-
gen), and covered with coverslips.

For quantitative analysis of MHC II-immunoreactive cells,
CGRP-immunoreactive neurons, and PGP9.5-immunoreactive
neurons, 16 serial ganglion sections per mouse were stained and
visualized with an epifluorescence microscope (Axioskop 2 Plus;
Carl Zeiss, Jena, Germany), and cell counting was performed using

20 Neuroimmunomodulation 2016;23:18-26
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the software Image] (National Institutes of Health). The evalua-
tions of MHC II-immunoreactive cells and CGRP-immunoreac-
tive neurons were normalized by the total neuron number and
expressed as percentages.

Confocal images were acquired by LSM 510 META (Carl
Zeiss). The Images were processed using Imaris 4.5.2 (Bitplane,
Zurich, Switzerland).

Lung Histology

Cryosections of optimal cutting temperature medium-embed-
ded lungs (10 um) were prepared using a cryostat (Leica CM 1900)
and then fixed in cold acetone for 10 min. Lung cryosections were
taken for assessment of airway inflammation by using hematoxy-
lin and eosin (H&E) staining and periodic acid Schiff (PAS) stain-
ing.

Statistical Analysis

Data are given as means + SEM. The data were analyzed using
GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, Calif.,
USA). Comparisons between groups were analyzed by ANOVA
with Bonferroni adjustment. p values <0.05 were considered sta-
tistically significant.

Results

Allergic Airway Inflammation after HDM and Steroid

Treatment

Histological analysis with H&E and PAS staining of
the lung tissues showed massive infiltration of mononu-
clear cells (fig. 2, H&E) and a high level of mucus secre-
tion (fig. 2, PAS) in HDM- and HDM+FP-treated mice.
In contrast, the lung sections of control mice did not con-
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Fig. 2. Effects of chronic HDM and steroid
treatments in the lung. Photomicrographs
of H&E- (left) and PAS-stained (right) lung
sections. The lung sections of control mice
(a, b) did not contain aggregated inflam-
matory cells or mucus secretion, whereas
lung sections from HDM (¢, d) and
HDM+FP (e, f) mice showed infiltration of
mononuclear immune cells and a high-
ly mucus secretion in the airways. Scale
bars = 100 um.

HDM+FP

tain inflammatory cell aggregates (fig. 2a) and no mucus
secretion was detected (fig. 2b). Chronic allergic airway
inflammation induced by HDM treatment was indicated
by the recruitment of eosinophils, neutrophils, lympho-
cytes, and macrophages to the lung and the increased
lung resistance in response to methacholine. Steroid
treatment reduced the number of eosinophils in BAL and
the AHR as previously reported [29].

Steroid Treatment Did Not Alter the DC in the JNC

To identify sensory neurons and DC in the JNC, the
ganglia sections were analyzed with immunofluorescence
for expression of the pan-neuronal marker PGP9.5 and
the DC marker MHC II. Under physiological and allergic
airway conditions, DC have been found to be widely dis-

Steroid Treatment and Allergic Airway
Inflammation

tributed over the whole JNC, and they were located be-
tween the neurons and nerve fibers (fig. 3).

We wished to determine how the number of DC in the
JNC changed during allergic airway inflammation and
steroid treatment. The analysis of immunofluorescence
staining showed that the number of DC in the JNC was
significantly increased in HDM-treated animals (DC/
neurons: HDM 44.58 + 1.6%, n = 6 vs. saline 33.29 + 1.6%,
n =6, p < 0.05; fig. 3j).

Steroid treatment had no effect on the migration of DC
into the JNC in either group of HDM-treated mice (DC/
neurons: HDM 44.58 + 1.6%, n = 6 vs. HDM+FP 43.69 +
3.0%, n =6, p > 0.05; fig. 3j).

Color version available online
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Fig. 3. Quantification of DC in the JNC.
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Color version available online

Sixteen ganglion sections per mouse (n = 6)
were stained with MHC II antibody for DC
and PGP9.5 for neurons, and the images
were acquired using an epifluorescence mi-
croscope (Axioskop 2 Plus). The DC (MHC
II), neurons (PGP9.5), and merged picture
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CGRP-Expressing Neurons Were Not Affected by

Steroid Treatment

Similar to our previous findings, the percentage of
CGRP ir-neurons in relation to JNC-overall neurons was
also found to be significantly increased by HDM-induced
allergic airway inflammation (CGRP-positive neurons/
total neurons: HDM 30.65 + 1.9, n = 6% vs. saline 19.49
+2.3%, n = 6, p < 0.05; fig. 4j).

22 Neuroimmunomodulation 2016;23:18-26
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Steroid treatment did not have any effect on the num-
ber of CGRP-expressing neurons in the JNC (CGRP-pos-
itive neurons/total neurons: HDM 30.65 £ 1.9, n = 6% vs.
HDM-+FP 27.35 + 2.5%, n = 6, p > 0.05; fig. 4j).

The distribution of DC in correlation with CGRP-
expressing neurons in the JNC during allergic airway
inflammation and after steroid treatment was observed.
DC were found to be distributed overall on the JNC

Le et al.
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Fig. 4. Quantitative analysis of CGRP-ex-
pressing neurons in the JNC. Sixteen sec-
tions per mouse (n = 6) were stained
with antibodies against the neuropeptides
CGRP and PGP9.5, and images were ac- 40 -
quired with an Axioskop 2 Plus epifluores- ns.
cence microscope using a x40 objective. s *
CGRP-expressing neurons in the JNC are % @ 30 L
shown for the control group (a-c), the g g
HDM-treated group (d-f), and HDM+FP- 22 -
treated mice (g-i). j Quantification of g:g 201
CGRP-expressing neurons in the JNC of all Eg

o c
groups. Results are expressed as the per- €5 10
centage of CGRP-immunoreactive neu- o qC:j
rons in relation to all PGP9.5-positive neu-
rons. Data are given as means + SEM. . 0 -
n.s. = Not significant. * p < 0.05. Scale J Saline HDM HDM+FP
bars = 50 um.

slices of all animals groups without any preferential lo-
calization to CGRP-positive neurons in all groups

(fig. 5).

Discussion

DC represent a phenotypically heterogeneous mallea-
ble population with an important biological function in
many immune responses such as allergic airway inflam-
mation. There is increasing evidence showing the interac-
tions of DC with airway nerves under allergic conditions.

Steroid Treatment and Allergic Airway
Inflammation

Previous studies have shown that tachykinins and CGRP
may have the capacity to regulate the migration of im-
mune cells such as DC [16, 19, 20]. Recently, an increase
in the number of DC and CGRP-expressing neurons in
the JNC caused by HDM-induced allergic airway inflam-
mation was found. These findings suggest that CGRP
may contribute to the migration of immune cells such as
DC into airway sensory ganglia and to enhance or sup-
press airway inflammation [4, 30]. In correspondence
with our previous results, DC and CGRP-expressing neu-
rons in the JNC were enhanced after treatment with
HDM. DC were found to be distributed overall on the

Neuroimmunomodulation 2016;23:18-26 23
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Fig. 5. Distribution of DC in correlation
with CGRP-expressing neurons in the 3'+-
JNC. MHC II-positive cells distribute over-  |=
all on the JNC slices of all animal groups |2
without any preferred localization to
CGRP-positive neurons. Images were ac-
quired using a confocal microscope (LSM
510 META). Scale bar = 50 um.

JNC slices of all animals groups, without any preferential
localization to CGRP-positive neurons. Supporting the
present findings, neuropeptides such as CGRP have been
found to be released from airway nerves to the lung dur-
ing allergic and infectious airway inflammation [31, 32].
However, the functional role of intraganglionic DC and
CGRP in allergic airway inflammation remains poorly
understood.

Vagal sensory ganglia have been found not only to
convey afferent information from the lung to the central
nervous system but also to induce neurogenic inflamma-
tion and allergic airway inflammation by releasing nu-
merous neuropeptides from peripheral nerve fibers [9,
11]. Neuropeptides such as CGRP and tachykinins re-
leased from airway nerves have the capacity to stimulate
the proliferation and recruitment of immune cells to the
airways [18-21]. On the other hand, immune cells have
been shown to activate airway nerves via cytokines and
neurotrophic factors such as neurotrophins (nerve
growth factor and brain-derived neurotrophic factor)

24 Neuroimmunomodulation 2016;23:18-26
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PGP9.5+ +MHCII

[30, 33]. CGRP may act as a chemoattractant factor for
the migration of DC into airway ganglia, leading to an
increase in the intraganglionic DC population. This neu-
roimmune cross talk could somehow enhance allergic
airway inflammation.

Intraganglionic DC in the JNC may also play a key role
in the protection of neurons against viral and bacterial
infection [34-37]. With respect to immune cells in gan-
glions, T cells and macrophages have been found in HSV -
1-infected trigeminal ganglia [34].

To investigate the effect of steroids on intraganglionic
DC and CGRP in sensory ganglia, FP was intranasally de-
livered on the final 9 days. FP has been commonly used
for therapy of bronchial asthma and obstructive pulmo-
nary disease. Treatment with FP has been demonstrated
to improve the clinical response in allergic diseases via a
decrease in tachykinins [38, 39]. As expected, in the pres-
ent study, the treatment of FP was found to reduce aller-
gic airway inflammation via a decrease in inflammatory
cells like eosinophils in BALF and lung histology and to

Le et al.
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reduce AHR [29]. However, FP did not inhibit the migra-
tion of DC or alter the number of CGRP-expressing neu-
rons in airway sensory neurons. Although the previous
study reported that FP treatment reduces the migration
of plasmacytoid DC in the lungs, this effect does not oc-
cur with intraganglionic DC, which are also characterized
by CD11c+CD11b- [4, 28]. The result indicates that the
increase in intraganglionic DC occurs independently of
processes inhibited by steroids. This finding is unexpect-
ed und surprising as systemic steroids have been estab-
lished for the treatment of inflammation in neurological
diseases. The blood-brain barrier seems to be no obstacle
for systemic steroids. In contrast to the central nervous
system, vagal sensory ganglia are enclosed by a capsule,
so this may be one of the reasons for the survival and per-
sistence of viruses like the herpesvirus in trigeminal gan-
glia. Otherwise, steroid treatment may not have an effect
on airway nerves in terms of neuropeptide biosynthesis
and release.

With respect to the steroid effect, the migration of
intraganglionic DC could be effected by long-term treat-
ment with FP and not short-term treatment within 9
days. The present findings demonstrate that the effects
of FP on functions of intraganglionic DC remain un-
known.
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Unilateral vagotomy of allergic sensitized and chal-
lenged mice may help to investigate whether the increase
in intraganglionic DC requires intact axons of the vagus
nerve and if this is caused by a neurotrophic effect or a
systemic response. However, vagotomy can lead to neu-
ronal degeneration with alteration of neuropeptide bio-
synthesis and release and therefore may not reflect the
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In conclusion, the present results demonstrated that
the allergic airway inflammation induced by HDM led to
an increase in the numbers of DC and CGRP-expressing
neurons in sensory ganglia and that these numbers were
affected by steroid treatment. These findings indicate that
short-term steroid treatment did not have effects on mi-
gration of DC into the JNC, whereas steroid treatment
was found to suppress allergic airway inflammation.
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