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Abstract 
 
Tiotropium, a long-acting anticholinergic, may improve chronic obstructive pulmonary 
disease (COPD) by mechanisms beyond bronchodilatation. We tested the hypothesis 
that tiotropium may act as an anti-inflammatory mediator by directly acting on and 
inhibiting human neutrophil chemotactic activity (NCA) that is promoted by acetylcholine 
(ACh) exposure.  ACh treatment increased NCA in a dose dependent manner (p < 
0.001) and tiotropium pretreatment reduced ACh stimulation (dose effect; 0 to 1000 nM; 
p < 0.001).  Selective muscarinic receptor inhibitors demonstrated that subtype-3 (M3) 
receptor plays a role in NCA regulation.  In addition, NCA that was stimulated by 
cevimeline (M3 agonist) and pasteurella multocida toxin (PMT, M3 coupled Gq agonist). 
However, the increased NCA to cevimeline and PMT was reduced by tiotropium 
pretreatment (p < 0.001).  ACh treatment stimulated ERK-1/2 activation by promoting 
protein phosphorylation and tiotropium reduced this effect (p < 0.01). In addition, 
pretreatment of the cells with a specific MEK-1/2 kinase inhibitor reduced ACh 
stimulated NCA (p < 0.01). Together these results demonstrated that cholinergic 
stimulation of NCA is effectively inhibited by tiotropium and is governed by a mechanism 
involving M3 coupled Gq signaling and downstream ERK signaling. This study further 
demonstrates that tiotropium may act as an anti-inflammatory agent in lung disease. 
 

Abbreviation List 
 
Ach – acetylcholine 
ANOVA – analysis of variance 
AS - complement activated serum  
BCA - bicinchoninic acid  
ChAT - choline acetyltranferase 
COPD – chronic obstructive pulmonary disease 
ERK - extracellular-signal-regulated kinases  
GAPDH - glyceraldehyde-3-phosphate dehydrogenase 
LPS – lipopolysaccharide 
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M3 – muscarinic subtype 3 receptor 
MEK - mitogen-activated protein/extracellular signal-regulated kinase 
NCA – neutrophil chemotactic activity 
PMT - pasteurella multocida toxin  
rhIL-8 - recombinant human interleukin-8 
RIPA - radioimmunoprecipitaion assay 
SEM – standard error of mean 
TBST - tris-buffered saline and tween 20 
 

Introduction 

Anticholinergic therapy has been regarded as a first choice bronchodilator in the 
management of stable chronic obstructive pulmonary disease (COPD) (1).  The agents 
included within this class of therapeutics effectively reverse the stimulation of 
parasympathetic produced acetylcholine (ACh) on smooth muscle airway contraction. 
Parasympathetic activity is increased with airway inflammation, and in regards to 
COPD, is an important mechanism because vagal tone appears to be one of the only 
reversible components of airflow restriction (2).  Besides bronchoconstriction, ACh may 
also be involved in airway remodeling and other pathophysiogical mechanisms that are 
important in the propagation of lung disease (1,3-8). Recently it has been suggested 
that ACh may be expressed in the lung independent of a parasympathetic mechanism. 
In support of this notion, ACh synthesizing enzyme (choline acetyl transferase) has 
been found to be ubiquitously expressed in the airways, pulmonary epithelial cells, and 
immune cells such as neutrophils and monocytes (9-12). In addition, these cells also 
appear to express functional muscarinic receptors (9-11).  Interestingly, the expression 
and function of certain muscarinic receptors in neutrophils may be increased in COPD 
(13), thus suggesting increase bioactivity associated with enhanced lung inflammation. 
We and others have previously demonstrated that ACh may also stimulate resident lung 
cells to release chemotactic factors and subsequently these factors can induce pro-
inflammatory chemotaxis indirectly in vitro (3,4,8,9).   

It has been recently reported that outcomes of COPD are improved by inhalation of 
cholinergic inhibitors, and tiotropium (tiotropium bromide, Spiriva®; Boehringer 
Ingelheim, Ingelheim, Germany) demonstrates the greatest improvements in COPD 
because of its long-acting, once daily administered, anticholinergic capability (1).  
Although tiotropium predominantly functions as a bronchodilator, it has also been shown 
to inhibit ACh-induced proliferation of fibroblasts and myofibroblasts (16), and inhibit the 
release of chemotactic factors from cultured lung epithelial cells, fibroblasts and alveolar 
macrophages in vitro (3,4). Taken together these results suggest a plausible beneficial 
role of tiotropium on airway remodeling and action as an anti-inflammatory agent in 
chronic airway disease. 

We have previously reported that supernatants from macrophages that were treated 
with tiotropium prior to a challenge with lipopolysaccharide (LPS) greatly reduced the 
subsequent stimulation of NCA and this result did not occur by inhibited release of 
chemotactic factors (17). Based on these results, we postulated that tiotropium from the 
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test media may actually passively diffuse through the pores of the filter that separates 
the chambers of the microchemotaxis unit and possibly interact directly with the 
neutrophils. In this study, we tested the hypothesis that tiotropium may act as an anti-
inflammatory agent by directly interacting on neutrophils and inhibiting their chemotactic 
capability.  

It has been well established that infiltration of neutrophils and the modulation of their 
activity play an important role in propagating and governing inflammation in a variety of 
lung diseases such as COPD (18).  In addition, muscarinic receptor G-protein coupled 
signal transduction (19) and downstream ERK-1/2 activity (20-22) may also play an 
important regulatory role in controlling the migration of neutrophils.  In this study, we 
further demonstrate that tiotropium may inhibit NCA, in part, through the regulation of 
muscarinic receptor coupled Gq-protein and ERK-1/2 mediated signal transduction 
(Figure 1). 

 
Figure 1. Putative mechanism of tiotropium effect on neutrophil chemotaxis. 
Acetylcholine (ACh) either exogenously released or acting in a paracrine fashion 
stimulates the muscarinic type 3 (M3) receptor. This subsequently activates Gq protein 
which activates extracellular-signal-regulated kinases (ERK) 1/2. ERK 1/2 translocates 
into the nucleus activating various transcription factors which result in cell migration. 
Tiotropium decreases chemotaxis by inhibiting the binding of ACh to the M3 receptor.  

 
Methods 

 
This study was conducted with the approval from the Research and Development and 
Institutional Review Board Committees of the Carl T. Hayden Veteran’s Affairs Medical 
Center, Phoenix, Arizona.  
 
Purification of Human Blood Neutrophils and Experimental Models 
 
Human primary neutrophils were isolated and purified from heparinized plasma 
obtained from normal healthy individuals by the method of Böyum (23). The purified 
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neutrophils were exposed to ACh (sodium acetylcholine, Sigma-Aldrich) up to 60 min 
prior to chemotaxis.  For most experiments, cells were also pretreated with the various 
factors listed below for 30 min prior before selected agonist treatment. Inclusive of these 
agents are tiotropium bromide (Boehringer-Ingelheim); muscarinic (M) receptor 
antagonists including  pirenzepine dihydrochloride  (M1; Sigma-Aldrich); gallamine 
trithiodide M2 (M2; Sigma-Aldrich); 4-diphenylacetoxy-N-methylpiperidine methiodide (4-
DAMP; M3; Sigma-Aldrich); M3 receptor agonist cevimeline HCl (EVOXAC®, Daiichi 
Sankyo, Inc., Parsippany, NJ); selective G-protein agonists(Gq, Pasteurella multocida 
toxin [PMT], EMD Biosciences Inc., San Diego, CA, Go, mastoparan, Biomol 
International, Plymouth Meeting, PA) and a specific mitogen-activated 
protein/extracellular signal-regulated kinase (MEK)-1/2 inhibitor (U0126; Sigma-Aldrich).   
 
Neutrophil Chemotaxis Analysis 
 
The chemotaxis assay was performed in a 48-well microchemotaxis chamber 
(NeuroProbe Inc., Cabin John, MD) using previously described methods (14).   Either 
recombinant human interleukin-8 (rhIL-8, Sigma-Aldrich) or complement activated 
serum (AS) were used as the chemoattractants. Neutrophil viability was assessed and 
not altered by tiotropium.  
  
 
Western Blot Analysis 
 
The examination of corresponding regulation of extracellular signal-regulated kinase 
(ERK)-1/2 proteins by ACh and tiotropium in neutrophils was performed by Western Blot 
analyses. Both phosphorylated (p) and total (t) ERK-1/2 proteins were examined. Rabbit 
monoclonal antibodies directed against human pERK-1/2, tERK-1/2, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins were purchased from 
Cell Signaling Technology (Beverly, MA).  
 
For the ACh time-course experiment, neutrophils (1 x 107) were treated with 100 μM 
ACh for period ranging from 0 to 60 min of exposure. After establishing the maximal 
time effect (~15-20 min), subsequent experiments were conducted examining the effect 
of a 30 min tiotropium (100 nM) pretreatment on ACh challenged ERK-1/2 protein 
expression. 
 
Neutrophils were lysed with ice-cold radioimmunoprecipitaion assay (RIPA) buffer 
including a proteolytic inhibitor cocktail (Santa Cruz Biotechnology, Santa Cruz, CA) as 
per the manufacturer’s instructions. Total protein concentration of the lysates was 
determined by the bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, 
Rockford IL). Protein concentrations were then adjusted to 40 µg in a standardized 
volume before addition of 2x sample buffer (Invitrogen, Grand Island, NY) and heating 
for 5 min at 85˚C.  Cell proteins were then separated by electrophoresis on 4-20% tris-
glycine acrylamide gels (Invitrogen, Grand Island, NY) and transferred to membranes 
(HCL-hybond, GE Healthcare, Piscataway, NJ) by electroblotting at 25 volts overnight at 
4oC.  The membranes were then pretreated with 1x tris-buffered saline and tween 20 
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(TBS-T) plus 5% non-fat dried milk for at least 2 hours at room temperature before 
exposure to the primary antibodies (1:2000) as per manufacturer’s suggestion overnight 
at 4oC. After subsequent washing with TBS-T a horseradish peroxidase-conjugated 
goat anti-rabbit secondary antibody (1:2000) was added for at least 1 h at room 
temperature.   

 
After multiple washings, the membranes were exposed to peroxidase substrate for 
enhanced chemiluminescence (Pierce ECL Western Blotting Substrate, Thermo Fisher 
Scientific, Rockford, IL) for 5 min. Membranes were wrapped and placed against 
autoradiograph film (Hyperfilm ECL; GE Healthcare, Piscataway, NJ) and developed 
(up to 30 min). The resulting protein bands were quantified by densitometry (Personal 
Densitometer SI, Image Quant ver. 5, Molecular Dynamics, GE Healthcare Biosciences 
Corp.).  
 
Statistical Analyses 
Unless stated otherwise data are means ± SEM resulting from at least 3 individual 
experiments. Data were analyzed by one-way ANOVA followed by selected post-hoc 
Neuman-Keuls tests. p < 0.05 was considered significant. 
 

Results 
 
Stimulation of neutrophil chemotactic activity by cholinergic challenge  
 
Neutrophils were pretreated with varied concentrations of ACh ranging between 1-100 
µM prior to exposure to two different chemotactic agents including rhIL-8 (500 ng/ml) 
and AS.  As demonstrated in Figure 2, ACh treatment stimulated NCA in a dose 
dependent manner for both IL-8 and AS (p < 0.001). Similarly, at the 1 or 10 µM level 
ACh stimulated NCA when exposed to either IL-8 or AS, respectively. Moreover, the 
maximal level of stimulation by ACh was attained when the cells were treated with 100 
µM ACh (Figure 2).  As reported previously, this concentration of ACh provided maximal 
effects in other cell types (13,15).  Beyond the dose effect studies, we also tested the 
effect of duration of ACh exposure (15 to 60 min) on NCA and found a significant 
stimulatory effect to occur within 60 min of exposure (data not shown).  
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Figure 2.  The effect of acetylcholine (ACh) stimulation on neutrophil chemotaxis. 
Neutrophils were treated with varied concentrations of ACh for 60 min prior to exposure 
to rhIL-8 (closed diamond) or complement activated serum (open diamond).  Neutrophil 
chemotactic activity (NCA) is on the ordinate and the concentration of ACh is on the 
abscissa. Values are expressed as means ± SEM.  For each experiment a significant 
dose effect was demonstrated (ANOVA, p < 0.0001; 15 observations per experiment). 
*p < 0.05, **p < 0.001 means differed as compared with those from non-treated 
controls.  
 
Tiotropium pretreatment inhibited cholinergic stimulation of neutrophils 
 
Neutrophils were pretreated for 30 min with varied concentrations of tiotropium ranging 
between 0.1 to 1000 nM prior to exposure to ACh.  Tiotropium pretreatment significantly 
reversed the stimulatory effect of effect of ACh on NCA at concentrations ranging 
greater than 1 nM. A dose dependent was observed with the maximum reduction 
approaching 45% (p<0.001) at levels beyond 10 nM (Figure 3).  
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Figure 3.  The effect of tiotropium on ACh-stimulated neutrophil chemotaxis.  
Neutrophils were treated with tiotropium at various concentrations (0.1 to 1000 nM) for 
30 min prior to treatment to ACh for an additional 60 min and exposure to rhIL-8 as the 
chemoattractant. Values are expressed as means ± SEM.  A treatment effect was 
demonstrated by one-way ANOVA (p < 0.0001) for three independent experiments.  #p 
< 0.01 means differed compared with non-treated controls; *p < 0.05, **p < 0.001 
means differed compared with those from ACh-stimulated neutrophils. 
 
The effect of selective muscarinic receptor antagonists on cholinergic stimulation of 
neutrophil chemotaxis. 
 
It has been recently demonstrated that neutrophils express muscarinic receptors sub-
types 1 through 3 (10,11) and tiotropium can interact amongst these receptors as an 
antagonist with varying affinities (M3>M1>M2) (1).  Thus, we examined the effect of a 
variety of muscarinic receptor antagonists with specificity to the varied receptors 
including pirenzepine dihydrochloride (M1), gallamine trithiodide (M2) and 4-DAMP (M3). 
Neutrophils were pretreated with these muscarinic antagonists at the varied 
concentrations (0.1 – 1000 nM) for 30 min prior to exposure to 100 µM ACh. 

 
As demonstrated in Figure 4C, 4-DAMP significantly inhibited the increase of NCA that 
resulted from ACh treatment (32% decrease; p<0.05) although this effect was not as 
robust as those of tiotropium demonstrated in Figure 3.  In contrast to 4-DAMP, 
gallamine pretreatment did not alter NCA that was stimulated by ACh treatment.  
Although not significant, an inhibitory trend was observed by pirenzepine pretreatment 
on cholinergic stimulation of NCA (Figure 4A). 
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Figure 4.  The effect of various muscarinic (M) receptor antagonists on ACh-stimulated 
neutrophil chemotaxis.  Neutrophils were treated with pirenzepine (M1 inhibitor; figure 
3A), gallamine (M2 inhibitor; figure 3B) and 4-DAMP (M3 inhibitor; figure 3C) at various 
concentrations (0.1 – 1000 nM) for 30 min prior to treatment with ACh and exposure to 
rhIL-8.  Values are expressed as means ± SEM.  Treatment effects were displayed by 
ANOVA for pirenzepine (p < 0.03; n = 5), gallamine (p < 0.02; n = 3) and 4-DAMP (p < 
0.01; n = 3) experiments. #p < 0.05 means differed as compared with non-treated 
controls.  *p< 0.05 means differed compared with those from ACh-stimulated cells. 
 
Tiotropium bromide effects NCA by altering M3 receptor Gq-protein coupling 
 
As suggested by results of the muscarinic receptor antagonists above, the M3 receptor 
seems to play a prominent role in the regulation of cholinergic induction of NCA. To 
confirm this role, we examined the effect of the specific M3 receptor agonist cevimeline 
on NCA.  Neutrophils were pretreated with tiotropium (30 min) prior to exposure to 300 
µM cevimeline for an additional 30 min.  As seen in Figure 4A, NCA was promoted by 
cevimeline treatment when exposed to rhIL-8 (~41% increase as compared to controls; 
p < 0.001).  Similar to the response demonstrated in the ACh series of experiments, 
tiotropium pre-treatment significantly reversed the stimulatory effect of cevimeline 
(~40% decrease, p < 0.001) on NCA to a level that was similar to non-treated control 
neutrophils (Figure 5A).   
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Figure 5.  Tiotropium inhibited the stimulatory effect of cevimeline (M3 receptor agonist) 
and pasteurella multocida toxin (PMT; Gq signaling stimulator) on NCA.  Neutrophils 
were pre-treated with tiotropium for 30 min before the addition of cevimeline (Figure 4A) 
or PMT (Figure 4B) for an additional 30 min and exposure to rhIL-8. Values are 
expressed as means ± SEM. Treatment effects were displayed for both series of 
experiments (ANOVA; p < 0.0001, n=3). #p < 0.001 means differed as compared with 
non-treated neutrophils. *p < 0.001 means differed as compared with those from 
cevimeline- and PMT- stimulated cells.  
 
G-proteins are important regulators in chemokine and complement mediated 
chemotaxis, and are early-stage regulatory components coupled to muscarinic receptor 
function (19,24,25). To test whether M3 receptor coupled G-protein pathway is involved 
in the regulation of cholinergic stimulation of NCA, we treated neutrophils with a potent 
Gq agonist (Pasteurella multocida toxin; PMT) (26). As demonstrated in Figure 5B, PMT 
treatment effectively stimulated NCA (~32% increase; p < 0.001) when compared to 
non-treated controls.  In addition, when the neutrophils were pretreated with tiotropium 
for 30 min prior to PMT stimulation, NCA was markedly reduced by 38% (p < 0.001) as 
compared to PMT treatment alone (Figure 5B).  To further examine the specificity of this 
event we treated neutrophils with mastoparan, an agonist of the Go proteins coupled to 
the M2 and M4 receptor function. In contrast to PMT, mastoparan treatment did not 
influence NCA (data not shown).   
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Cholinergic activation of ERK-1/2 in neutrophils is inhibited by tiotropium treatment.  
 
It has been previously established that ERK-1/2 protein activation provides a pivotal 
regulatory role on neutrophil chemotaxis (22,27,28) and it is a downstream signaling 
pathway that is influenced by G-proteins (29-31). Thus, we examined the effect of ACh 
activation (100 µM) on ERK-1/2 signaling in neutrophils and began with examining the 
effect of time of cholinergic exposure (0 to 60 min) on ERK-1/2 protein expression. As 
seen in Figure 5, ACh treatment activated pERK-1/2 expression but did not alter the 
level of tERK-1/2 proteins in the cells. The stimulation of pERK-1/2 reached the maximal 
effect within 15-30 min of exposure to ACh, and began to decrease after 45 min of 
exposure (Fig 6).  Similar reductions on pERK-1/2 expression were demonstrated in 
experiments where neutrophils were treated with ACh for longer periods (>60 min; data 
not shown).  
 

 
Figure 6.  The effect of time of exposure of ACh on ERK-1/2 protein activation in 
neutrophils.  Cells were treated with 100 μM ACh for various times from 0 through 45 
min of exposure. Total cell proteins were isolated and examined for phosphorylated (p) 
and total (t) ERK-1/2 expression assessed by Western-blot (Figure 5A). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was assessed as a loading 
control. The corresponding mean ratio of pERK-1/2: tERK-1/2 resulting from 
densitometric scans is demonstrated in figure 6B. 
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A further series of experiments (n=4) were conducted to examine the effect of tiotropium 
on the inhibition of cholinergic stimulation of ERK-1/2. Neutrophils were pretreated with 
100 nM tiotropium for 30 min prior to exposure to 100 µM ACh for 15 min.  As seen in 
Figure 7, ACh treatment increased the activation of ERK proteins (pERK/tERK ratio = 
0.85 for ACh vs. 0.52 in non-treated control cells; p < 0.01) and tiotropium pretreatment 
markedly reversed this effect and where expression was reduced to control cell levels 
(Figure 7). 
  

 
 
Figure 7.  The effect of tiotropium on ACh stimulated ERK-1/2 protein activation in 
neutrophils.  Cells were treated with 100 nM of tiotropium prior to expose to 100 μM of 
ACh for 15 min.  Total cell proteins were isolated and pERK-1/2, tERK-1/2 and GAPDH 
expression was determined by Western-blot. A representative experiment is shown in 
Figure 6A and ERK-1/2 activation expressed as pERK1/2: tERK-1/2 is demonstrated in 
Figure 6B.  Values are expressed as means ± SEM.  A treatment effect was 
demonstrated by ANOVA (p < 0.005; n=4 experiments).  #p < 0.01 means differ as 
compared with non-treated neutrophils; * p < 0.01 means differ as compared to those 
from ACh stimulated cells. 
 
Cholinergic stimulation of NCA is reduced by an inhibitor of ERK-1/2 phosphorylation  
 
Based of the aforementioned results on pERK-1/2 expression activation of ERK-1/2 by 
phosphorylation may govern NCA. Neutrophils were pretreated with U0126 (a specific 
MEK-1/2 kinase inhibitor) for 30 min prior to exposure to ACh (100µM) for an additional 
60 min. As seen in Figure 8, U0126 pretreatment strongly inhibited (p < 0.01) the 
increase of NCA by ACh treatment to levels similar to non-treated control cells. 
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Figure 8. Neutrophil chemotactic activity that is stimulated by ACh is inhibited by an 
antagonist of ERK-1/2 phosphorylation.  Cells were pretreated with a specific inhibitor of 
MEK-1 and -2 (U0126; 10 µM) for 30 min prior to the addition of 100 µM ACh for an 
additional 30 min before assessing NCA as described above. Values are expressed as 
means ± SEM. A treatment effect was demonstrated by ANOVA (p < 0.001) resulting 
from three independent experiments.  #p < 0.001 means differed as compared with non-
treated neutrophils. *p< 0.01 means differed compared with those from ACh stimulated 
cells. 
 

Discussion 
 
Previous clinical results have suggested that tiotropium inhalation provides beneficial 
clinical outcomes in COPD that may result from modulating mechanisms beyond 
bronchodilatation (1,10).  An intriguing suggestion has been that anticholinergic therapy 
may act as an anti-inflammatory. The mechanism(s) by which this action occurs has not 
been fully elucidated; however, recent in vitro studies have suggested that tiotropium 
may indirectly influence neutrophil chemotaxis by inhibiting the release of chemotactic 
factors by resident lung cells that would subsequently promote NCA (3,4).  In a model 
using U937 macrophages, we previously reported that NCA was decreased from 
supernatants that were obtained from LPS-challenged cells treated with tiotropium and 
that this result did not occur from a reduction in corresponding chemotactic factor 
expression measured in the supernatants (17).  Specifically, we found that heightened 
levels of IL-8 did not correlate (r = 0.38; p > 0.13) with the reduction in NCA upon 
tiotropium treatment (0.1 to 1000 nM).  Similar effects were also shown regarding LTB4 

analyses (17). Based on these results, we formulated the hypothesis that tiotropium 
contained in the supernatants may actually interact with the neutrophils and influence 
their activity directly. 

Current concepts suggest that an influx of neutrophils is important in the pathogenesis 
of COPD (18). These neutrophils release proteases and toxic oxygen radicals that 
contribute to the inflammation seen in COPD. It is this inflammation that results in the 
emphysema and airway remodeling that causes the structural changes in COPD that 
lead to the clinical symptoms of breathlessness and/or cough. Previous studies in 
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animal models of COPD have shown that tiotropium is anti-inflammatory (5,32). More 
recent studies in humans suggest that tiotropium reduces neutrophil chemotaxis (33). 
Migration of neutrophils from COPD patients are also decreased by tiotropium similarly 
to the normal human neutrophils used in this study (34). The present studies are 
consistent with these results and support an anti-inflammatory role for tiotropium in 
COPD.  

It has not been established to date that cholinergic stimulation may directly affect NCA 
in vitro. In the present study, we report that exogenous ACh pretreatment enhanced 
NCA when the cells were exposed to differing chemotactic agents.  In addition, we 
found that tiotropium treatment prior to ACh exposure very effectively reduced 
stimulated NCA. The bioactive concentrations of tiotropium that were used in this study 
initially ranged from 10 -1000 nM and the lower bioactive responsive doses were similar 
to those previously reported to affect human lung fibroblast proliferation (35), fibroblast 
differentiation (16), and the release of chemotactic factors from epithelial cells, 
fibroblasts and alveolar macrophages in vitro (3,4).  In order to elicit a robust effect on 
NCA, we opted to use a dose of 100 nM of tiotropium throughout the study. At this level, 
tiotropium was non-toxic and remained below the estimated maximum concentration of 
~2000 nM to be present in the lung epithelial lining fluid after inhalation of the drug (36).    
 
There is increasing evidence that signaling from extraneuronally produced ACh may 
play an important role in regulation of lung inflammation (1,9).  ACh may enhance 
proinflammatory cell chemotaxis indirectly by stimulating resident lung cells to release 
chemotactic factors (3,4,14,15). Recently, choline acetyltranferase (ChAT) has been 
localized in human blood and skin derived neutrophils; however, to date there have 
been no studies establishing ChAT expression in pulmonary neutrophils (10). However, 
a recent report by Neumann et al. (37) demonstrated that mononuclear cells (T cells 
and monocytes) expressed ~0.36 pmol ACh/106 cells, whereas granulocytes (containing 
predominantly neutrophils) expressed considerably less concentration of ACh although 
their synthetic capacity was greater than CD3+ cells.  Thus, it remains to be established 
whether pulmonary neutrophils may produce Ach, especially under conditions of 
inflammation. It also remains to be established whether neutrophils produce sufficient 
ACh to regulate a cholinergic response in an autocrine manner. 
 
It has also been reported that neutrophils express muscarinic receptors (9.10,13,38). 
Interestingly, the expression of muscarinic receptors is modulated in neutrophils in 
COPD, particularly the M3 receptors which are more highly expressed under this 
condition (13). In this study we demonstrated that neutrophils may react to exogenous 
cholinergic stimulation thus suggesting that paracrine cholinergic stimulation may be a 
viable mechanism of control of neutrophil activity associated with inflammation.  
 
In an early attempt to characterize the muscarinic receptor(s) involved in cholinergic 
regulation of NCA we used a panel of selective antagonists and tested their reactivity 
against ACh stimulation.  To accomplish this objective we pretreated neutrophils with 
pirenzepine, gallamine and 4-DAMP prior to cholinergic treatment.  Our results 
demonstrated that only the inhibitor 4-DAMP significantly reversed the effect of ACh on 
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NCA. These results further confirm that anti-inflammatory control may entail the 
antagonism of the muscarinic type-3 receptor. This is comparable to our previous 
studies that have demonstrated that ACh may promote chemotactic factor release from 
resident lung cells by influencing M3 receptors (4,14,15). 
  
We further treated neutrophils with cevimeline, a M3 receptor agonist (39), and found 
that this compound markedly increased NCA. When neutrophils were treated with PMT, 
a Gq agonist (27,40), it stimulated their activity and to a level comparable to those of 
cevimeline. Moreover, tiotropium pretreatment dramatically inhibited PMT stimulated 
NCA. Taken together, these results suggest that tiotropium may interact with the M3 
receptor and possibly modulate early Gq mediated signaling cues affecting NCA by 
cholinergic treatment.   
 
The M3 receptors have the capacity to activate multiple signaling pathways in various 
cell types. For example, it has been established that the M3 receptor and Gq protein 
pathway is involved in airway smooth muscle contraction and may function by regulating 
PLC, inositol 1,4,5-triphosphate (IP3) and intracellular Ca2+ signaling (41). In addition, it 
has been shown that G�q-deficient neutrophils possess deficient calcium signaling and 
defective chemotactic responsiveness (42).   Furthermore it has been reported that ERK 
activation is associated with Gq-protein stimulation (29,30) and ERK signaling is an 
important integral regulator of NCA (22,27,28).  In this study, we find that ACh treatment 
enhanced neutrophil ERK-1/2 protein phosphorylation but not total ERK1/2 expression. 
In addition, the pretreatment of the cells with tiotropium reversed this activity. Similarly, 
Profita et al. (4) demonstrated that ACh mediated release of IL-8 in human bronchial 
epithelial cells may be regulated in part by an ERK-dependent mechanism.  
 
In summary, these data support the role of cholinergic stimulation on NCA an important 
inflammatory process contributing to pulmonary disease. This study also demonstrated 
an alternative anti-inflammatory role of tiotropium on directly reducing chemotactic 
activity by inhibiting, in part, Gq protein and ERK activation in neutrophils. Furthermore, 
this action was independent of type or concentration of chemotactic factor.  This present 
study may provide some insight into the recently reported discordance between 
significant reductions in total exacerbation compared with no reduction in 
proinflammatory marker (including IL-8) concentration in sputa from COPD patients 
treated with tiotropium (43).  The inhibition of neutrophil migration is one effect which 
may contribute to the anti-inflammatory effects of anticholinergics and may explain, at 
least in part, the reduction in exacerbations of COPD seen with tiotropium.  
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