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New evidence indicates that neural mechanisms can down-regulate
acute inflammation. In these studies, we tested the potential role
of the �7 nicotinic acetylcholine receptor (�7 nAChR) in a rodent
model of acid-induced acute lung injury. We first determined that
the �7 nAChR was expressed by alveolar macrophages and lung
epithelial cells. Then, using an acid-induced acute lung injury mouse
model, we found that nicotine, choline, and PNU-282987 (a specific
�7 nAChR agonist) decreased excess lung water and lung vascular
permeability, and reduced protein concentration in the bronchoal-
veolar lavage (BAL). Deficiency of �7 nAChR resulted in a 2-fold
increase in excess lung water and lung vascular permeability. The
reduction of proinflammatory cytokines (macrophage inflamma-
tory protein-2 and TNF-�) in the BAL with nicotine probably resulted
from the suppression of NF-�B activation in alveolar macrophages.
The beneficial effect of nicotine was also tested in rat model of
acid-induced acute lung injury in which BAL protein and receptor
for advanced glycation end products (RAGE), a marker of type I
cell injury, were reduced by nicotine treatment. These results indi-
cate that activation of �7 nAChR may provide a new therapeutic
pathway for the treatment of acute lung injury.
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There is new evidence that neural mechanisms can down-regu-
late inflammation in vivo by decreasing the release of TNF-� by
endotoxin-stimulated macrophages (1). This anti-inflammatory
pathway is mediated by an interaction between acetylcholine, the
principal neurotransmitter of the vagus nerve, and cholinergic
nicotinic acetylcholine receptors on macrophages (2). Nicotine
pretreatment decreases inflammatory cell influx, proinflamma-
tory cytokine levels, and liver injury in septic peritonitis (3).
Stimulation of �7 nicotinic acetylcholine receptor (�7 nAChR)
prevents activation of the NF-�B pathway and thereby improves
survival in experimental models of sepsis (4, 5).

The overall aim of these experimental studies was to test the
hypothesis that activation of the �7 nAChR–mediated choliner-
gic anti-inflammatory pathway could reduce the severity of acid
aspiration induced acute lung injury by attenuating proinflam-
matory responses. The first objective was to determine whether
alveolar macrophages, activated neutrophils, and (lung) epithe-
lial cells expressed �7 nAChR. The secondary objective was to
determine whether activation of the �7 nAChR by administra-
tion of the cholinergic agonist (nicotine, choline, and PNU-
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CLINICAL RELEVANCE

Activation of �7 nAChR down-regulates proinflammatory
responses. Stimulation of pathway may provide a new ther-
apeutic pathway for the treatment of acute lung injury.

282987) would protect acid-induced acute lung injury. The third
objective was to test whether knockout of �7 nAChR would
worsen acid-induced acute lung injury in mice.

MATERIALS AND METHODS

Chemicals

(-)-nicotine, choline, and methyllycaconitine (MLA) were purchased
from Sigma (St. Louis, MO). PNU-282987, a specific agonist of �7
nAChR, was purchased from Tocris Bioscience (Ellisville, MO). They
were dissolved in 0.9% saline before each experiment. H-302, an anti–�7
nAChR antibody (used to detect �7 AChR of mouse and human origin),
was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)

Animals

Wild-type mice (C57BL/6J, 8 wk old) and mice deficient for the
�7 nAChR (C57BL/6 background, B6.129S7-Chrna7tm1Bay, number
003232) were purchased from Jackson Laboratory (Bar Harbor, ME).
Anesthesia was induced with an intraperitoneal injection of a mixture
of ketamine (90 mg/kg) and xylazine (10 mg/kg). Sprague-Dawley rats
weighing 350–400 g were anesthetized with an intraperitoneal injection
of pentobarbital (75 mg/kg). The committee on animal research of the
University of California, San Francisco approved the protocols.

Direct Visualized Instillation

As previously described, mice were anesthetized by an intraperitoneal
injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). The mice
were suspended with their incisors attached to a � 60� wood support by
3/0 suture. A cold-light source (Dolan-Jenner Industries Inc., Lawrence,
MA) with two 25-inch flexible fiber-optic arms allowed transillumina-
tion to visualize the glottis and vocal cords to deliver the acid into the
airspaces (6).

Acid-Induced Acute Lung Injury in Mice

Mice were intratracheally instilled with hydrochloride acid (pH 1.0,
prepared in 1/3 saline, 1.25 ml/kg) by the direct visualized instillation
(DVI) method. Before exposure to acid, mice were given an injection
of 0.05 �Ci 125I-albumin via right jugular vein. Mice were monitored
for 4 h and killed to measure excess lung water and lung vascular
permeability or to carry out bronchoalveolar lavage (BAL).

Acid-Induced Acute Lung Injury in a Ventilated Rat Model

A ventilated rat model was used to compare with the experimental
setting in our prior studies (7). Rats were placed supine, and a tracheot-
omy tube (15-gauge luer stub adapter; Becton Dickinson, Sparks, MD)
was inserted. The rats were treated with either saline or nicotine (3.5
mg/kg, intraperitoneally) 5–10 min before intratracheal instillation with
pH 1.0 hydrochloric acid (3 ml/kg), and then ventilated with a tidal
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volume of 7 ml/kg, a rate of 60 times/min, and 5 cm H2O PEEP. Two
hours later, rats were killed and the lungs were lavaged with 3 ml cold
PBS. We then measured protein concentration and soluble receptor
for advanced glycation end products (RAGE; a marker of alveolar
type I cell injury) levels in the BAL.

Excess Lung Water and Lung Extravascular Plasma Equivalent

As previously described (8), the lungs were removed, counted in a
�-counter (Packard, Meriden, CT), weighed, and homogenized (after
addition of 1 ml distilled water). The blood was collected through right
ventricle puncture. The homogenate was weighed and a fraction was
centrifuged (12, 000 rpm, 8 min) for assay of hemoglobin concentration
in the supernatant. Another fraction of homogenate, supernatant, and
blood were weighed and then desiccated in an oven (60�C for 24 h).
We used the following formula to calculate ELW:

1. Measurement of the water fraction separately in the lung ho-
mogenate (WFH), the supernatant of the homogenate (WFS),
and the blood (WFB) by:

(Wwet – Wdry)/Wwet,

where Wwet is the wet weight and Wdry is the dry weight.

2. Calculation of blood volume in the lung:

QB � 1.039 � (QH � WFH � HbS)/(WFS � HbB),

where 1.039 is the density of blood, QH is the weight of lung homoge-
nate (whole lung wet weight 	 weight of the distilled water), WFH is
the water fraction of lung homogenate, HbS is the hemoglobin concen-
tration of supernatant of lung homogenate, WFS is the water fraction
in supernatant of lung homogenate, and HbB is the hemoglobin concen-
tration of blood.

3. Calculation of water volume in the lung:

QW � (QH � WFH) 
 (QB � WFB) 
 Ww,

where Ww is the weight of the distilled water added when the lung
is homogenized.

4. Calculation of whole lung dry weight (Qd):

Qd � Whole lung wet weight 
 QW 
 QB

5. Calculation of the excess lung water (ELW):

ELW � {(QW exp /Qd exp �Qd exp) 
 (QW control /Qd control � Qd control)}

� 1,000 (�l),

where QW exp equals water volume of the lung in the experimental
group; Qd exp equals dry weight of the lung in the experimental group.
The controls were the normal mice with the same age as the experimen-
tal group.

Lung extravascular plasma equivalents (EPE) (index of lung vascular
permeability to protein) were calculated as the counts of 125I-albumin in the
blood free lung tissue divided by the counts of 125I-albumin in the plasma.

BAL, Protein Levels, and Leukocyte Count

We used the methods as previously described (8). White blood cells
were counted by a counter (Beckman Coulter, Inc., Fullerton, CA).
Protein concentration in the BAL was determined by a Bio-Rad protein
assay (Bio-Rad Laboratories, Hercules, CA). The white blood cells
were counted by a counter (Beckman Coulter). Blood cell smear was
made using cytospin (Shandon Inc, Pittsburgh, PA). The slides were
visualized using Wright-Giemsa staining (Fisher Scientific Co., Middle-
town, VA). Neutrophils were identified by a certified laboratory tech-
nologist in a blinded fashion.

Enzyme-Linked Immunosorbent Assay Measurements

The levels of TNF-� and macrophage inflammatory protein (MIP)-2
(analog of IL-8) in the BAL were measured by enzyme-linked immuno-
sorbent assay (R&D Systems Inc., Minneapolis, MN). The soluble
RAGE levels in the BAL were measured as previously described (7).

Histology

After mice were killed by inhalation of halothane, the chest and abdo-
men were rapidly opened and the base of the heart was clamped to
prevent escape of the pulmonary blood volume. The thoracic organs
were removed en bloc, and 10% formalin was instilled through the
trachea at a pressure of 25 cm H2O. After 72 h fixation, lungs were
embedded in paraffin, and 5-�m sections were cut and stained with
hematoxylin and eosin (H&E), as in our prior studies (8).

Detection of �7 nAChR Expression in the Lung Section
by Immunochemistry

Lung sections (5 �m) were deparafinized with xyline, hydrated, and
boiled in citrate/citric acid buffer (pH 7.4) for antigen retrieval. Endoge-
nous peroxidase was quenched by H2O2. Rabbit polyclonal IgG �7
nAChR antibody H-302 (1:200 diluted) was added on the sections as
the primary antibodies. Histostain SP rabbit primary (AEC) kit (Zymed
Laboratories, Inc., San Francisco, CA) was used for antigen detection
based on the suggested staining protocol.

Detection of �7 nAChR Expression in Alveolar Macrophages
and Neutrophils, Cultured Human Alveolar Type II Cells by
Immunofluorescence and Immunohistochemistry

Mice were killed and the lungs of control mice or mice with acid-
induced acute lung injury (at 4 h after intratracheal acid challenge)
were lavaged with 3 ml PBS to harvest alveolar macrophages and
neutrophils. The isolation protocol of human alveolar type II cells
(ATII) was previously described by Fang and coworkers (9). Briefly,
AT II cells were isolated from cadaveric human lungs that were declined
by the Northern California Transplant Donor Network. As described in
our prior studies (10, 11), these lungs are in relatively normal physiologic
conditions. Using cytospin, alveolar macrophages, neutrophils, and al-
veolar type II cells were prepared on slides and fixed in 4% paraformal-
dehyde. The smear was permeablized in 0.1–0.2% triton and incubated
with rabbit anti-mouse 1:200 diluted �7 nAChR antibody (H-302).
Then, goat-anti-rabbit fluorescein isothiocyanate (FITC)-labeled sec-
ondary antibody (Santa Cruz Biotechnology, Inc.) was added on the
smear and incubated for 1 h. After washing with hypertonic PBS (2.7%
NaCl), the slides were mounted with Vectashield Mounting Medium
(Vector Laboratories Inc. Burlingame, CA). For immunohistochemis-
try, Histostain SP rabbit primary (AEC) kit (Zymed Laboratories, Inc.)
was used for antigen detection based on the suggested staining protocol.

NF-�B p65 Western Blot for BAL Proinflammatory Cells

As previously described (12), cytoplasm and nuclear proteins were
extracted from BAL proinflammatory cells from saline 	 saline, saline 	
acid, and nicotine 	 acid treated groups (Nuclear Extract Kit; Active
Motif, Carlsbad, CA). Denatured protein samples were run on a 4–12%
gradient Bis-Tris gel (Invitrogen, Carlsbad, CA). Equal amounts of
protein (10–20 �g, each time) per lane was loaded. The gel was run at
100 V for 1.5 h using a MOPS SDS running buffer (Invitrogen). The
proteins were then transferred to a nitrocellulose membrane and
blocked with blocking buffer for 1 h. The membrane was exposed to
NF-�B p65 rabbit polyclonal antibody (H-286) at 1:100 dilution over-
night at 4�C. The blot was washed and then exposed to a horseradish
peroxidase–labeled antibody at 1:5,000 dilution for 45 min. The protein
bands were developed with ECL kit (Amersham, Piscataway, NJ).

Statistical Analysis

Statistics were done by SPSS software (SPSS Inc., Chicago, IL). An
unpaired t test was used unless there were multiple comparisons in
which case we used ANOVA with post hoc Bonferroni test (significance
level set at P � 0.05). The results are shown as mean � SD.

RESULTS

Expression of �7 nAChR

In the normal mouse lung, �7 nAChR immunoreactivity was
present in the bronchial epithelia (Figures 1A and 1B). Because
we could not isolate a sufficiently pure population of mouse type
II cells, we studied human alveolar epithelial type II cells and
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Figure 1. Expression of �7 nAChR in mouse airway epithelial cells, human alveolar type II cells, mouse alveolar macrophages, and neutrophils. (A
and B ) Representative immunohistochemistry of �7 nAChR in the lung section in mice. (A ) Without H-302 antibody; (B ) With H-302 antibody.
In the inset, red-brownish staining indicates �7 nAChR–positive bronchial epithelial cells. (C and D ) Immunofluorescence of �7 nAChR in isolated
alveolar epithelial type II cells in human. (C ) Without H-302 antibody; (D ) With H-302 antibody (the second antibody labeled with FITC). (E and
F ) Immunofluorescence of �7 nAChR in alveolar macrophages in mice (the second antibody labeled with Cy3). (E ) Without H-302 antibody; (F )
With H-302 antibody. (G and H ) Immunohistochemistry of �7 nAChR in BAL proinflammatory cells. (G ) The control group was instilled with saline.
(H ) The acid-instilled group. Cells were treated with H-302 antibody and Histostain SP rabbit primary (AEC) kit (Zymed Laboratories). Green arrows
indicate �7 nAChR–positive alveolar macrophages. Red arrows indicate �7 nAChR–positive neutrophils. (I ) The intensity of immunostaining of �7
nAChR in G and H measured by NIH Image-J software.

found that there was strong �7 nAChR immunoreactivity
in these human alveolar type II cells (Figures 1C and 1D). In
the normal mouse alveolar macrophage, intense �7 nAChR
immunoreactivity was present on the membrane and cytoplasm
(Figures 1E and 1F). To study �7 nAChR immunoreactivity in
alveolar proinflammatory cells, mice were intratracheally instilled
with either saline or acid, and the lungs were lavaged 4 h later. The
proinflammatory cells in the airspaces of the lung were collected by
performing BAL. In the injured lung, intense �7 nAChR immuno-
reactivity was found on alveolar neutrophils adjacent to alveolar
macrophages (Figures 1G and 1H). The intensity of �7 nAChR
immunostaining in proinflammatory cells in the injured lung was
increased 3-fold compared with the control (Figure 1I).

Nicotine Attenuated Acid-Induced Acute Lung Injury
in Mice and Rats

To test whether activation of �7 nAChR would reduce excess
lung water and lung vascular permeability in acid-induced acute
lung injury, we divided mice into four groups: (1) saline 	 saline
group: the mice were pretreated with saline and then given
intratracheal (IT) saline; (ii) nicotine 	 saline group: the mice
were treated with nicotine (3.5 mg/kg, iv) 5 � 10 min before IT
saline; (iii) saline 	 acid group: the mice were pretreated with
saline and then intratracheal acid; (iv) nicotine 	 acid group,
the mice were pretreated with nicotine and then received IT

acid. Four hours later, blood was withdrawn and the lungs were
removed to measure excess lung water and lung vascular perme-
ability. Excess lung water and extravascular plasma equivalents
in the saline 	 acid group was increased 5- to 6-fold compared
with the saline 	 saline group. Excess lung water and extravascu-
lar plasma equivalents in the nicotine 	 acid group were reduced
by 60% compared with the saline 	 acid group (Figures 2A
and 2B). Histologically, there was less pulmonary edema and
neutrophil infiltration in the nicotine 	 acid mice compared with
the saline 	 acid mice (Figures 2C and 2D). We also tested the
effect of nicotine in acid-induced acute lung injury in rats to
verify that the effect of nicotine was not just specific to mice.
Also, we tested whether nicotine would affect the release of
RAGE, a type I epithelial cell injury marker in the rat acid-
induced acute lung injury. Nicotine reduced the BAL protein
concentration (a measure of lung vascular permeability) and the
levels of RAGE in the BAL compared with the saline therapy
(Figures 2E and 2F). To determine whether the protective effect
of nicotine on acid-induced acute lung injury is �7 nAChR de-
pendent, mice were separately treated with saline, nicotine (3.5
mg/kg, intravenously), or nicotine (3.5 mg/kg, intravenously)
plus MLA (a specific �7 nAChR antagonist which can induce
a functional �7 nAChR deficiency, 4 mg/kg, intravenously) (10)
5–10 min before intratracheal instillation of acid. Mice were killed
at 4 h. Nicotine decreased excess lung water and lung extravascular
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Figure 2. (A and B ) Nicotine reduced pulmonary edema and lung vascular permeability in mice. (A ) Excess lung water. (B ) Extravascular plasma
equivalents. The mice were pretreated with nicotine 5–10 min before intratracheal instillation of acid and killed at 4 h. **P � 0.01 for saline 	

acid (n � 6) versus the saline 	 saline group (n � 5); *P � 0.05 for nicotine 	 acid (n � 6) versus the saline 	 acid group (n � 6). (C and D ).
Representative histologic change (objective magnification: �20; scale bar: 50 �m) (H&E staining). (C ) Saline 	 acid. (D ) Nicotine 	 acid (n � 3,
each). (E and F ). Effects of nicotine on acid-induced acute lung injury in ventilated rats. (E ) The protein concentration in the BAL. (F ) Soluble RAGE
levels in the BAL. n � 3, in the saline 	 acid group; n � 4 in the nicotine 	acid group. (G and H ). Specific blockade of �7 nAChR counteracted
the protective effect of nicotine in acid-induced acute lung injury in mice. To antagonize the effects of nicotine, MLA was also pretreated 5–10
min before acid. (G ) Excess lung water. (H ) Extravascular plasma equivalents. *P � 0.05 versus acid only; #P � 0.05 for MLA 	 nicotine versus
nicotine treatment only (n � 5 in each group). Data are mean � SD.

plasma equivalents. MLA counteracted the effects of nicotine and
restored excess lung water and extravascular plasma equivalents
to the acid-induced effects (Figures 2G and 2H).

Nicotine Reduced Protein, Neutrophil Differentiation, and
Cytokine Levels in the BAL in Mice and Prevented Activation
of NF-�B in Mouse Alveolar Macrophages

To determine whether activation of �7 nAChR would affect the
protein concentration, neutrophil counts, and cytokine levels in
the BAL in acid-induced acute lung injury, mice were divided
into three groups: (1) saline 	 saline group: the mice were
pretreated with saline and then given IT saline; (2) saline 	 acid
group: the mice were pretreated with saline and then received
IT acid; (3) nicotine 	 acid group, the mice were pretreated
with nicotine (3.5 mg/kg, intravenously) 5–10 min before IT acid.
After 4 h, nicotine reduced acid-induced increase in the protein
concentration, leukocyte counts, and the number of neutrophils
in the BAL compared with saline (Figures 3A–3C). Nicotine
also reduced MIP-2 and TNF-� levels in the BAL compared
with saline (Figures 3D and 3E).

To study whether activation of �7 nAChR would alter activa-
tion of NF-�B p65 in acid-induced acute lung injury, mice were
divided into three groups: (1) the saline 	 saline group, the mice
were pretreated with saline, and then given IT saline; (2) the
saline 	 acid group, the mice were pretreated with saline, and

then received IT acid; (3) the nicotine 	 acid group, the mice
were pretreated with nicotine (3.5 mg/kg, intravenously) 5–10 min
before IT acid. Four hours later, proinflammatory cells were
lavaged to perform Western blot for NF-�B p65. Western blot
displayed faint bands in the saline 	 acid and nicotine 	 acid
group in the cytoplasm in the BAL proinflammatory cells. The
intensity of 65 kD band was reduced in the nucleus in the BAL
proinflammatory cells in the nicotine 	 acid group compared
with the acid group (Figure 3F).

Choline Attenuated Acid-Induced Acute Lung Injury in Mice

To test whether activation of �7 nAChR by choline (EC50 of 1.6
mM, a full �7 nAChR agonist) (13) would alter the course of
acid-induced acute lung injury, mice were pretreated with saline
or choline (60 mg/kg, intravenously) 5–10 min ahead of intratra-
cheal instillation of acid or saline. Mice were killed 4 h later,
and the lungs were harvested or lavaged with PBS. Intratracheal
instillation of acid increased excess lung water and extravascular
plasma equivalents. Administration of choline decreased excess
lung water and extravascular plasma equivalents by 2-fold com-
pared with the saline-treated group (Figures 4A and 4B). Neutro-
phil accumulation in the airspaces was increased 4 h after intra-
tracheal challenge with acid, while injection of choline decreased
the neutrophil differentiation in BAL compared with the saline-
treated group (Figures 4D and 4E).
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Figure 3. Effects of nicotine on
protein concentration, neutro-
phil counts, and cytokine levels
in the BAL and activation of
NF-�B in the BAL proinflamma-
tory cells in mice. The mice
were pretreated with nicotine
5–10 min before intratracheal
instillation of acid. (A ) Protein
concentration. (B ) Leukocyte
counts. (C ) Neutrophil counts.
**P � 0.01 for saline 	acid
(n � 5) versus the saline 	 sa-
line group (n � 4); #P � 0.05
or ##P � 0.01 nicotine 	 acid
(n � 5) versus the saline 	 acid
group (n � 5). (D and E ). Cyto-
kine levels in the BAL. (D )
TNF-�. (E ) MIP-2. *P � 0.05 for
nicotine 	 acid (n � 5) versus
the saline 	 acid (n � 4) group.
Data are mean � SD. (F ) West-
ern blot for NF-�B p65 in the
cytoplasm and nucleus in the
BAL proinflammatory cells (n �

3 in each group).

PNU-282987 Attenuated Acid-Induced Acute Lung Injury
in Mice

To confirm whether activation of �7 nAChR would reduce acid-
induced acute lung injury, PNU-282987 (a highly specific �7
nAChR agonist, Ki of 27 nM) (14) was given (2.4 mg/kg, intraper-
itoneally) 20 min before acid instillation. The control group
received the same volume of saline. After 4 h, PNU-282987
reduced excess lung water and extravascular plasma equivalents
compared with saline (Figures 5A and 5B). PNU-282987 also
decreased neutrophil count and protein level in the BAL
(Figures 5C and 5D). PNU-282987 reduced TNF-� and MIP-2
levels in the BAL (Figures 5E and 5F).

Knockout of �7 nAChR Reduced Acid-Induced Acute
Lung Injury in Mice

To test whether �7 nAChR deficiency would worsen acid-
induced acute lung injury, wild-type (n � 5) and �7 nAChR–
deficient mice (n � 4) were intratracheally challenged with acid.
One mouse in the �7 nAChR–deficient group died at 2 h, and
the lung was grossly edematous. The other three �7 nAChR
knockout mice manifested more severe respiratory distress com-
pared with the wild-type. No death occurred in the wild-type
group. Four hours later, the excess lung water and lung vascular
permeability in the �7 nAChR–deficient mice increased 2-fold
compared with the wild-type (Figures 6A and 6B).

DISCUSSION

Acute lung injury in association with gastric aspiration carries
a mortality of up to 30% (15). NF-�B plays a key role in the

molecular and cellular events in acid-induced acute lung injury
(16). Depletion of alveolar macrophages results in decreased
production of inflammatory mediators in acid aspiration (23–
80%) (15). In addition, the neutrophil is an important mediator
of acid-induced acute lung injury (17). Thus, with an animal
model of acid-induced lung injury, it is possible to test the hy-
pothesis that activation of �7 nAChR may regulate pulmonary
edema and proinflammatory responses in acid-induced acute
lung injury.

The importance of the cholinergic anti-inflammatory pathway
has recently been recognized (1, 2). Acetylcholine released by
efferent vagus nerves inhibits macrophage activation (18). �7
nAChR is required for acetylcholine inhibition of macrophage
TNF release (2). Nicotine, as the prototype agonist of nAChR,
can protect mice from lethal sepsis (4) by inhibiting HMGB1
production. A selective �7 nAChR agonist (2.4-dimethoxyben-
zylidene anabaseine dihydrochloride, GTS-21) has been used to
attenuate experimental pancreatitis (19). In this study, to the
best of our knowledge, we first demonstrated that activation of
�7 nAChR with its agonists (nicotine, choline, and PNU-282987)
protected against acid-induced acute lung injury as reflected by
a marked reduction in excess lung water, lung vascular perme-
ability, proinflammatory cytokines and protein in the BAL, neu-
trophil infiltration, and epithelial cell injury (decreased RAGE
level in the BAL). Conversely, blockade of �7 nAChR with
MLA (an antagonist) counteracted the protective effect of nico-
tine and deficiency of �7 nAChR worsened acid-induced acute
lung injury.
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Figure 4. Effects of choline on excess lung water, extravascular plasma
equivalents, and neutrophil differentiation in the BAL in mice. The mice
were pretreated with choline 5–10 min before intratracheal instillation
of saline or acid. (A ) Excess lung water. (B ) Extravascular plasma equiva-
lents. **P � 0.01 for the saline 	 acid (n � 5) versus the saline 	 saline
group (n � 4); #P � 0.05 for the nicotine 	 acid (n � 5) versus the
saline 	 acid group. (C ) Neutrophil differentiation in the BAL. **P �

0.01 versus the saline 	 saline group; ##P � 0.01 versus the saline 	

acid group (n � 3 in each group). (D and E ). BAL cytological change
(Wright-Giemsa staining). (D ) The saline 	 acid group (n � 4). (E ) The
choline 	 acid group (n � 5). Arrows indicate neutrophils. Data are
mean � SD.

Figure 5. Effects of PNU-282987 (a specific �7 nAChR ago-
nist) on excess lung water, extravascular plasma equiva-
lents, neutrophil accumulation, protein concentration, and
cytokine levels in the BAL in the acid-induced acute lung
injury in mice. (A ) Excess lung water. (B ) Extravascular
plasma equivalents. **P � 0.01 for PNU282987 versus the
saline group (n � 5 in each group). (C ) Neutrophil counts
in the BAL. (D ) Protein concentration in the BAL. (E and
F ). TNF-� and MIP-2 levels in the BAL. *P � 0.05, **P �

0.01 for PNU282987 versus the saline group (n � 5 in
each group). Data are mean � SD.

Activation of �7 nAChR by its endogenous agonists (acetyl-
choline, or choline, a metabolite of acetylcholine) is a key pathway
to limit lung inflammation. This notion was confirmed by defi-
ciency of �7 nAChR resulted in a 2-fold increase in excess lung
water and lung vascular permeability in the acid-induced acute
lung injury. Alveolar macrophages and neutrophils expressed �7
nAChR, which possessed acting sites for endogenous and exoge-
nous �7 nAChR agonists. In the injured lung, �7 nAChR expres-
sion in alveolar macrophages and neutrophils was increased. Up-
regulation of �7 nAChR expression in these proinflammatory
cells may probably compensate for the inflammation and also
may provide more binding sites for exogenous �7 nAChR ago-
nists. Activation of �7 nAChR inhibited NF-�B activity, which
was demonstrated by reduction of NF-�B p65 translocation. As
a result of reduced NF-�B activation, activation of �7 nAChR
reduced proinflammatory cytokine (TNF-�, MIP-2) levels in the
airspaces of the lung. Decreased MIP-2 production from alveolar
macrophages may also reduce neutrophil chemotaxis to the air-
spaces and further reduce the severity of lung inflammation and
injury.

Lung airway epithelia are innervated by the vagus nerve,
where alveolar epithelial cells have access to endogenous �7
nAChR agonists (acetylcholine and choline). Also, alveolar epi-
thelial II type cells express �7 nAChR. The lung epithelium is
an important locus of NF-�B activation during inflammation
(20). It is still unclear whether stimulation of �7 nAChR can
suppress NF-�B activity and reduce proinflammatory cytokine
production. Thus, we cannot rule out an inhibitory effect on
inflammation of activation of �7 nAChR by lung epithelial cells
in this study.

In addition to human bronchial cells, the endothelial cells
express �7 nAChR (21). It is possible that activation of �7
nAChR in the endothelial cells reduces neutrophil adhesion
and infiltration. As expected, neutrophils were the main cell
population in the airspaces of the lung 4 h after acid instillation.
Administration of nicotine, choline, and PNU-282987 reduced
neutrophil accumulation in the airspaces. This result can be
explained by reduction of MIP-2 and neutrophil chemotaxis.
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Figure 6. Deficiency of �7 nAChR worsened acid induced acute lung
injury in mice. (A ) Excess lung water. (B ) Extravascular plasma equiva-
lents. *P � 0.05,**P � 0.01 for wild-type versus knockout mice (n � 5
wild-type, n � 4 �7 nAChR knockout). Data are mean � SD.

Another explanation is that activation of �7 nAChR in the
endothelial cells may reduce endothelial cell activation and leu-
kocyte binding (22).

In the endotoxemia mouse model, activation of �7 nAChR
by vagus nerve stimulation reduced the levels of TNF-� in the
plasma, liver, and spleen, but not in the lung (23, 24). There
may be several reasons to explain why their findings were differ-
ent from ours: (1) The endotoxemia model is different from
our acid-induced acute lung injury model. (2) The TNF-� was
measured only in the lung homogenate. Thus, we cannot rule
out that there was a difference in the TNF-� level in the BAL
because alveolar macrophages are the major sources of TNF-�.
(3) LPS was given by intravenous injection rather than intratra-
cheal instillation. Even with intratracheal instillation of LPS,
12–24 h are required to develop peak pulmonary edema and
inflammation. Thus, we believe that the lungs were probably
not injured sufficiently at 90 and 180 min after intravenous injec-
tion of LPS to demonstrate the beneficial effect of vagus nerve
stimulation.

Taken together, activation of �7 nAChR can inhibit NF-�B
activation in alveolar macrophages and reduces the production
of proinflammatory cytokines (MIP-2 and TNF-�). Thus, admin-
istration of �7 nAChR agonist can reduce neutrophil accumula-
tion in the airspaces of the lung as well as decrease pulmonary
edema and lung inflammation. These results suggest that activa-
tion of �7 nAChR may be useful as a novel anti-inflammatory
therapy to treat acute lung injury.
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