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Abstract

Background

Ciliary beating by respiratory epithelial cells continuously purges pathogens from the lower

airways. Here we investigated the effect of the fungal cell wall polysaccharides Galacto-

mannan (GM) and Zymosan (Zym) on the adrenergic activated particle transport velocity

(PTV) of tracheal epithelium.

Methods

Experiments were performed using tracheae isolated from male C57BL/6J mice. Transport

velocity of the cilia bearing epithelial cells was measured by analysing recorded image

sequences. Generation of reactive oxygen species (ROS) were determined using Amplex

Red reagents. PCR experiments were performed on isolated tracheal epithelium to identify

adrenergic receptor mRNA.

Results

The adrenergic receptors α1D, α2A, β1 and β2 have been identified in isolated tracheal epi-

thelium. We found epinephrine responsible for an increase in PTV, which could only be

reduced by selective β-receptor-inhibition. In addition, either GM or Zym prevented the epi-

nephrine induced PTV increase. Furthermore, we observed a strong ROS generation

evoked by GM or Zym. However, epinephrine induced increase in PTV recovered in the

presence of GM and Zym after application of ROS scavengers.

Conclusion

Both GM or Zym trigger reversible ROS generation in tracheal tissue leading to inhibition of

the β-adrenergic increase in PTV.

PLOS ONE | DOI:10.1371/journal.pone.0143163 November 16, 2015 1 / 14

OPEN ACCESS

Citation:Weiterer S, Kohlen T, Veit F, Sachs L, Uhle
F, Lichtenstern C, et al. (2015) Galactomannan and
Zymosan Block the Epinephrine-Induced Particle
Transport in Tracheal Epithelium. PLoS ONE 10(11):
e0143163. doi:10.1371/journal.pone.0143163

Editor: James Porter, University of North Dakota,
UNITED STATES

Received: February 5, 2015

Accepted: November 2, 2015

Published: November 16, 2015

Copyright: © 2015 Weiterer et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: The authors received no specific funding
for this work.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0143163&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
The mucociliary apparatus of the lower respiratory tract plays a pivotal role in clearing and
protection of airway surface areas from debris, infectious particles and pathogens. Ciliary bear-
ing cells are located in the airway epithelium to transport impurities containing mucus in oral
direction of the bronchoalveolary system [1]. However, different factors can affect this impor-
tant mechanical defense mechanism. Dysfunction of fluid and electrolyte transport caused by
loss of cystic fibrosis transmembrane conductance regulator (CFTR) results in impaired mucus
clearance and susceptibility to airway infection [2–7].

As much as the quality of mucus, the transport efficacy of the ciliated cells seems to play an
important role in the mucociliary system. These cells are under continuous control of several
regulating factors, for example cyclic adenosine monophosphate (cAMP), cyclic guanosine
monophosphate (cGMP) as well as high intracellular calcium concentrations [8]. Further the
physiological ciliary activity is constantly adjusted by neuromodulators like acetylcholine, nor-
adrenaline or serotonin [9]. Adrenergic regulation plays a key role in ciliary beat activation.
Catecholamines supplied from the circulation or from autonomic nerve endings in the tracheal
wall can increase ciliary beat frequency. Because β1- and β2-adrenergic receptors are expressed
in both the tracheal epithelium and its underlying muscle layers [10] [11], catecholamines can
stimulate ciliary beating from either mucosal or serosal direction [12]. Thus, adrenergic stimu-
lation functions in host defense by increasing basal ciliary activity to prevent contamination of
deeper airways and alveoli. Infectious and inflammatory stimuli also could influence ciliary
function. The cytokine tumor necrosis factor-α (TNF-α), which is generated during inflamma-
tion, enhances the mucociliary transport via serotonin that is released from epithelial mast cells
[13]. This mechanism is understood as an early patho-physiological response. There is emerg-
ing data that pathogenic fungi not only activate the immune system in lungs by triggering the
generation of cytokines but also promote bacterial infections of lower airways [14] [15]. Since
ciliated cells belong in a broader sense to the immune system, it seems possible that fungi have
evolved mechanisms to impair ciliary transport. Impaired ciliary function by fungi could sub-
sequently enable bacterial infection. Fungal colonization of airways can be diagnosed by cell
wall components in broncho-alveolar-fluid samples [16]. These components, which are
released from fungal cells, may directly alter the mucociliary clearance mechanism. Here we
investigated the effect of Galactomannan (GM), a polysaccharide derived from Aspergillus
fumigatus cell wall, and Zymosan (Zym) a cell-wall extract of Saccharomyces cerevisiae [17] on
ciliary clearing mechanism. Both GM and Zym stimulate innate immune responses [18], how-
ever their effects onto the function of adrenaline activated tracheal ciliary epithelial cells is still
unclear.

Materials and Methods

Preparation of mice trachea
The experimental protocol was approved by the Animal Welfare Office of the Justus-Liebig-
University Giessen (Permit Number: 570_AZ).

Male C57BL6J (Charles River) mice (12–15 weeks old; 25–35 g) were euthanized by an over-
dose of isoflurane (Baxter, Unterschleißheim, Germany) in a closed chamber. After confirma-
tion of death, a parasternal incision was made followed by removal of the submandibular gland
and the infrahyoidal musculature. Tracheae were explanted immediately after opening the tho-
rax and dissected out by gently cutting the tracheae directly cranial of the bifurcation and cau-
dal of the larynx. The tracheae were then immediately mounted with two minutiae (Fiebig
Lehrmittel, Berlin, Germany) in a Delta T culture dish (Bioptechs, Butler, PA, USA) bottom
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coated with Sylgard polymer (Dow Corning, Wiesbaden, Germany) filled with HEPES-buffer
(2 ml; 4°C; pH 7.4) covering the whole trachea. The musculus trachealis was facing upwards
and longitudinally cut after fine preparation.

RNA extraction
For RNA isolation the tracheae were homogenized in a bead mill treaded with TRIzol (Life-
Technologies, Carlsbad, USA). RNA extraction was conducted using guanidinium thiocya-
nate-phenol-chloroform separation as described before [13]. Two different column-based
RNA extraction kits were used for the following processing. RNeasy Plus Mini Kit was used for
RNA extraction from whole tracheae, RNeasy Plus Micro Kit for RNA extraction from the iso-
lated epithelial cells (both from Qiagen, Hilden, Germany). For RNA analysis of the tracheal
epithelium we gently scrubbed the epithelial layer from isolated and opened tracheae using a
hygienic swab (Raucotupf, Lohmann & Rauscher GmbH & Co. KG, Neuwied, Germany). The
swab tip was homogenized in a bead mill with 350 μl of RLT Plus Buffer (Quiagen, Hilden,
Germany) and 3.5 μl 2-Mercaptoethanol (Carl Roth, Karlsruhe, Germany).

RT-PCR
RNA was quantified using the Nanodrop system (Thermo Scientific, Waltham, USA) and
0.25 μg of total RNA was used in the reaction. The synthesis step was adjusted to 20 min in
order to ensure proper cDNA synthesis even in the presence of secondary structures. Reactions
without enzyme where used as negative controls (“-RT”). The obtained cDNA was stored at –
80°C until further PCR experiments.

For subsequent PCR analysis, the GoTaq Flexi Kit (Promega, Madison, USA) was used.
Primer concentration was adjusted to 0.2 μM each in the final reaction mix, MgCl2 concentra-
tion and number of cycles was optimized for each primer pair separately (supporting informa-
tion S1 Table). PCR reactions were performed in a Mastercycler gradient (Eppendorf,
Hamburg, Germany) with the following protocol: After initial polymerase activation at 95°C
for 2 min, the denaturing step was performed at 95°C for 1 min, followed by a 1 min annealing
step at primer pair-specific temperature and a final extension step at 56°C for 1 min. For each
target gene, positive control reactions using RNA isolated from mesenteric vessels (α1), brain
(α2), heart (β1, β2) and fat (β3) were used.

PCR products were analyzed by agarose gel electrophoresis (2.5% TAE). 25 μl of each PCR
reaction mix was loaded per lane and separation was performed applying 100 V for 60 min.
Visualization of PCR products was achieved after staining of the gel with Sybr Safe (Life Tech-
nologies, Carlsbad, USA) for 40 min with a digital imaging system (Vilber Lourmat, Eberhard-
zell, Germany). GeneRuler 100 bp DNA Ladder (Thermo Scientific, Waltham, USA) was
conducted for sizing and quantification of DNA.

Histological staining
For histological staining, isolated organs were transferred into 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer solution at pH 7.2 and stored overnight for immersion fixation at 4°C.
After fixation the tissue was rinsed repeatedly in 0.1 M phosphate buffer and cryoprotected
overnight in the same buffer supplemented with 18% sucrose. The tracheal specimens were
snap frozen on filter paper in upright position in Tissue-Tek (Sacura, Finetek, Torrance, USA)
using liquid nitrogen. Transverse cryosections of 10 μm thickness were processed using a cryo-
stat (CM1900; Leica, Wetzlar, Germany). Sections were mounted on glass slides and cover-
slipped air dried. Afterwards the sections were briefly stained with filtered Richardson solution
(0.5 g Azur II, 0.25 g methylene blue, 0.25 g Borax in 100 ml distilled water), and then rinsed
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repeatedly in 0.1 M phosphate buffer and finally the sections were coverslipped in carbonate-
buffered glycerol (pH 8.6). The sections were evaluated with an upright light microscope
(Axioplan 2 imaging; Zeiss, Oberkochen, Germany).

Measurement of ROS generation
H2O2 released from the trachea was detected using the Amplex Red Hydrogen Peroxide/Perox-
idase Assay Kit (Life Technologies, Carlsbad, USA). The trachea was prepared as described
above and equilibrated in fresh HEPES buffer (2 ml; 30°C; pH 7.4) for 60 min. After equilibra-
tion Zym or GM was added. Sampling was done directly after administration of Zym (0.1 mg/
ml) or GM (0.02 mg/ml) (60 min), after 75 min (15 min after administration), and after 90 min
(30 min after administration). Samples were incubated with 10 μMAmplex1 Red reagent
(10-acetyl-3,7-dihydroxyphenoxazine) and 20 mMH2O2 working solution to detect H2O2

release from tissue. Fluorescence was measured using a microplate reader equipped for excita-
tion in the range of 530–560 nm and fluorescence emission detection at ~590 nm (Infinite1

M200, Tecan).

Imaging and measurement of particle transport velocity
After fine preparation the dish with the mounted trachea was placed on the stage of a tempera-
ture controlled upright transmission light microscope (BX50 WI; Olympus, Hamburg, Ger-
many). The 4°C HEPES buffer was replaced by 2 ml of fresh HEPES buffer pH 7.4 (30°C). The
temperature in the center of the dish was constantly regulated and controlled at 30°C. PTV was
estimated using Till Vision imaging software (Till Photonics, Gräfeling, Germany) and Image
Pro Plus analysis software (Media Cybernetics, Warrendale, USA) as described before [13],
[19]. 3 μl of small particles, Dynabeads with 2.8–4.5 μm in diameter (Dynal Biotech GmbH,
Hamburg, Germany), were applied prior to each experiment. An area of interest between 2 car-
tilages on the inner side of the ventral trachea was chosen using a 20x water immersion lens
(BX50 WI; Olympus, Hamburg, Germany) in bright field mode focusing the particles right
above the tracheal surface (position was maintained for entire experiment).

For each time point a minimum of at least 150 particles were automatically tracked. The
particle transport was computerized determined by recording 200 images during a period of
16.726 s at pre-defined time points (1 image/ 83.63 ms). A background subtraction was per-
formed pixel-by-pixel excluding non-moving objects. The particle transport velocity per time
point was calculated as a mean velocity of the tracked particles.

The general organ vitality and beating potential of the ciliary cells was assured by applica-
tion of ATP (10−5 M) at the end of each experiment, which induces an almost maximum
increase in PTV (data not shown).Preparation and microscope transfer was limited within 30
min followed by a resting period (30 min) to assure baseline conditions. For each experiment
the time point after the resting period was defined as minute 0, the PTV at this point was arbi-
trarily set as 100% to compensate the individual variability.

Drugs and buffer solutions
ATP, Clonidine, GM, N-Acetyl-L-cysteine (ACC), Tempol all from Sigma (Deisenhofen, Ger-
many), Zym (InvivoGen, San Diego, USA), Milrione (Hikma, Portugal). 2-Deoxyadenosine
monohydrate (2-DAM), CPG 20712, ICI 118,551 all from Tocris (Bristol, UK). Epinephrine
(INFECTOPHARM GmbH, Heppenheim, Germany).

HEPES solution: 20 mMHEPES, 4.5 mM KCl, 2.5 mM CaCl2, 11 mM Glucose, 140 mM
NaCl, 1 mMMgCl2, pH was adjusted to 7.4 at 30°C or 4–8°C for tissue preparation using
NaOH (4 M).
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Statistical analysis
Shapiro-Wilk test was used to test for normal distribution. MannWhitney U-test was used to
compare equivalent measuring points from different experiments.

Results

Adrenergic receptor mRNA expression in tracheal epithelium
RT-PCR experiments were used to identify the exact distribution of adrenergic receptor
mRNA in whole tracheal walls and in isolated tracheal epithelium. Histological staining was
used to verify the integrity of underlying cell structures after epithelium removal and purity of
isolated epithelial cells.

Tracheae freshly prepared showed intact wall structures including the epithelium (Fig 1A,
arrow). For RNA extraction, epithelial cells were isolated by gently brushing the longitudinally
opened tracheae. This method was specific for epithelial cells since all remaining wall structures
were left intact including the basal membrane (Fig 1B, arrow). In the tracheal epithelium we
found mRNA of the adrenergic receptors β1, β2 (Fig 1C and 1D) and α1D, α2A. In contrast
mRNA of further adrenergic receptors excluding the β3 receptor was detected in whole tracheal
sections (see table in Fig 1).

Fig 1. Adrenergic receptor mRNA expression in tracheal epithelium. A: Transversal section of untreated
murine trachea displays complete and intact respiratory epithelium (arrow) as used for PTV experiments and
for mRNA analysis from entire organs. B: Tracheal wall section after isolation of epithelium by brush removal
shows the specificity of epithelial cell isolation for mRNA extraction. Thus, the arrow indicates a section of the
trachea where the epithelium remained. All other tracheal wall structures were left intact. C & D: In isolated
epithelium harvested from four different tracheae (1–4) mRNA of the adrenergic receptors β1(C), β2 (D) were
found (α1D and α2A are not shown). epithelium:! scale bars: 25 μm. Table: Distribution of adrenergic
receptors in the whole tracheae and in the isolated epithelium. +: mRNA expressed; -: mRNA not detectable.

doi:10.1371/journal.pone.0143163.g001
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Epinephrine increases PTV through beta-adrenergic receptors
To determine whether alpha- or beta-adrenergic receptors regulate PTV, we added epinephrine
or the alpha-agonist clonidine. Epinephrine (Epi10-10 to 10−7 M) caused a dose dependent
increase in PTV (Fig 2). In contrast, the α-receptor agonist clonidine did not alter PTV (Fig 3).
Because clonidine failed to stimulate PTV, we hypothesized that Epi controls PTV through
beta-receptors. Pharmacological inhibition of β-receptors prevented the Epi (10−8 M) induced
increase in PTV (Fig 4), showing that beta-receptor signaling is required.

GM or Zym inhibit the Epi induced PTV increase
The fungal cell wall components GM (0.02 mg/mL) and Zym (0.1 mg/mL) had no effect on
basal PTV (S1A and S1B Fig). However, 30 min pre-incubation with GM or Zym led to a dose

Fig 2. Concentration dependent Epi effects on PTV. Basic values of PTV were normalized to 100% at the
initiation of Epi application at time point zero. Epi increases the PTV, which is already detectable 1.5 minutes
later when using the highest concentrations (10−7 M). In contrast lower concentrations applied led to delayed
acceleration of PTV that was first detectable after 3 min (10−8 M) or 4.5 min (10−9 M). All used concentrations
evoked after an acceleration period to a steady state increase of the PTV. During prolonged application only
little deceleration was registered this led to an approach of similar PTV when using high dosages. Further, the
peak PTV was dose dependent (control: untreated tracheae (n = 5); Epi (10−7 M, n = 5); Epi (10−8 M, n = 5);
Epi (10−9 M, n = 5); Epi (10−10 M, n = 4).

doi:10.1371/journal.pone.0143163.g002

Fig 3. PTV increase is independent from α-receptor activation.Clonidine an activator of α-receptors was
applied in a maximum concentration. However there was no effect onto PTV as a response to continuous
clonidine concentration (10−5 M) when compared to control (untreated tracheae). Exposure period was set to
60 min (control: untreated tracheae (n = 4); clonidine (10−5 M, n = 5); n: tracheae from n animals).

doi:10.1371/journal.pone.0143163.g003
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dependent inhibition of the Epi (10−8 M) induced PTV increase (Fig 5A & 5B). GM concentra-
tions of 0.015 mg/ml or 0.02 mg/ml significantly reduced the Epi induced PTV elevation (Fig
5C). Zym applied in a concentration of 0.1 mg/ml almost completely decreased the Epi induced
PTV (Fig 5D). Lower concentrations of GM or Zym reduced the Epi effect only partially or had
no significant impact on the Epi induced PTV.

Interference of GM or Zym with the Epi cascade
To determine whether Zym or GM interfere with adrenergic signaling upstream or down-
stream of receptor binding we stimulated intracellular components of the Epi signaling cas-
cade. The activator of the adenylyl cyclase 2-DAM (10−5 M) or milrinone (10−5 M, an inhibitor
of the phosphodiesterase 3, were applied to enhance PTV in order to elucidate the location of
Zym or GM interference. GM or Zym were applied 30 minutes before application of milrinone
or 2-DAM (See Fig 6A–6D). GM (0.02 mg/ml, Fig 6A and 6C) neither reduced the response to
milrinone nor the response to 2-DAM. Further treatment with Zym (0.1 mg/ml, Fig 6B and
6D) had no effect onto the response to milrinone or 2-Dam. Thus GM or Zym did not interfere
within the epinephrine cascade downstream of the adenylyl cyclase.

Fig 4. Pharmacological inhibition of β-receptors prevents the Epi induced increase in PTV. Pharmacological inhibition of either β1- or β2-receptors
was used to inhibit the PTV response evoked by Epi (A) The β1-selective inhibitor CGP 20712 was applied in increasing concentrations. Low concentrations
equal to Epi (10−8 M) only partially reduced the Epi-activated PTV. (B) Exposure to high concentration of CGP (10−4 M), when assumed that it binds non-
specific, almost completely prevented the effect evoked by Epi (10−8 M, **p<0.01). (B) Exposure of tracheal epithelium to CGP 20712 has no effect when
applied solely. However, high concentrations of CGP 20712 completely inhibited the response to Epi (10−8 M, **p<0.01). (C) The β2-selective inhibitor ICI
118.551 (10−4 M,) too has no agonistic effect when applied on its own, thus it completely prevented the increase in PTV evoked by Epi (10−8 M, **p<0.01)
(Data compared 18 minutes after Epi application). MannWhitney U-test. Box blots depict Mean ± S.E.M. (control: untreated tracheae (n = 7); Epi (10−8 M,
n = 5); CGP (10−4 M, n = 2), CGP 10−4 M + Epi 10−8 M (n = 5); ICI (10−4 M, n = 2); ICI 10−4 M + Epi 10−8 M (n = 5), n: number of tracheae).

doi:10.1371/journal.pone.0143163.g004
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GM or Zym induce ROS production
We hypothesized that GM and Zym elicit ROS production, potentially inhibiting beta-adrener-
gic receptor signaling by either degrading epinephrine or modifying its receptor. Amplex Red
analysis showed that both GM and Zym addition significantly increased ROS generation com-
pared to untreated control trachea (Fig 7).

ROS scavenging by N-acetylcysteine and Tempol reduce the effect of
GM or Zym
The ROS scavengers N-acetylcysteine (ACC, 20 mM) and Tempol (5 mM) restored epineph-
rine responsiveness of PTV in GM- (0.02 mg/ml) and Zym (0.1 mg/ml) -treated tracheas (Fig
8A & 8B). Tracheae treated with Epi and GM or Zym showed a significant increase in PTV

Fig 5. GM or Zym reduce the Epi induced PTV increase. 30 minute pre-incubation with GM (A) or Zym (B) reduced in a dose dependent manner the
response to Epi 10−8 M. The inhibiting effect of GM (C) (0.015 mg/ml, 0.02 mg/ml) or Zym (D) (0.1 mg/ml) onto the response to Epi was significant when
compared to experiments when only Epi was applied (*p<0.05, **p<0.01). Very low concentrations of GM 0.01 mg/ml (p = 0.9444) or Zym 0.075 mg/ml
(p = 0.6667) did not alter the Epi evoked increase in PTV. (E) (F) Neither high concentrations of GM (0.02 mg/ml) nor of Zym (0.1 mg/ml) affected the PTV nor
the response of ATP as an index of viability of individually investigated tracheae. Exposure periods are presented by horizontal bars. MannWhitney U-test.
Mean ± S.E.M.. (control: untreated tracheae (n = 7); all other experiments (n = 5), n: tracheae from n animals).

doi:10.1371/journal.pone.0143163.g005
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after previous simultaneous application of ACC and Tempol compared to tracheae not treated
with ROS scavengers (Fig 8C & 8D).

Discussion
Here we investigated the adrenergic signal cascade that activates cilia transport capacity in
murine tracheal epithelium and its modulation by fungal cell wall components.

Therefore we first analyzed the distribution of adrenergic receptor mRNA in entire tracheal
walls in comparison to isolated tracheal epithelium, demonstrated in Fig 1. The RT-PCR exper-
iments clearly provided evidence that mRNA of all investigated adrenergic receptors except β3,
are expressed in tracheal walls. To identify receptors that are expressed in the epithelium, we
carefully isolated the epithelial cell layer before mRNA extraction. Histological sections con-
firmed the specificity of this epithelial cell layer isolation. The subsequent mRNA extraction

Fig 6. GM or Zym do not influence the adenylyl cyclase pathway. Direct activation of intracellular adenylyl cyclase using 2-DAM (10−5 M) significantly
increased PTV. This accelerated PTV was neither reduced by pre-incubation with high concentrations of GM 0.02 mg/ml (A) nor with Zym 0.1 mg/ml (B). (C &
D) As well the reduced cAMP degradation by inhibition of phosphodiesterase 3 using milrinone (10−5 M) significantly increased the PTV. Too this increase
could neither be affected by GM (0.02 mg/ml) nor by Zym (0.1 mg/ml). E & F show the boxplots of PTV values after PTV had reached a stable plateau. There
was no difference in PTV under application of AC inhibitors or PDE inhibitor alone or in combination with GM or Zym. Mean ± S.E.M. Milrinone 10−5 M vs.
milrinone 10−5 M + GM 0.02 mg/ml (p = 0.9444); 2-DAM 10−5 M vs 2-DAM 10−5 M + GM 0.02 mg/ml (p = 0.4524); milrinone 10−5 M vs. milrinone 10−5 M + Zym
0.1 mg/ml (p = 0.4127); 2-DAM 10−5 M vs 2-DAM 10−5 M + Zym 0.1 mg/ml (p = 0.8016). MannWhitney U-test. (n = 5 for all experiments, n: tracheae from n
animals).

doi:10.1371/journal.pone.0143163.g006
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followed by RT-PCR analysis revealed that only mRNAs of β1, β2, α1D and α2A adrenergic
receptors are expressed in the tracheal epithelium.

We further used pharmacological agents to verify the identified receptors by their influence
onto cilia function via measuring the dose dependent changes in PTV as a response to Epi (Fig
2) or clonidine (Fig 3). Indeed, Epi evoked a dose dependent increase of the PTV, while the
selective α-stimulator clonidine had no effect. The latter results probably exclude a substantial
contribution of α receptors to cilia function, whereas β1 and β2 receptors seem to be responsi-
ble for the observed effect. To further prove this assumption selective pharmacological inhibi-
tors of β1 or β2 receptors were applied. With this experimental setup we confirmed that
inhibition of β1 using CGP 20712 as well as inhibition of β2 using ICI 118.551 indeed inhibited
the Epi induced increase in PTV. Consequently Epi response is transmitted either by β1 or β2
receptors expressed in tracheal epithelium.

Previous studies already demonstrated that different physiological modulators can directly
modify the PTV. Activation of muscarinic acetylcholine receptor M3 upregulates cilia-driven
particle transport, while stimulation of the M2 receptor decreases ciliary transport [9]. Apart
from these modulators further signal molecules are known to indirectly change the activity of
the mucociliary apparatus [19]. For example tumor necrosis factor alpha an inflammatory
response molecule elicits the effect of serotonin at tracheal ciliated cells [13]. Beyond that, the
lower airways are in constant contact to pathogens that may also influence the function and
integrity of the ciliary clearing mechanism. Here we investigated the effect of GM and Zym.
Both molecules act as exoantigens and can be found in infected organisms as well as in lower
airways [20].

We tried to elucidate their potential pathogenic role in lower airways by investigating their
effect onto PTV. Under basal conditions both did not alter PTV. However, when PTV was
stimulated by Epi to physiological rates or beyond, GM as well as Zym reduced the effect of Epi
onto PTV in a dose dependent manner.

Fig 7. GM or Zym induce ROS generation. In tracheae incubated with GM or Zym ROS generation was
detected that further increased under prolonged exposure periods and became highly significant after 30
minutes when compared to control organs (**p<0.01). MannWhitney U-test. Mean ± S.E.M.. (In all
experiments n = 4, n: tracheae from n animals).

doi:10.1371/journal.pone.0143163.g007
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We used pharmacologic tools to detect possible locations within the catecholamine cascade,
including the adenylyl cyclase pathway. Using 2-DAM, a direct activator of the adenylyl
cyclase, resulted in increased PTV. However, neither GM nor Zym impaired the response to
2-DAM. Stepping further downstream in the catecholamine cascade we also performed experi-
ments with milrinone. This inhibitor of phosphodiesterase 3 causes enhanced cAMP concen-
trations [21], [22] and here it was sufficient to maximally stimulate PTV. High concentrations
of cAMP lead also to an activation of an axonemal protein kinase A which directly phosphory-
lates dynein chains that are components of the microtubules acting as an ATPase propelling
the cilia motion as a part of the axoneme [23]. In the present study neither application of GM
nor of Zym were able to reduce or inhibit the milrinone augmented PTV. Overall neither a
direct stimulation of the adenylyl cyclase nor an indirect increase in cAMP were influenced by
GM or Zym suggesting that both molecules affect the Epi signal cascade upstream of the adeny-
lyl cyclase (Fig 6).

It is known that GM and Zym induce ROS generation by activation of NADPH oxidases in
different organs as well as in lungs resulting in altered cell functions or signal cascades [24],

Fig 8. ROS scavenging reduces the effect of GM or Zym. Simultaneous Application of the ROS scavengers ACC (20 mM) and Tempol (5 mM) in the
presence of GM (0.02 mg/ml) restored the Epi (10−8 M) induced PTV. This increase in PTV was significantly higher in comparison to tracheae which were not
pretreated with ROS scavengers (**p<0.01; A & C). (B & D) The inhibiting effect by Zym (0.1 mg/ml) onto Epi (10−8 M) evoked PTV-increase was also
reduced by the simultaneous application of the ROS scavengers ACC and Tempol (**p<0.01; B & D). (E) Application of ROS scavengers ACC (20 mM)
alone or in combination with Tempol (5 mM) did not change PTV. MannWhitney U-test. Mean ± S.E.M.. (control: n = 7; all other experiments n = 5, n:
tracheae from n animals).

doi:10.1371/journal.pone.0143163.g008
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[25]. When GM or Zym were applied onto tracheae we detected high levels of ROS concentra-
tions generated as a function of time (Fig 7). Under our basal conditions, when PTV is lower
than in vivo, both GM and Zym do not affect particle transport even at high concentrations,
suggesting ROS do not alter these low activation states. In different cell types ROS enhance the
activity of β2-receptors or G-protein depending signal cascades; however this may not be a uni-
versal model. Since we observed in the present study that the Epi induced increase of PTV via
activation of β1 or β2 receptors was reduced by GM or Zym.

Most likely Epi is directly oxidized by ROS because catecholamines act like ROS scavengers
even more efficiently like classical scavengers which then results in a reduced activity or bind-
ing capacity to adrenergic receptors as previously described [26] [27]. Eventually the physiolog-
ical Epi induced activation of PTV is inhibited by endogenous ROS generated under the
influence of GM or Zym that oxidize and inactivate Epi in a concentration dependent manner.
This assumption is strengthened by experiments in which we added different ROS scavengers
that were able to almost completely restore the Epi effect in the presence of GM or Zym (Fig 8).

Despite the mounting evidence about the potential underlying mechanism, we are well
aware of the limitations of our study. In fact, the final experimental proof of the “endogenous
counter-catecholaminergic ROS pathway” is still lacking in our results and needs to be subject
to further research, potentially using approaches like transgenic animals or non-oxidizable
derivatives of epinephrine we do not have access to. Despite the last missing link we are sure
that the mechanism we unraveled so far has a tremendous translational potential in the context
of intensive care medicine or pneumology.

In summary, our findings show the direct impact of the fungal cell wall components, GM
and Zym, to the functional ciliary transport mechanism. As Fungal airway colonization of Can-
dida albicans is known to provoke the development of bacterial pneumonia in rats [28], a better
understanding of fungal effects onto the lower respiratory tract might help to develop new anti-
fungal therapeutic concepts.

Our study clearly revealed the mechanism of adrenergic cilia activation in murine trachea
via β1 or β2 receptors expressed in tracheal epithelium. This signal transduction cascade is
inhibited by the fungal exoantigens GM or Zym triggering ROS generation that probably leads
to an oxidization of Epi which then mounts in a reduced binding affinity, a chain of action
which can be counteracted by pre-incubation with ROS scavengers.
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