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A B S T R A C T

Endogenous acetylcholine (ACh), which depends of the levels of vesicular ACh transport (VAChT) to be released,
is the central mediator of the cholinergic anti-inflammatory system. ACh controls the release of cytokine in
different models of inflammation. Diesel exhaust particles (DEP) are one of the major environmental pollutants
produced in large quantity by automotive engines in urban center. DEP bind the lung parenchyma and induce
inflammation. We evaluated whether cholinergic dysfunction worsens DEP-induced lung inflammation. Male
mice with decreased ACh release due to reduced expression of VAChT (VAChT-KD mice) were submitted to DEP
exposure for 30 days (3 mg/mL of DEP, once a day, five days a week) or saline. Pulmonary function and in-
flammation as well as extracellular matrix fiber deposition were evaluated. Additionally, airway and nasal
epithelial mucus production were quantified. We found that DEP instillation worsened lung function and in-
creased lung inflammation. Higher levels of mononuclear cells were observed in the peripheral blood of both
wild-type (WT) and VAChT-KD mice. Also, both wild-type (WT) and VAChT-KD mice showed an increase in
macrophages in bronchoalveolar lavage fluid (BALF) as well as increased expression of IL-4, IL-6, IL-13, TNF-α,
and NF-κB in lung cells. The collagen fiber content in alveolar septa was also increased in both genotypes. On the
other hand, we observed that granulocytes were increased only in VAChT-KD peripheral blood. Likewise, in-
creased BALF lymphocytes and neutrophils as well as increased elastic fibers in alveolar septa, airway neutral
mucus, and nasal epithelia acid mucus were observed only in VAChT-KD mice. The cytokines IL-4 and TNF-α
were also higher in VAChT-KD mice compared with WT mice. In conclusion, decreased ability to release ACh
exacerbates some of the lung alterations induced by DEP in mice, suggesting that VAChT-KD animals are more
vulnerable to the effects of DEP in the lung.

1. Introduction

Acetylcholine (ACh) is involved in the regulation of inflammation
(Bernik et al., 2002; Gwilt et al., 2007) reducing the production of some
cytokines such as TNF-α, IL-1β, IL-6, and IL-8 (Parrish et al., 2008;
Rosas-Ballina et al., 2011). ACh is synthesized from choline and acetyl-
coenzyme A (acetyl-CoA) through the action of choline acetyl-
transferase (ChAT) and is stored in synaptic vesicles, a process mediated
by the vesicular ACh transporter (VAChT). VAChT is essential for ACh
release in cholinergic nerve endings (Prado et al., 2002, 2006). Long-

term VAChT deficiency induces pulmonary inflammation in naïve mice
(Pinheiro et al., 2015) and increased release of pro-inflammatory cy-
tokines after cecal ligation and puncture (CLP) (Jeremias et al., 2016).
VAChT-deficient mice also show increased systemic and nervous system
inflammation induced by lipopolysaccharide (LPS) (Leite et al., 2016).
It has been proposed that ACh release by vagal nerve terminals induces
synthesis and secretion of ACh by lung epithelia and immune cells and
thereby regulates lung inflammation, infection, and immunity (Yang
et al., 2014).

A fleet of 15,002 diesel-powered vehicles is responsible for public
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transport in São Paulo, Brazil (SPTrans, 2013) and diesel exhaust par-
ticles (DEP) is one of the most toxic pollutants released by automotive
engines. The toxicity of DEP is due to the presence of multiple com-
pounds such as metals, sulfur, organics, polycyclic aromatic hydro-
carbons (PAHs) and particulate matter less than 2.5 µm of diameter
(Gavett et al., 2003; Hiura et al., 1999; Li et al., 2002). These com-
pounds are able to reach the distal airways and alveolar surfaces
(Kampa and Castanas, 2008; Lehmann et al., 2009; Salvi et al., 1999) as
well as the capillary and systemic circulation (Bai and van Eeden,
2013).

The effects of acute DEP exposure include polymorphonuclear leu-
kocyte infiltration, as well as the production of pro-inflammatory cy-
tokines such as TNF-α, IL-6, IL-8 and INF-γ and increased levels of Th2
cytokines (e.g., IL-4, IL-13, IL-5) (Barton et al., 2014; Ghio and Devlin,
2001; Win-Shwe et al., 2013; Yanamala et al., 2013). Increased reactive
oxygen species (ROS), and an increase in mucus production have also
been demonstrated in experimental models exposed to air pollution
(Nemmar et al., 2012; Win-Shwe et al., 2013; Yoshizaki et al., 2010).
Importantly, DEP exposure is associated with increased mortality and
morbidity as well as cardiovascular and respiratory effects such as
atopy; exacerbation of asthma, bronchitis, and chronic obstructive
pulmonary disease (COPD) (Dockery et al., 1993; Schwartz et al.,
1994).

People living in urban centers are highly exposed to air pollution. As
central and peripheral acetylcholine seems to modulate immune system
and inflammation (Pinheiro et al., 2015; Rosas-Ballina et al., 2011) we
hypothesized that cholinergic deficiency may worsen lung in-
flammatory responses to DEP exposure. Therefore, in this study we
investigated whether endogenous acetylcholine deficiency induced by
genetic reduction in approximately 70% of the levels of VAChT, affects
DEP-induced lung alterations. Beyond the recognized worldwide efforts
to attenuate air pollution, identifying additional mechanisms involved
in the harmful respiratory effects of pollutant-induced lung alterations
is highly relevant.

2. Material and methods

This project was approved by the Ethical Committee for Research
(Hospital das Clínicas-Faculdade de Medicina da Universidade de São
Paulo, number 0766/08). All animals received care in compliance with
the “Principles of Laboratory Animal Care” formulated by the National
Society for Medical Research, and the “Guiding Principles in the Care
and Use of Animals” approved by the Council of the American
Physiological Society.

2.1. VAChT mutant mice

VAChT knock down (VAChT-KD) mice were generated by Prado
et al. (2006). VAChT-KD heterozygous mice were intercrossed to gen-
erate homozygous VAChT-KD mice (from here on referred as VAChTKD
for simplicity) and wild-type littermate controls (WT) used in this
study. VAChT-KD mice have approximately 70% decrease in VAChT
protein expression (Prado et al., 2006). VAChT deficiency affects sy-
naptic vesicle filling and ACh release (Prado et al., 2006). Male VAChT-
KD mice and WT mice (6–8 weeks old, body weight between 20 and
25 g) were submitted to the DEP protocol (n= 8–12mice per group).

2.2. The wire-hang test

Mice were placed individually on the top of the cage lid, and the lid
was gently inverted, approximately 30 cm above a large rodent housing
cage. Latency to fall into the cage was recorded individually by mice
until 60 s (Sango et al., 1996).

2.3. Diesel exhaust particles (DEP) and exposure protocol

DEP were collected after 1 day of routine operation of a 210-hp
engine bus (Mercedes Benz MB1620) from São Paulo city's metropolitan
fleet, which exhibited a Euro III emission profile, and lacked an elec-
tronic fuel injector (Yoshizaki et al., 2010). DEP were collected with a
particle retainer that was adapted for diesel vehicles to reduce parti-
culate matter emissions, and the material was stored at 4 °C for further
analytical and toxicological studies (Yoshizaki et al., 2015, 2010). DEP
used in the present study were previously characterized by Laks et al.
(2008). Metals concentration determined by energy dispersive X-ray
fluorescence spectrometry were: (mean± SEM) (ppb) [Ni (181 ± 37),
S (626 ± 416), V (37 ± 13), Pb (50 ± 47), Fe (74,556 ± 2266), Cd
(29 ± 8), Cr (161 ± 116), and Cu (17 ± 1)]; and concentrations of
polycyclic aromatic hydrocarbons (PAHs), determined by high-perfor-
mance liquid chromatograph were: (ng/g) [Naphthalene (49.23), Ace-
naphthylene (179.48), Fluorene (683.94), Anthracene (94.73), Pyrene
(12,838.27), Benz[a]anthracene (1162.73), Benzo [b]fluoranthene
(789.93), Benzo[k]fluoranthene (562.28), and Benzo[a]pyrene
(1642.28)]. Through magnetic stirring, DEP were suspended in saline at
3mg/mL for 2 h and sonicated for 30min (L&R Transistor/Ultrasonic T-
14, USA). DEP samples used contain 90% of particles with a diameter
below 25.29 µm, 50% of particles below 8.96 µm and 10% below
2.71 µm (Seriani et al., 2015). According to volume and surface, the
average size of the particles was 11.84 and 5.79 µm. Therefore, 10 μL of
the solution was instilled intranasally in restrained animals once per
day, 5 days per week (from Monday to Friday) over 30 days (30 µg for
instillation per animal). This protocol has been shown to induce lung
inflammation (Yoshizaki et al., 2010). Control groups received the same
volume of saline under the same approach.

2.4. Experimental groups

VAChT-KD mice and WT mice were assigned to four groups: WT-
SAL: WT mice instilled with 10 μL of intranasal saline solution (0.9%
NaCl); WT-DEP: WT mice instilled with 10 μL of intranasal 30 μg DEP/
saline solution; KD-SAL: VAChT-KD mice instilled with 10 μL of in-
tranasal saline solution (0.9% NaCl) and KD-DEP: VAChT-KD mice in-
stilled with 10 μL of intranasal 30 μg DEP/saline solution.

2.5. Pulmonary mechanics evaluation to methacholine

Mice were anesthetized (50mg/kg i.p. of thiopental), tracheosto-
mized, and connected to a small ventilator (FlexiVent, SCIREQ,
Montreal, Canada). Volume and frequency were set at 10mL/kg and
2 Hz respectively. Evaluation started twenty-four hours after the last
DEP or saline instillation. Animals had their respiratory muscle paral-
yzed by pancuronium bromide (1mg/Kg i.p.) to avoid interference with
the mechanical evaluation. Using the equation of motion of the re-
spiratory system we obtained the values of respiratory system elastance
(Ers) and resistance (Rrs). Oscillatory pulmonary mechanics were per-
formed by producing flow oscillations at different prime frequencies
(from 0.25 to 19.625) for 16 s. We obtained pressure and flow data and
calculated airway impedance at each frequency (Hantos et al., 1992).
Tissue damping (Gtis) and tissue elastance (Htis) parameters were ob-
tained by applying the constant phase model.

An intravenous dose response curve to methacholine was performed
after baseline measurements (30 μL of solution with 10, 30, 100, 300
and 1000 μgmL−1), and Rrs, Ers, Gtis, and Htis values were collected
30 s after each dose. The baseline and maximal responses were used for
statistics analysis (Toledo et al., 2013).

2.6. Peripheral blood and bronchoalveolar lavage fluid (BALF) collection

After mechanical evaluation, abdominal wall was opened, and
blood was collected by venipuncture in the vena cava. The blood was
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diluted 1:2 with Turk 1% solution and the white blood cell (leucocytes)
were counted in the Neubauer chamber (Carl Roth, Karlsruhe,
Germany). Differential analysis was made by Diff-Quick stained blood
smears (Biochemical Sciences Inc., Swedesboro, NJ), and a total of 100
cells were counted according to their morphological pattern. Mice were
euthanized by exsanguination and BALF samples were collected
(Toledo et al., 2013) after washing the lungs with 0.5 mL of sterile
saline solution repeated for three times. Collected BALF samples were
centrifuged at 1000×g for 10min at 4 °C, and cell pellets were sus-
pended in 200 μL of saline solution. The total number of white blood
(leucocytes) viable cells was determined in a Neubauer chamber. BALF
samples prepared in cytocentrifuge slides and stained with Diff-Quick
stain, were used to differential analysis in an optical microscope to
count macrophages, eosinophils, neutrophils and lymphocytes (at least
300) according to their morphological pattern (Toledo et al., 2013).

2.7. Histological analysis of lung and nose tissues

Lungs were removed en bloc. The left lung was occluded, quickly
frozen in nitrogen and stored at − 80 °C to perform measurements of
cytokines. The right lung was fixed by intratracheal instillation of
0.2 mL of 4% formaldehyde and immersed for 24 h. Lung was then
transferred to 70% ethanol to perform histological analyses. Three
micrometer thick sections of paraffin-embedded lung tissue were spe-
cifically stained as described below (Toledo et al., 2013). The nose was
removed and decalcified in 5% EDTA for 14 days as previously de-
scribed (Camargo Pires-Neto et al., 2006; Yoshizaki et al., 2010). Five
micrometer thick sections of paraffin-embedded nose tissue were spe-
cifically stained as described below (Yoshizaki et al., 2010).

2.7.1. Collagen and elastic content in lung tissue
Histological sections were stained for collagen fibers detection using

a Picrosirius red staining method (Direct Red 80, C.I 35780, Aldrich,
USA) and for elastic fibers detection using Weigert's resorcin-fuchsin
with previous oxidation with oxone protocol. The collagen and elastic
fibers evaluation in the parenchyma tissue was performed as previously
described (Righetti et al., 2014). The volume fractions of collagen and
elastic fibers in the alveolar tissue were expressed as a percentage with
the aid of an optical microscope with a reticulum coupled to the ocular
(area 10.000 µm2 for 1000x objective).

2.7.2. Positive cells for IL4, IL-6, IL-13, TNF-α, and p65-NF-κB detection in
lung tissue

Immunohistochemistry staining was performed in the lung of 6–8
mice per group using antibody to anti-IL-6 (sc-1265-R, 1:500), anti-IL-4
(sc1260, 1:600), anti-IL-13 (sc-1776, 1:500), anti-TNF-α (sc-1348,
1:900) and anti-p65-NF-κB (sc-109, 1:400) (Santa Cruz Biotechnology,
Santa Cruz, CA). The ABC Kit Vectastain (Vector Elite PK-6105 anti-
goat and PK-6101 anti-rabbit, Burlingame, CA) was used as the sec-
ondary antibody, and 3,3 Diaminobenzidine (DAB) (Sigma Aldrich, St.
Louis, MO) was used as a chromogen. Inflammatory positive cells im-
munostaining in alveolar septa were evaluated by a point-counting
technique, as previously described (Toledo et al., 2013). Ten to fifteen
fields per animal were evaluated and data were expressed as positive
cells/area.

2.7.3. Nasal and bronchiolar epithelial mucus evaluation
Histological sections of lung and nose were stained with a combi-

nation of periodic acid-Schiff´s-alcian blue (PAS+AB) at a pH of 2.5,
which distinguishes acid and neutral mucus by different colors (blue
and red respectively). We quantified the mucus (acid and neutral) of the
respiratory epithelium of the nasal cavity and in the bronchioles by
conventional morphometry. The volume proportion of neutral and acid
mucus was determined by point-counting, as previously described
(Yoshizaki et al., 2010). In addition, the volume proportion of the
ciliary and secretory epithelial cells in the bronchiolar epithelium were

also quantified by the point-counting technique.

2.8. Measurement of IL-4 and TNF-α in lung homogenate

Lung tissues were homogenized and used to determine total protein
concentration by Bio-Rad Bradford Protein Assays (BioRad, California,
USA) (Bradford, 1976). The levels of IL-4 and TNF-α in lung homo-
genate were quantified using ELISA assay according to the manufac-
turer's instructions (R&D Systems, Minneapolis, MN) and corrected by
the total protein concentration. IL-4 and TNF-α were obtained using
standard curves, and each sample was assayed in duplicates and read at
450 nm.

2.9. Statistical analysis

The wire-hang test was evaluated using a t-test. For the other
parameters, the parametric data were analyzed by two-way ANOVA,
considering exposure to DEP or saline conditions (DEP or SAL) and
genotype (VAChT-KD or WT), followed by Holm-Sidak methods. All
data were expressed as mean± SEM, and the statistical significance
level was adjusted to 5% (P < 0.05). Statistical analysis was performed
using SigmaStat software (SPSS Inc., California, USA).

3. Results

3.1. The wire-hang test

VAChT-KD mice were tested on the wire hang task and showed to be
able to hold their weight on the wire for 8.00 ± 1.19 s while WT
controls held their weight for 32.76 ± 1.10 s (P < 0.001).

3.2. Effects of DEP on airway and lung responsiveness in VAChT-KD and
WT mice

We analyzed the maximal response of total respiratory system re-
sistance (Rrs) (Fig. 1A), respiratory system elastance (Ers) (Fig. 1B),
tissue damping (Gtis) (Fig. 1C), and tissue elastance (Htis) (Fig. 1D)
after 24 h from the last day of DEP or saline instillation in response to
different doses of methacholine. All parameters were similarly in-
creased in both WT and VAChT-KD mice that received DEP (around
40% of increase).

3.3. Effects of DEP instillation on peripheral blood leucocytes in VAChT-KD
and WT mice

DEP instillation increased the number of blood mononuclear cells in
both WT and VAChT-KD mice compared to saline instilled animals. In
contrast, the number of granulocytes (neutrophils) was significantly
increased only in VAChT-KD mice compared to VAChT-KD instilled
with saline (Table 1).

3.4. Effects of DEP instillation on inflammatory cells recovered in BALF
from VAChT-KD mice and WT controls

Lung inflammatory cells were detected in BALF collected from DEP
treated VAChT-KD and WT controls. DEP instillation increased the
number of macrophages in both WT and VAChT-KD mice compared
with animals that received saline. Importantly, DEP treated VAChT-KD
mice showed increased number of macrophages in BALF compared with
DEP treated WT mice. In addition, while DEP instillation increased the
number of BALF neutrophils in VAChT-KD mice; no DEP effect was
found in the number of BALF neutrophils in DEP treated WT mice. To
note, VAChT-KD mice showed increased number of lymphocytes in
BALF independently of DEP exposure. In contrast, no significant dif-
ferences were observed in the number of eosinophils recovered from the
BALF in any of the experimental groups (Table 1).
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3.5. Effects of DEP instillation on lung tissue cytokines expression in
VAChT-KD and WT mice

To evaluate which cytokines were involved in lung inflammatory
response we used immunohistochemistry. We investigated the number
of alveolar septa positive cells for TNF-α and IL-6 (Th1 cytokines) as
well as for IL-13 and IL-4 (Th2 cytokines) (Figs. 2 and 3, respectively).
Non-treated (saline instilled mice) VAChT-KD mice showed increased
number of IL-6 (Fig. 2A and B) and TNF- α (Fig. 2C and D) positive cells
compared with saline instilled WT mice. DEP instillation increased IL-6
and TNF-α expression in both WT and VAChT-KD mice. Noteworthy,
TNF-α positive cells were significantly increased in DEP instilled
VAChT-KD mice when compared with DEP instilled WT mice (Fig. 2C

and D). Lung homogenate TNF-α protein levels were measured by
ELISA and confirmed that TNF-α levels were higher in DEP instilled
VAChT-KD mice when compared with DEP instilled WT mice (Fig. 2E).
Representative photomicrographs of lung parenchyma stained with
anti-TNF-α (Fig. 2A) and anti-IL-6 (Fig. 2C) show the positive cells
(arrows).

Representative photomicrographs of lung parenchyma stained with
anti-IL-4 and IL-13 are shown in Fig. 3A and C, respectively. Lung tissue
IL-13 and IL-4 positive cells were significantly increased in saline
treated VAChT-KD mice when compared with WT mice (Fig. 3B and D).
DEP instillation increased both IL-13 (Fig. 3 A and B) and IL-4-positive
cells (Fig. 3 C and D) in WT and VAChT-KD mice. IL-4 positive cells
were significantly increased in DEP instilled VAChT-KD mice when

Fig. 1. Lung function parameters in WT and VAChT-KD mice. Respiratory system resistance (Rrs) (A), respiratory system elastance (Ers) (B), tissue damping (Gtis)
(C), and tissue elastance (Htis) (D) were measured in saline instilled and DEP instilled VAChT-KD mice and wild-type controls. *P < 0.001 and * *P < 0.01;
#P < 0.05. Data represent mean±SEM from 7 to 11 mice per group.

Table 1
Inflammatory cells in bronchoalveolar lavage fluid (BALF) and peripheral blood in mice subjected to repeated exposures of DEP.*P < 0.001; * *P < 0.01
#P < 0.05. Data represent mean±SEM from 8 to 11 mice per group.

Bronchoalveolar lavage fluid (BALF) Leucocytes in peripheral blood

cell x 104/mL cells/mm³

Groups Macrophages Neutrophils Lymphocytes Eosinophils Mononuclear Granulocytes
WT-SAL 0.59 ± 0.09 0.03 ± 0.01 0.06 ± 0.01 0.02 ± 0.01 752.50 ± 105.57 249.95 ± 28.63
WT-DEP a1.41 ± 0.13 0.04 ± 0.007 0.06 ± 0.01 0.02 ± 0.01 a1691.78 ± 209.31 464.50 ± 57.90
KD-SAL c0.99 ± 0.13 0.02 ± 0.007 b0.11 ± 0.02 0.02 ± 0.01 1095.86 ± 135.28 382.77 ± 92.38
KD-DEP b,e1.62 ± 0.26 b0.06 ± 0.0.02 d0.14 ± 0.04 0.04 ± 0.04 a1908.22 ± 154.20 b,d855.46 ± 163.34

a P < 0.001 compared to WT-SAL and KD-SAL, respectively.
b P < 0.01 compared with WT-SAL and KD-SAL, respectively.
c P < 0.05 compared with WT-SAL.
d P < 0.01 compared with WT-DEP.
e P < 0.05 compared with WT-DEP.
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compared to DEP instilled WT mice. ELISA measurement of IL-4 in lung
homogenates (Fig. 3E) confirmed that IL-4 protein levels were sig-
nificantly higher in DEP instilled VAChT-KD mice than in DEP instilled
WT mice. Immunohistochemistry analysis showed that saline instilled
VAChT-KD mice showed increased p65-NF-kB positive cells compared
with saline instilled WT mice (Fig. 4A). DEP treatment augmented NF-
kB positive cells in both VAChT-KD and WT mice (Fig. 4A and B).
Furthermore, DEP instilled VAChT-KD mice showed a higher number of
NF-kB positive cells compared with DEP instilled WT mice.

3.6. Effects of DEP instillation on alveolar septa extracellular matrix fibers
in VAChT-KD and WT mice

Saline instilled VAChT-KD mice showed increased collagen fibers

compared with saline instilled wild-type mice (Fig. 5A and B). DEP
instillation increased collagen content in both WT mice and VAChT-KD
mice. Elastic fibers content was not different between saline instilled
VAChT-KD mice and WT controls. Interestingly, DEP instillation in-
creased elastic fibers only in VAChT-KD mice (Fig. 5C and D).

3.7. Mucus production in bronchial and nasal epithelium

DEP instillation did not change neutral or acid mucus production in
airways of WT mice (Fig. 6A and B). On the other hand, in VAChT-KD
mice DEP instillation induced an increase in neutral mucus production
while no significant difference in the acid mucus production was ob-
served. Interestingly, DEP instillation reduced the ciliary and increased
the secretory cells area in VAChT-KD mice compared with WT mice

Fig. 2. IL-6 and TNF-α positive cells are increased in alveolar septa of mice subjected to repeated DEP exposures. Lung slice stained to IL-6 positive cells detected by
immunohistochemistry (A) and evaluated by a morphometric method (104 µm2) (B). Lung slice stained to TNF-α positive cells detected by immunohistochemistry (C)
and evaluated by a morphometric method (104 µm2) (D). (E) TNF-α lung content measured by ELISA in lung homogenate (pg/mg). *P < 0.001, * *P < 0.01 and
#P < 0.05. Data represent mean± SEM from 5 to 8 mice per group for panels B and D and from 4 mice per group for panel E.
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(Fig. 6C). Representative photomicrographs of bronchial epithelia
stained with PAS+AB (Fig. 6B) show an increase in red stain in DEP-
exposed animals (arrows).

We also evaluated the mucus production in the nasal epithelium
(Fig. 6D and E). DEP instillation increased the acid mucus in VAChT-KD
mice while it did not have any effect on mucus production in WT mice
(Fig. 6D). Nasal epithelia stained with PAS+AB show an increase in
blue stained area in DEP instilled VAChT-KD mice (arrows) (Fig. 6E).

4. Discussion

Air pollution is considered a risk factor of mortality and has been
associated with increased prevalence of respiratory and cardiovascular
diseases (Brook et al., 2010; Brunekreef and Holgate, 2002). One

important characteristic of the effects of air pollution exposure is the
ability to induce lung inflammation. The cholinergic anti-inflammatory
system, whose main mediator is acetylcholine (ACh), regulates in-
flammation in several models of systemic and lung inflammation
(Pinheiro et al., 2015; Rosas-Ballina et al., 2011). ACh release is de-
pendent on the presence of vesicular acetylcholine transport (VAChT)
in both neuronal and non-neuronal cells (Lara et al., 2010; Prado et al.,
2013; Roy et al., 2015, 2013); VAChT expression has been described in
cardiomyocytes (Roy et al., 2015, 2013), airway epithelia and
bronchioles of rodents (Lips et al., 2007; Pinheiro et al., 2015; Proskocil
et al., 2004).

Because VAChT-KD mice show muscle weakness (Prado et al.,
2006), we evaluated how long the mice used in this study were able to
sustain their weight during wire-hang test. We confirmed that VAChT-

Fig. 3. IL-13 and IL-4 positive cells are increased in alveolar septa of mice subjected to repeated DEP exposures. Lung slice stained to IL-13 positive cells detected by
immunohistochemistry (A) and evaluated by morphometric method (104 µm2) (B). Lung slice to IL-4 positive cells detected by immunohistochemistry (C) and
evaluated by morphometric method (104 µm2) (D). (E) IL-4 lung content measured by ELISA in lung homogenate (pg/mg). *P < 0.001, * *P < 0.01 and #P < 0.05.
Data represent mean± SEM from 5 to 8 mice per group for B and D and from 4 mice per group for panel E.
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KD mice are weaker than WT controls as they hold their weight in the
grid for a significantly shorter time than wild-type mice (de Castro
et al., 2009; Pinheiro et al., 2015).

We previously demonstrated that cholinergic deficiency induced by
VAChT reduction is involved in the maintenance of lung homeostasis as
VAChT-deficient mice showed increased lung inflammation with NF-kB

activation and STAT3 pathway inhibition (Pinheiro et al., 2015).
However, whether cholinergic deficiency impacts the effects of air
pollution on the lung had not been previously investigated.

Here we showed that saline instilled VAChT-KD mice present an
increased number of mononuclear cells in peripheral blood, increased
number of macrophages and lymphocytes in BALF as well as lung cells

Fig. 4. p65-NF-κB positive cells are increased in alveolar septa of mice subjected to repeated DEP exposures. p65-NF-kB positive cells detected by im-
munohistochemistry (A) and evaluated by a morphometric method (104 µm2) (B). Panels in A represent lung slice stained with p65-NF-kB for the WT-SAL, WT-DEP,
KD-SAL, and KD-DEP groups, with arrows representing positive cells to p65-NF-kB in alveolar septa. #P < 0.05. Data represent mean± SEM from 4 to 7 mice per
group.

Fig. 5. Effects of DEP instillation on alveolar septa extracellular matrix fibers in VAChT-KD and WT mice. Lung morphological examinations were performed with
picro-sirius (A and B) and Weigert's resorcin-fuchsin with previous oxidation with oxone (C and D) staining at a magnification of x200 and represented by percentage.
(A) represent lung tissue collagen fibers from the WT-SAL, WT-DEP, KD-SAL, and KD-DEP groups, with arrows representing collagen fibers in alveolar septa and the
quantification of collagen area in alveolar septa. (B) represent the quantification of collagen fibers area in alveolar septa (%). (C) represent lung tissue elastic fibers
from the WT-SAL, WT-DEP, KD-SAL, and KD-DEP groups with arrows representing elastic fibers in alveolar septa. (D) represent the quantification of elastic fibers
area in alveolar septa (%). *P < 0.001 and #P < 0.05. Data represent mean±SEM from 7 to 8 mice per group.
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positive to IL-4, IL-6, IL-13, and TNF-α and p65-NF-kB. We also showed
that VAChT-KD mice present increased collagen deposition in the al-
veolar septa, reinforcing the notion that VAChT-KD mice present an
inflammatory milieu in the lung. Pinheiro et al. (2015) also investigated
lung inflammation in VAChT-mutant mice and observed increased in-
flammation and increased cytokine expression in the lung of VAChT-KD
mice without any stimuli. These findings clearly support a role for the
cholinergic anti-inflammatory system in pulmonary inflammation.

It is well-known that DEP induce local and systemic inflammatory
reactions, mainly because the particulates can reach the distal alveolus
(Brunekreef and Holgate, 2002; Lehmann et al., 2009). To evaluate
whether VAChT decreased expression impacts the alterations induced
by DEP, we used a model of DEP that has been previously established
(Yoshizaki et al., 2010). DEP instillation has been shown to induce
airway hyperresponsiveness and impair lung function (Inoue et al.,
2009; Nemmar et al., 2012). The alterations we observed in WT mice
were similar to those previously described in other models of air pol-
lution exposure (Kodavanti et al., 2013; Nemmar et al., 2012; Yanamala
et al., 2013). That is, analysis of lung function parameters upon injec-
tions of different doses of methacholine showed that DEP instillation
leads to increased lung tissue responsiveness in WT mice. Interestingly,
lung tissue responsiveness was equally increased in VAChT-KD mice,
suggesting that cholinergic deficiency does not lead to exacerbation of
this response.

The evaluation of blood leucocytes was used to determine whether
DEP instillation on VAChT-KD mice induces a systemic inflammatory
response. Remarkably, DEP instillation induced increased granulocytes
(neutrophils) in peripheral blood and also neutrophils in the BALF of
VAChT-KD mice, a reaction that was not observed in WT mice.
Moreover, VAChT-KD mice exposed to DEP maintained a higher
number of monocytes in blood as well as macrophages and lymphocytes

in the BALF. The involvement of lymphocytes, neutrophils, and mast
cells has been previously demonstrated in other models of lung in-
flammation induced by particulate matter (Behndig et al., 2006;
Stenfors et al., 2004). The present study is the first one to show that
VAChT is involved in pulmonary inflammation induced by DEP, and
suggest that VAChT expression, and the consequent release of acet-
ylcholine, protects mice against the effects of DEP on lung inflamma-
tion.

The pulmonary inflammation associated with exposure to air pol-
lution increases neutrophils in tissues and can be affected by the in-
crease of mediators such as TNF-α, IL-8, and others (Ghio and Devlin,
2001; Win-Shwe et al., 2013). DEP instillation in VAChT-KD mice in-
creased the number of IL-4 and TNF-α positive cells in lung tissue, and
this increase was confirmed by quantification of protein content of IL-4
and TNF-α in lung homogenates. The cytokines IL-6 and TNF-α, a
characterized Th1 response, have been suggested to be the primary
cytokine response involved in particulate matter-induced lung in-
flammation (Ghio and Devlin, 2001; Win-Shwe et al., 2013; Yanamala
et al., 2013). However, Th2 cytokines have also been suggested to be
involved in DEP-induced inflammation (Barton et al., 2014; Inoue et al.,
2009). Tanaka et al. (2013) have shown that DEP exacerbates asthma in
mice due to an increase in the levels of Th2 cytokines in the lung.
Considering the cholinergic anti-inflammatory effects, ACh release from
the vagus nerve has been shown to decrease the release of the Th1
cytokines TNF-α, IL-6, and IL-8 in the spleen without affecting IL-10
release, indicating a direct inhibitory effect of ACh on pro-inflammatory
cytokines (Rosas-Ballina et al., 2011; Rosas-Ballina and Tracey, 2009).

Our data showed that the number of p65-NF-kB positive cells was
higher in saline treated VAChT-KD mice than in DEP treated WT mice,
DEP instillation further increased the number of p65-NF-kB positive
cells in VAChT-KD mice. NF-κB activation, an important transcription

Fig. 6. Increased mucus in bronchial and nasal epithelial from the VAChT-KD mice exposed to DEP. (A) neutral and acid mucus production in bronchial epithelia (%).
(B) bronchial epithelial secretory and ciliary cells area and mucus stained with PAS+AB at a magnification of x200, arrows representing neutral mucus in bronchial
epithelia. (C) bronchial epithelial secretory and ciliary cells counted by morphometric method (%). (D) neutral and acid mucus production counted in nasal epithelia
by morphometric methods (%). (E) Neutral and acid mucus production in nasal epithelia performed with PAS+AB staining at a magnification of x200. Panels (E)
represents nasal septa slide from the WT-SAL, WT-DEP, KD-SAL, and KD-DEP groups with arrows representing acid mucus in nasal epithelia. * *P < 0.01 and
#P < 0.05. Data represent mean±SEM from 5 to 9 mice per group.
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factor on inflammation (Schuliga, 2015), is an important mechanisms
involved in the regulation of lung inflammation. It has been proposed
that ACh binding to alpha7 nicotinic receptors triggers a mechanism
that avoids nuclear translocation of NF-kB (Rosas-Ballina et al., 2011;
Rosas-Ballina and Tracey, 2009). Moreover, it has been shown that
cholinergic deficiency induces an activation of the NF-κB pathway (Li
et al., 2016; Pinheiro et al., 2015). Taken together, these data suggest
that mice with cholinergic deficiency are more susceptible to lung in-
flammation induced by DEP than WT animals.

Chronic injury and inflammation could induce a remodeling process
in order to maintain lung function (Mauad et al., 2007). Alterations in
the extracellular matrix components (Araujo et al., 2008), airway
smooth muscle hypertrophy (James et al., 2012), goblet cell hyper-
trophy and hyperplasia with increased mucus production are known
features of lung remodeling. These alterations are involved in several
lung diseases including inflammation induced by air pollution (Ishihara
and Kagawa, 2002; Sagai et al., 1996). To determine the effect of DEP
instillation in lung remodeling processes we measured collagen and
elastic fibers content in lung alveolar septa of VAChT-KD mice and WT
controls. Our data showed that even though saline instilled VAChT-KD
mice presented an increase in collagen fibers in alveolar septa when
compared to saline instilled WT mice, DEP exposure further increased
the amount of collagen fibers in VAChT-KD mice. However, total levels
of collagen fibers in DEP instilled VAChT-KD and WT mice were similar.
Noteworthy, the role of pulmonary remodeling is controversial. Al-
though tissue remodeling occurs in order to protect the organ and
maintain homeostasis, most clinical and experimental studies showed
that increase in remodeling is associated with an increase in lung in-
flammation (Chen et al., 2017; Massa et al., 2017). Additionally, DEP
exposure induced an increase in elastic fibers in alveolar septa only in
VAChT-KD mice. Furthermore, only mutant mice exposed to DEP
showed increases in mucus area in airway epithelia, which was asso-
ciated with an increase in epithelial secretory cells and a reduction in
epithelial ciliated cells. Collectively these data suggest that decreased
VAChT expression induces pulmonary and airway epithelial re-
modeling.

One of the most important defenses mechanisms of the respiratory
system is the mucus production. Interestingly, although we used in-
tranasal DEP instillation, no alteration in nasal septa mucus production
was observed in WT animals. The unchanged mucus deposition in DEP-
instilled WT mice after 30 days of treatment is in agreement with
previous studies which reported an increase in acidic mucus in WT
animals only after 60 days of DEP instillation (Yoshizaki et al., 2010).
When we evaluated the mucus production in nasal epithelial tissue of
VAChT-KD mice exposed to DEP we found increased area of acid mucus
in their nasal septa. Moreover, in airways of VAChT-mutant mice, DEP
induced an increase in mucus and secretory cell area as well as a de-
crease in ciliated cell area compared to VAChT-mutant mice exposed to
saline.

ACh effects on mucus secretion from airway submucosal glands is
well established (Belmonte, 2005). Although the role of muscarinic ACh
receptors in mucus secretion has been well documented (Gosens and
Gross, 2018), the effects of nicotinic receptors on mucus secretion is less
well understood. Gundavarapu et al. (2012) showed that nicotine and
other agents such as IL-13 induce airway mucus formation via an alpha-
7 nicotinic receptor dependent mechanism, suggesting a role of choli-
nergic anti-inflammatory system in control of mucus secretion. It is
possible that production of acidic mucus by nasal epithelial cells works
as a defense mechanism, preventing exacerbation of lung responses. It
might also be possible that mucus acidification, enabled by changes in
mucin's physicochemical properties, can lead to cell edema and in-
creased mucus viscosity. These changes may affect mucus ciliary system
integrity and therefore, elicit alterations in defense mechanisms of the
respiratory epithelium (Daviskas and Anderson, 2006; Li et al., 2007).

Therefore, our data suggest that VAChT and endogenous acet-
ylcholine can protect animals against increased mucus production

induced by DEP in nasal septa. Considering that VAChT-KD increased
lung pulmonary inflammation, mucus acidification can be a con-
sequence to the harmful effects of DEP on mutant mice. Importantly,
these data reinforce the finding that cholinergic deficiency makes ani-
mals more vulnerable to respiratory alterations. In conclusion, we
showed that VAChT-KD mice presented more intense lung alterations
than WT animals, albeit to a small degree. Cholinergic deficiency, a
condition that occurs in many diseases such as Alzheimer's and
Huntington's diseases, arterial hypertension, and heart failure (Lara
et al., 2010; Li et al., 2011; Smith et al., 2006; Terry et al., 2007) can
exacerbate some lung alterations induced by DEP exposure. Collec-
tively, these data suggest that an intact cholinergic system is necessary
to protect the lung against air pollution effects, and patients with
cholinergic deficiency could be more vulnerable to the harmful effects
of exposure to air pollution.
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