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Kistemaker LE, van Os RP, Dethmers-Ausema A, Bos IS,
Hylkema MN, van den Berge M, Hiemstra PS, Wess J, Meurs H,
Kerstjens HA, Gosens R. Muscarinic M3 receptors on structural cells
regulate cigarette smoke-induced neutrophilic airway inflammation in
mice. Am J Physiol Lung Cell Mol Physiol 308: L96–L103, 2015. First
published November 7, 2014; doi:10.1152/ajplung.00259.2014.—Anti-
cholinergics, blocking the muscarinic M3 receptor, are effective bron-
chodilators for patients with chronic obstructive pulmonary disease.
Recent evidence from M3 receptor-deficient mice (M3R�/�) indicates
that M3 receptors also regulate neutrophilic inflammation in response
to cigarette smoke (CS). M3 receptors are present on almost all cell
types, and in this study we investigated the relative contribution of M3

receptors on structural cells vs. inflammatory cells to CS-induced
inflammation using bone marrow chimeric mice. Bone marrow chi-
meras (C56Bl/6 mice) were generated, and engraftment was con-
firmed after 10 wk. Thereafter, irradiated and nonirradiated control
animals were exposed to CS or fresh air for four consecutive days. CS
induced a significant increase in neutrophil numbers in nonirradiated
and irradiated control animals (4- to 35-fold). Interestingly, wild-type
animals receiving M3R�/� bone marrow showed a similar increase in
neutrophil number (15-fold). In contrast, no increase in the number of
neutrophils was observed in M3R�/� animals receiving wild-type
bone marrow. The increase in keratinocyte-derived chemokine (KC)
levels was similar in all smoke-exposed groups (2.5- to 5.0-fold).
Microarray analysis revealed that fibrinogen-� and CD177, both
involved in neutrophil migration, were downregulated in CS-exposed
M3R�/� animals receiving wild-type bone marrow compared with
CS-exposed wild-type animals, which was confirmed by RT-qPCR
(1.6–2.5 fold). These findings indicate that the M3 receptor on
structural cells plays a proinflammatory role in CS-induced neutro-
philic inflammation, whereas the M3 receptor on inflammatory cells
does not. This effect is probably not mediated via KC release, but may
involve altered adhesion and transmigration of neutrophils via fibrin-
ogen-� and CD177.

nonneuronal acetylcholine; anticholinergics; neutrophil adhesion

ACETYLCHOLINE IS THE PRIMARY parasympathetic neurotransmit-
ter in the airways. It induces bronchoconstriction and mucus
secretion via M3 receptors (16). Cholinergic tone is increased

in patients with chronic obstructive pulmonary diseases
(COPD), and this is the major reversible component of airflow
obstruction in COPD (1, 12). Therefore, anticholinergics,
which block M3 receptors, are effective bronchodilators for
patients with COPD (1).

In addition to inducing bronchoconstriction and mucus se-
cretion, acetylcholine has been shown to affect airway inflam-
mation (16), which is a hallmark feature of COPD (2). In
animal models of COPD, pretreatment with anticholinergics
inhibits cigarette smoke-induced and lipopolysaccharide
(LPS)-induced neutrophilic inflammation (19, 27). More re-
cently, we demonstrated that these proinflammatory effects of
acetylcholine are mediated via M3 receptors. Total knockout of
the M3 receptor or inhibition of the M3 receptor by a pharma-
cological approach using the muscarinic antagonist 1,1-
dimethyl-4-diphenylacetoxypiperidinium iodide (4-DAMP),
which is selective for M3 receptors over M2 receptors, pre-
vented cigarette smoke-induced neutrophilic inflammation in
an early smoke-induced inflammation model in mice (15).
Together, these data suggest a proinflammatory role for ace-
tylcholine via M3 receptors.

M3 receptors are expressed abundantly throughout the air-
ways, and almost all cell types express M3 receptors. This
includes structural cells, such as airway smooth muscle, epi-
thelial, and endothelial cells, but also inflammatory cells, such
as macrophages and neutrophils (11). From in vitro studies it is
known that muscarinic receptor stimulation of both structural
and inflammatory cells might contribute to the proinflamma-
tory effects of acetylcholine. For instance, stimulation of air-
way smooth muscle cells and epithelial cells with methacholine
or acetylcholine induces the release of IL-8 (10, 20). Further-
more, acetylcholine activates human monocytes and alveolar
macrophages to promote neutrophil migration, which is also
observed when using macrophages from COPD patients (3,
25). It is not known whether the proinflammatory effects of
acetylcholine observed in vivo are primarily mediated via M3

receptors on structural cells or via M3 receptors on inflamma-
tory cells.

Therefore, in this study, we investigated the relative contri-
bution of the M3 receptor on structural cells vs. inflammatory
cells to cigarette smoke-induced inflammation. To distinguish
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between structural cells and inflammatory cells, bone marrow
chimeric mice were generated. Here, we demonstrate that the
proinflammatory effects of acetylcholine on neutrophilic in-
flammation are primarily mediated via M3 receptors on struc-
tural cells, which may involve altered adhesion and transmi-
gration of neutrophils.

MATERIALS AND METHODS

Animals. Homozygous, inbred, specific pathogen-free breeding
colonies of muscarinic M3 receptor-deficient (M3R�/�) mice and
C57Bl/6NTac wild-type mice with the same genetic background
(CD45.2) were obtained from Taconic (Cambridge City, IN). The
M3R�/� mice were on a 129 Sv/J background and had been back-
crossed for at least 10 generations onto the C57Bl/6NTac background
(8). CD45.1 congenic C57Bl/6 mice were obtained from Jackson
Laboratories (Bar Harbor, ME). All animals were maintained in our
own facility. Animals were housed conventionally under a 12:12-h
light-dark cycle and received food and water ad libitum. All experi-
ments were performed in accordance with the national guidelines and
approved by the University of Groningen Committee for Animal
Experimentation (No.: 5463G).

Generation of bone marrow chimeras. Bone marrow cells were
collected from femurs and tibia of M3R�/� mice and wild-type
CD45.2 or CD45.1 mice and retro-orbitally injected into irradiated
male mice (9 Gy) within 24 h after irradiation. Per mouse, 8 � 106

bone marrow cells were transplanted. Nonirradiated wild-type animals
were used as additional controls; see Table 1 for an overview of the
groups. After 10 wk, engraftment was analyzed by flow cytometry of
peripheral blood. Seventy microliters of heparinized peripheral blood
were collected 10 wk after bone marrow transplantation and at the end
of the study when the mice were killed. Red blood cells were lysed,
and the remaining cells were stained with antibodies directed against
the following markers: CD45.2-PE (CD45.2), CD45.1-Pacific Blue
(CD45.1), CD3-APC (T cells), B220-FITC (B cells), GR-1-PE/Cy7,
and Mac1-PE/Cy7 (monocytes and granulocytes, respectively) (Bio-
legend, San Diego, CA). The stained cells were analyzed with a
LSR-II flow cytometer (BD Biosciences, San Diego, CA). Engraft-
ment was calculated as a percentage of CD45.1 vs. CD45.2 cells.
Engraftment was high in all animals (�90% donor-derived cells in all
lineages), and mice were included in the study 3 mo after bone
marrow reconstitution (Fig. 1).

Cigarette smoke exposure. Mice (n � 5–12/group) were exposed to
cigarette smoke from Kentucky 3R4F research cigarettes (Tobacco
Research Institute, University of Kentucky, Lexington, KY) on four
consecutive days by whole body exposure in an early smoke-induced
inflammation model, as described previously (15). Mice were exposed
to mainstream smoke of one cigarette in the morning and three
cigarettes in the afternoon on the first day. On day 2 to 4, mice were
exposed to five cigarettes in the morning and five in the afternoon
(Fig. 1). Each cigarette was smoked without a filter in 5 min at a rate
of 5 l/h in a ratio with 60 l/h air using a peristaltic pump (45 rpm,
Watson Marlow 323 E/D, Rotterdam, The Netherlands). Control
animals were handled in the same way but instead exposed to fresh air

only. Sixteen hours after the last CS exposure, animals were killed by
intraperitoneal pentobarbital injection (400 mg/kg, hospital pharmacy,
University Medical Center Groningen), after which the lungs were
immediately lavaged, resected, and snap-frozen in liquid nitrogen.
Bronchoalveolar lavage (BAL) fluid was stored at �20°C, and lung
tissue was stored at �80°C.

Analysis of BAL cells and cytokines. A BAL was performed as
described previously (15). Briefly, lungs were lavaged five times with
1 ml PBS. The first fraction was used for measurement of cytokines
by ELISA. Levels of keratinocyte-derived chemokine (KC), IL-6, and
monocyte chemotactic protein-1 (MCP-1) were determined by a
multiplex assay (R&D Systems, Minneapolis, MN). Total cell num-
bers were determined, and cytospins were prepared and stained with
May-Grünwald and Giemsa (both Sigma, St. Louis, MO) after which
a differential cell count was performed by counting at least 400 cells
in duplicate in a blinded fashion.

Analysis of gene expression in lung tissue. Total RNA was ex-
tracted from lung tissue (right superior lobe) using the RNeasy mini
kit (Qiagen, Venlo, The Netherlands), as described previously (15).
Equal amounts of total mRNA were then reverse transcribed, and
cDNA was subjected to real-time qPCR (Westburg, Leusden, The
Netherlands) or to microarray analysis using an Illumina chip and
GeneSpring software. The specific forward and reverse primers used
for real-time qPCR are listed in Table 2.

Statistical analysis. Data are presented as means � SE. Statistical
differences between means were calculated using one- or two-way

Table 1. Overview of the experimental groups included in
this study

Background Recipient Irradiation Donor Groups

CD45.1 CD45.1 � � Nonirradiated control
CD45.1 � CD45.2 Irradiated control
CD45.1 � M3R�/� M3R inflammatory cells

CD45.2 CD45.2 � � Nonirradiated control
CD45.2 � CD45.1 Irradiated control
M3R�/� � CD45.1 M3R structural cells

M3R�/�, M3 receptor-deficient; �, without; �, with; M3R, M3 receptor.

Fig. 1. Experimental protocol. Chimeric animals were generated by sublethal
irradiation (9 Gy) of recipient male C57Bl/6 mice (n � 5–12) and subsequent
transplantation of 8 � 106 donor bone marrow cells via retroorbital injection
within 24 h after irradiation. To allow for complete engraftment, animals were
included in the protocol 3 mo after bone marrow reconstitution. Animals were
exposed to cigarette smoke two times daily on 4 consecutive days by whole
body exposure. Sixteen hours after the last smoke exposure, a bronchoalveolar
lavage was performed, and lungs were harvested for lung tissue homogenates.

Table 2. Primers used for qRT-PCR analysis

Gene Primer Sequence
NCBI

Accession No.

KC Forward: GCTGGGATTCACCTCAAGAA NM_008176.3
Reverse: AGGTGCCATCAGAGCAGTCT

IL-6 Forward: CCGGAGAGGAGACTTCACAG NM_031168.1
Reverse: TCCACGATTTCCCAGAGAAC

MIP-2 Forward: AAGTTTGCCTTGACCCTGAA NM_009140.2
Reverse: AGGCACATCAGGTACGATCC

LIX Forward: GAAAGCTAAGCGGAATGCAC NM_009141.3
Reverse: GGGACAATGGTTTCCCTTTT

Fibrinogen � Forward: AACTTCAGGTGCCCAAAATG NM_001111048.1
Reverse: AACTGAGCCCCTCAGAGTGA

CD177 Forward: GGGAGGTGGACTGACTACCA NM_026862.3
Reverse: GGGTTCAGCAGAGAGGACAG

18S Forward: AAACGGCTACCACATCCAAG NR_003278
Reverse: CCTCCAATGGATCCTCGTTA

KC, keratinocyte-derived chemokine, the mouse ortholog of IL-8, also known
as CXCL1 in mice; MIP-2, macrophage inflammatory protein-2, also known as
CXCL2; LIX, lipopolysaccharide-induced CXC chemokine, also known as
CXCL5.

L97M3 RECEPTORS ON STRUCTURAL CELLS REGULATE INFLAMMATION

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00259.2014 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung at Biblio der Rijksuniversiteit (129.125.136.170) on June 5, 2019.



ANOVA, followed by Newman Keuls multiple-comparison tests, or
by a Student’s t-test with two-tailed distribution where appropriate.
Differences were considered significant at P 	 0.05.

RESULTS

Analysis of engraftment. To confirm that the bone marrow
transplantation was successful, engraftment was analyzed after
10 wk and at the day of death of the mice. As depicted in Fig.
2, after 10 wk engraftment was high, and this was not different
between the experimental groups (data not shown). Therefore,
all animals were included in the study 3 mo after bone marrow
reconstitution. Engraftment was even further enhanced at the
day of death. Engraftment was as follows: total cells 97.1%
(ranging from 94.2 to 99.0%), monocytes 99.4% (97.5 to
100%), granulocytes 99.8% (97.8 to 100%), B cells 99.9%
(99.3 to 100%), and T cells 90.6% (81.7 to 97.4%) (Fig. 2).

Contribution of the M3 receptor on inflammatory cells. To
study the contribution of the M3 receptor on inflammatory cells
to early cigarette smoke-induced airway inflammation, inflam-
matory cells in the lavage fluid of CD45.1 animals were
determined after exposure to cigarette smoke. The following
groups were compared: CD45.1 nonirradiated control animals,
irradiated CD45.1 control animals receiving wild-type
(CD45.2) bone marrow cells, and irradiated CD45.1 animals
receiving M3R�/� (CD45.2) bone marrow cells (Table 1).
Cigarette smoke exposure had no significant effect on macro-
phage and lymphocyte numbers in all groups (Fig. 3). Cigarette
smoke induced a significant increase in neutrophil numbers in

nonirradiated (28-fold; Fig. 3A) and irradiated control animals
receiving wild-type bone marrow cells (18-fold; Fig. 3B).
Interestingly, wild-type animals receiving M3R�/� bone mar-
row cells showed a similar increase in neutrophil number
(15-fold; Fig. 3C), suggesting that the M3 receptor on inflam-
matory cells is not involved in cigarette smoke-induced neu-
trophilic inflammation.

Contribution of the M3 receptor on structural cells. To study
the contribution of the M3 receptor on structural cells to early
cigarette smoke-induced airway inflammation, inflammatory
cells in the lavage fluid of CD45.2 animals were determined
after exposure to cigarette smoke (Fig. 4). The following
groups were compared: CD45.2 nonirradiated control animals,
irradiated CD45.2 control animals receiving CD45.1 bone
marrow cells, and irradiated M3R�/� (CD45.2) animals receiv-
ing CD45.1 bone marrow cells (Table 1). Cigarette smoke
induced a small increase in macrophage numbers in the lavage
fluid in all groups (1.3- to 1.4-fold). No increase in lymphocyte
numbers was observed. Cigarette smoke induced a significant
increase in neutrophil numbers in nonirradiated (8-fold; Fig.
4A) and irradiated control animals receiving wild-type bone
marrow cells (4-fold; Fig. 4B). In contrast, no increase in the
number of neutrophils was observed in M3R�/� animals re-
ceiving wild-type bone marrow (Fig. 4C), suggesting that the
M3 receptor on structural cells is involved in cigarette smoke-
induced neutrophilic inflammation.

Cigarette smoke-induced cytokine release. Subsequently,
gene expression of KC (CXCL1), the mouse ortholog of IL-8

Fig. 2. Engraftment of bone marrow cells. Engraftment was analyzed in peripheral blood of mice 10 wk after the bone marrow transplantation and at the day
of death. Average engraftment levels (A) and representative FACS images for total single cells (B), monocytes (C), granulocytes (D), B cells (E), and T cells
(F) at the day of death are shown; n � 68 animals.
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(CXCL8), was determined in lung homogenates. Cigarette
smoke induced an increase in KC. Remarkably, this increase
was similar in all bone marrow-transplanted groups (2.8- to
5.0-fold), as depicted in Fig. 5. Similar findings were observed
at the protein level in the lavage fluid. Of note, other neutrophil
chemoattractants, including macrophage inflammatory pro-
tein-2 (MIP-2, CXCL2) and LPS-induced CXC chemokine
(LIX, CXCL5), were found increased in response to cigarette
smoke in the CD45.1 groups only, with no interaction of
genotype, whereas no increase in IL-6 or MCP-1 expression in
response to cigarette smoke was observed in all strains (data
not shown).

Neutrophil adhesion. These observations suggest that M3

receptors on structural cells do not mediate their effect via
altered KC, MIP-2, or LIX production. Therefore, we consid-
ered the possibility that neutrophil adhesion might be altered
after knockout of the M3 receptor on structural cells. We
analyzed the expression of genes known to play a role in this
process. In the airways, P-selectin, E-selectin, and L-selectin
are involved in rolling of neutrophils, whereas intercellular
adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, 
2-integrin, and integrin-�4
1 [very late antigen-4
(VLA4)] play a role in adhesion and transmigration of neutro-

phils (17). However, we were not able to demonstrate regula-
tion of these markers at the gene expression level in whole lung
homogenates. Thus, no increase was observed in wild-type
animals receiving wild-type bone marrow cells, nor were there
any differences compared with M3R�/� animals receiving
wild-type bone marrow cells (data not shown). To be able to
explain the observed effects, we proceeded with a microarray
gene expression analysis on whole lung homogenates of wild-
type animals receiving wild-type bone marrow cells and of
M3R�/� animals receiving wild-type bone marrow cells. We
selected genes that were upregulated or downregulated by
�1.5-fold in cigarette smoke-exposed M3R�/� animals re-
ceiving wild-type bone marrow cells compared with ciga-
rette smoke-exposed wild-type animals receiving wild-type
bone marrow cells (Table 3). Three genes were upregulated,
and 12 were downregulated. Genes that were shown to have
a link with neutrophilic inflammation according to the
literature were analyzed by real-time qPCR. Downregula-
tion of fibrinogen-� and CD177 was confirmed, which was
lower in M3R�/� animals compared with wild-type animals,
and not influenced by smoke exposure (Fig. 6). Interest-
ingly, both genes are known to play a role in neutrophil
adhesion and transmigration.

Fig. 3. Inflammatory cells in the lavage fluid of CD45.1
animals. Mice were treated as described in Fig. 1.
Sixteen hours after the last smoke exposure a bron-
choalveolar lavage was performed, and macrophages,
lymphocytes, and neutrophils were determined in the
lavage fluid of nonirradiated wild-type (WT) animals
(A), wild-type animals receiving wild-type bone marrow
cells (B), and wild-type animals receiving M3 receptor-
deficient (M3R�/�) bone marrow cells (C). *P 	 0.05
and **P 	 0.01; n � 6–12 animals.
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DISCUSSION

In this study, we demonstrated that the M3 receptor on
structural cells plays a proinflammatory role in cigarette
smoke-induced inflammation. In M3R�/� mice receiving wild-
type bone marrow cells, neutrophilic inflammation in response
to cigarette smoke exposure is prevented. In contrast, cigarette
smoke-induced neutrophilic inflammation is still observed af-
ter knockout of the M3 receptor on inflammatory cells, sug-
gesting that the proinflammatory effects of acetylcholine are
primarily mediated via M3 receptors on structural cells. This
was not regulated via inhibition of cytokine release, which was
comparable in all groups, but might involve altered adhesion
and transmigration of neutrophils via fibrinogen-� and CD177.

Neutrophils play a central role in COPD, and previous
studies have shown that acetylcholine regulates neutrophilic
inflammation via M3 receptors. Inhibition of muscarinic recep-
tors by anticholinergics, including tiotropium, glycopyrrolate,
and aclidinium, prevented neutrophilic inflammation in re-
sponse to cigarette smoke exposure or LPS exposure in guinea
pigs and mice (7, 19, 23, 27). Because long-acting anticholin-
ergics are kinetically selective for M3 receptors, these findings
suggest the involvement of this specific muscarinic receptor
subtype. A recent study from our lab using M3R�/� mice

showed that the proinflammatory effects of acetylcholine are
indeed mediated via the M3 receptor. We demonstrated that
cigarette smoke-induced neutrophilic inflammation was pre-
vented in M3R�/� mice, whereas opposite effects were ob-
served in M1R�/� and M2R�/� mice (15). In the present study
we have extended these findings by demonstrating that the
proinflammatory effects of acetylcholine are primarily medi-
ated via M3 receptors on structural cells in an early smoke-
induced inflammation model in mice. The involvement of the
M3 receptor on structural cells in the inflammatory response is
also supported by evidence from in vitro studies. Methacholine
and cigarette smoke-induced IL-8 release from airway smooth
muscle cells can be inhibited by the M3 antagonists 4-DAMP
and DAU-5884 (10). Moreover, acetylcholine-induced IL-8
release from bronchial epithelial cells can be inhibited by
4-DAMP (20). Strikingly, acetylcholine-induced effects on
inflammatory cells were also shown to be mediated via M3

receptors. 4-DAMP inhibited acetylcholine-induced neutrophil
chemotactic activity from macrophages (22), as well as neu-
trophil chemotaxis from LPS-activated macrophages from
COPD patients (25). These in vitro studies suggest a direct
effect of acetylcholine on both structural cells and inflamma-
tory cells. Apparently, the observed effects of acetylcholine on

Fig. 4. Inflammatory cells in the lavage fluid of CD45.2
animals. Mice were treated as described in Fig. 1.
Sixteen hours after the last smoke exposure a bron-
choalveolar lavage was performed, and macrophages,
lymphocytes, and neutrophils were determined in the
lavage fluid of nonirradiated wild-type animals (A),
wild-type animals receiving wild-type bone marrow
cells (B), and M3R�/� animals receiving wild-type bone
marrow cells (C). *P 	 0.05; n � 5–8 animals.
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inflammatory cells in vitro are not relevant to the in vivo
situation, as we demonstrate that cigarette smoke-induced
inflammation is still observed after knockout of the M3 recep-
tor on inflammatory cells.

Although there was no increase in neutrophil numbers in
M3R�/� animals receiving wild-type bone marrow cells after
exposure to cigarette smoke compared with wild-type animals,
the increase in the neutrophil chemoattractant KC was similar
to the increase observed in wild-type animals. This suggests
that neutrophil recruitment is altered after knockout of the M3

receptor. Neutrophil recruitment is a complex cellular process
that occurs through a cascade of multiple steps, including
tethering, rolling, adhesion, crawling, and subsequent transmi-
gration of neutrophils (17). An initial screen on genes known to
be involved in the process of neutrophil recruitment, including
selectins, ICAM-1, VCAM-1, 
2-integrin, and VLA4, could
not explain the observed increase in KC in M3R�/� animals
receiving wild-type bone marrow cells, without an increase in
neutrophil numbers. However, with the use of a microarray
analysis, two genes that were recently linked to the process of
neutrophil recruitment, fibrinogen-� and CD177 (5, 21), were
shown to be downregulated in M3R�/� animals compared with
wild-type animals.

Fibrinogen-�, besides its role in blood hemostasis, regulates
the adhesive behavior of neutrophils. Fibrinogen can bind to

2-integrins and thereby alter the recruitment of neutrophils (5,
9). Neutrophil recruitment in response to platelet-activating
factor is altered in fibrinogen-� knockout mice. Specifically,
the number of rolling neutrophils and the number of adhering
neutrophils was decreased in fibrinogen-� knockout mice com-
pared with wild-type mice (5). Therefore, a reduction in fibrin-
ogen-� levels in M3R�/� mice might affect neutrophil recruit-
ment in response to cigarette smoke exposure by reducing the
rolling and adhesion of neutrophils.

CD177 is a neutrophil-specific antigen expressed by a sub-
population of neutrophils. CD177 can bind to platelet endothe-
lial cell adhesion molecule (PECAM)-1 and thereby alter the
recruitment of neutrophils (21, 24). PECAM-1 is known to be
involved in neutrophil transmigration (17). In vitro, transmi-
gration of neutrophils through endothelial cells in response to
IL-8 or N-formyl-methionyl-leucyl-phenylalanine was inhib-
ited after inhibition of the CD177-PECAM-1 interaction (21).
Interestingly, the same study showed that CD177-positive
neutrophils transmigrated more efficiently than CD177-nega-
tive neutrophils, indicating the potential relevance of CD177
for transmigration. These findings were confirmed by Kuckle-
burg et al., who demonstrated that inhibition of CD177 or
inhibition of the interaction between CD177 and PECAM-1
inhibits neutrophil transmigration under both static and flow
conditions (18). Therefore, a reduction in CD177 levels in
M3R�/� mice might affect neutrophil recruitment in response
to cigarette smoke exposure by reducing the transmigration of
neutrophils.

The gene expression of neither fibrinogen-� nor CD177 was
regulated by cigarette smoke, indicating that this is a constitu-
tive difference between the wild-type and M3R�/� mice. Ex-
pression levels of both genes were lower in the M3R�/� strain
compared with wild-type mice, which further supports the
observation that neutrophillic inflammation is altered in
M3R�/� mice receiving wild-type bone marrow and not in
wild-type animals receiving M3R�/� bone marrow. Interest-
ingly, both genes were recently identified as potential inflam-
matory biomarkers for COPD. Fibrinogen was identified as a
biomarker in the Evaluation of COPD Longitudinally to Iden-
tify Predictive Surrogate Endpoints study (6), and an elevated
level of fibrinogen was independently and significantly asso-
ciated with mortality in patients with COPD (4). CD177 levels
were increased in the airways of Cynomolgus monkeys after

Fig. 5. Keratinocyte-derived chemokine (KC) expression after cigarette smoke
exposure. Mice were treated as described in Fig. 1. Sixteen hours after the last
smoke exposure lungs were collected. Gene expression of KC in lung homog-
enates was determined. Results are expressed as means � SE. *P 	 0.05,
**P 	 0.01, and ***P 	 0.001; n � 5–12 animals.

Table 3. Genes that were upregulated or downregulated by
�1.5-fold in cigarette smoke-exposed M3R�/� animals
receiving wild-type bone marrow cells compared with
cigarette smoke-exposed wild-type animals receiving wild-
type bone marrow cells

Gene Definition Regulation

AKR1C19 Aldo-keto reductase family 1,
member C19

�2.0

TNXB* Tenascin XB �2.0
ERAF* Erythroid associated factor �1.7
FGG* Fibrinogen-� chain �2.1
FGA* Fibrinogen-� chain �1.9
RETNLA* Resistin like-� �1.9
CHI3L3 Chitinase 3-like 3 �1.8
LTF* Lactotransferrin �1.7
CLCA3* Chloride channel calcium-

activated 3
�1.6

LOC100048554 Similar to monocyte
chemoattractant protein-2

�1.6

OTTMUSG00000000971 Unknown �1.6
CD177* CD177 antigen �1.5
EAR5 Eosinophil-associated

ribonuclease 5
�1.5

MFSD2 Major facilitator superfamily
domain-containing 2

�1.5

SLC26A4* Pendrin; solute carrier family
26, member 4

�1.5

*Genes analyzed by real-time qPCR.
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ozone challenge (14), indicating the potential relevance of both
genes for COPD pathophysiology. It is beyond the scope of the
current manuscript to investigate the functional roles of CD177
and fibrinogen-� in detail; however, our results and the above-
mentioned clinical data certainly provide strong rationale for
future studies in this area.

The fact that KC levels were increased in M3R�/� mice
receiving wild-type bone marrow cells in our study also has
other implications. Previously, we have shown that increased
KC release in response to cigarette smoke exposure is pre-
vented after total knockout of the M3 receptor (15). KC can be
released from airway structural cells, including airway smooth
muscle cells and epithelial cells, and from inflammatory cells,
including macrophages. The finding that KC release is pre-
vented after total knockout of the M3 receptor, but not after
knockout of the M3 receptor on structural cells only, suggests
a role for inflammatory cells in this response. The suggestion
that acetylcholine induces the release of KC from inflammatory
cells is supported by in vitro studies showing enhanced neu-
trophil recruitment after stimulation of macrophages with ace-
tylcholine (22, 25). However, knockout of the M3 receptor only
on inflammatory cells does not prevent neutrophilic inflamma-
tion, whereas knockout of the M3 receptor on structural cells
does. Therefore, the contribution of the M3 receptor on inflam-
matory cells to the proinflammatory effect of acetylcholine is
only small, and this is mainly dependent on M3 receptors on
structural cells.

Acetylcholine is not only released as a neurotransmitter but
can also be released from nonneuronal cells. Almost all cell
types in the airways have been shown to express synthesizing
enzymes for acetylcholine, suggesting acetylcholine produc-
tion (26). It has been proposed that this nonneuronal acetyl-
choline might contribute to inflammation, although direct ev-
idence is still limited (13, 16). Results from our study indicate
that nonneuronal acetylcholine acting on inflammatory cells
does not significantly contribute to the proinflammatory effects
of acetylcholine. There might be a role for nonneuronal ace-
tylcholine released from airway structural cells, including ep-
ithelial cells; however, future studies are needed to investigate
this in more detail.

In conclusion, we demonstrate that acetylcholine regulates
inflammation via M3 receptors on structural cells. This empha-
sizes the important role of airway structural cells in neutro-
philic inflammation and the pathophysiology of COPD, and the
contribution of acetylcholine to this response. Whether antich-
olinergic therapy also affects inflammation in patients with
COPD still needs to be elucidated, but our results indicate that
this might be an additional beneficial effect of M3 selective
anticholinergics.
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