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Abstract 

 
The cholinergic nervous system can inhibit the release of proinflammatory cytokines such as 

tumor necrosis factor (TNF)-� from lipopolysaccharide (LPS) stimulated macrophages. 

Acetylcholine, the principal neurotransmitter of the vagus nerve, is the key mediator of this 

so-called cholinergic anti-inflammatory pathway, specifically interacting with �7 cholinergic 

receptors expressed by macrophages and other cell types to inhibit TNF-� production. The 

aim of the current study was to determine the capacity of the selective �7 cholinergic 

receptor agonist 3-(2,4-dimethoxybenzylidene) anabaseine (GTS-21), administered locally 

into the airways, to inhibit LPS-induced inflammatory responses in the mouse lung in vivo. 

GTS-21 dose-dependently inhibited LPS-induced TNF-� release by MH-S mouse alveolar 

macrophages in vitro. Intranasal inoculation with GTS-21 also dose-dependently inhibited 

TNF-� release into the lung compartment after intrapulmonary delivery of LPS in mice in 

vivo, while not affecting interleukin-6 concentrations. However, GTS-21 did not influence 

the influx of neutrophils into bronchoalveolar lavage fluid elicited by LPS and increased the 

concentrations of the neutrophil attracting chemokines cytokine-induced neutrophil 

chemoattractant and macrophage inflammatory protein-2. These data indicate that local 

administration of GTS-21 inhibits TNF-� release in the lung during LPS-induced 

inflammation.  
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Introduction 
 

The cholinergic nervous system has been implicated to play an important role in the 

limitation of inflammatory reactions1. This so-called cholinergic anti-inflammatory 

pathway is mediated by acetylcholine, the principal neurotransmitter of the vagus nerve, 

which by a specific interaction with �7 cholinergic receptors on macrophages suppresses 

proinflammatory cytokine production2. Both electrical stimulation of this pathway (via 

the vagus nerve) and pharmacological stimulation of peripheral �7 cholinergic receptors 

have been found to inhibit inflammation. Indeed, electrical stimulation of the efferent 

vagus nerve prevented the development of shock and attenuated the release of  tumor 

necrosis factor (TNF)-� in endotoxemic rats and mice2-4, inhibited the acute inflammatory 

response to acute hypovolemic hemorrhagic shock5 and diminished intestinal 

inflammation during experimentally induced ileus6. In addition, stimulation of �7 

cholinergic receptors by specific agonists, such as nicotine, attenuated systemic 

inflammation and improved the outcome of mice with polymicrobial abdominal sepsis 7, 

reduced proinflammatory cytokine release during Escherichia coli peritonitis8 and 

suppressed endothelial cell activation during the localized Shwartzman reaction9.  
 

Recently, we reported that pretreatment with the selective �7 cholinergic receptor 

agonist 3-(2,4-dimethoxybenzylidene) anabaseine (GTS-21) strongly diminished the 

severity of acute pancreatitis induced by repeated injections of cerulein in mice10. 

Moreover, in a mouse model of LPS-induced peritonitis, GTS-21 markedly inhibited TNF-� 
release into the peritoneal cavity and the circulation, and attenuated the influx of 

neutrophils into peritoneal fluid11. We here sought to determine the local effect of GTS-

21, within the lungs, on cytokine and chemokine release and neutrophil influx after 

intrapulmonary delivery of LPS in mice.  

 

Materials and Methods 
 

GTS-21 

GTS-21 is a selective �7 cholinergic receptor agonist that has been studied extensively in 

the context of Alzheimer´s disease and schizophrenia12-16. GTS-21 has been used earlier in 

our laboratory, revealing strong anti-inflammatory effects after intraperitoneal 

administration in models of acute pancreatitis10 and LPS-induced peritonitis11. 

Nicotinic Receptor Stimulation in the Lung 
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MH-S cells 

The murine alveolar macrophage cell line MH-S was obtained from American Type Culture 

Collection (ATCC CRL-2019; Rockville, MD). MH-S cells were cultured at 37°C in 5% CO2 in 

RPMI 1640 medium with 2 mM L-glutamine (adjusted to contain 1.5 g/L sodium 

bicarbonate, 4.5 g/l D-glucose, 10 mM Hepes and 1.0 mM sodium pyrovate) and 

supplemented with 10% FBS, 100 IU/ml penicillin, 100 ug/ml streptomycine and 0.05 mM 

2-mercaptoethanol. Cells were seeded in 96-well plates (Greiner, Alphen a/d Rijn, The 

Netherlands) at a density of 5 x 104 per well and grown overnight. The next day cells 

were preincubated (5 minutes) with different concentrations of GTS-21; GTS-21 remained 

present in the culture medium throughout the stimulation. Cells were then stimulated 

with 100 ng/ml LPS (from Escherichia coli, serotype 0111:B4; Sigma, St. Louis, MO) and 

supernatants were collected after 3 hours and stored at -20°C until measurement of TNF�. 
Cell viability was evaluated using Trypan blue staining.  

 

Mice  

Female C57BL/6 mice were purchased from Harlan (Horst, the Netherlands). Experiments 

were performed with mice that were 8 weeks old. The protocol was approved by the 

Institutional Animal Care and Use Committee of the Academic Medical Center. 

 

Design 

The protocol of LPS-induced lung inflammation has been described earlier by our 

laboratory17-19. Briefly, mice were  anesthetized by inhalation of 2% isoflurane (Abbott 

Laboratories Ltd., Kent, UK) / 2 litres of O2 and intranasally inoculated (total volume 50 

μl) with either vehicle (sterile normal saline) or GTS-21 (1 or 4 mg/kg); 30 minutes later 

mice received 10 μg LPS (from Escherichia coli, serotype 0111:B4; Sigma; in 50 μl saline) 

intranasally. At 6 hours after LPS administration mice were anesthetized with Hypnorm® 

(Janssen Pharmaceutica, Beerse, Belgium; active ingredients fentanyl citrate and 

fluanisone) and midazolam (Roche, Meidrecht, The Netherlands) and sacrificed by 

bleeding out the vena cava inferior. For bronchoalveolar lavage (BAL) the trachea was 

exposed through a midline incision and canulated with a sterile 22-gauge Abbocath-T 

catheter (Abott, Sligo, Ireland) as described17, 19. BAL was performed by instilling two 0.5 

ml aliquots of sterile saline. Approximately 0.9-1 ml BALF was retrieved per mouse. Total 

cell numbers were counted from each sample using a hemacytometer (Beckman Coulter, 

Fullerton, CA). Differential cell counts were performed on cytospin preparations stained 
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with a modified Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). 

Whole lungs were harvested after BAL; after weighing the lungs they were homogenized 

in 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, 

OK). Lung homogenates were diluted with an equal volume of lysis buffer (pH 7.4) 

containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, and 

AEBSF (4-(2-Aminoethyl)-Benzenesulfonyl Fluoride Hydrochloride), EDTA (Ethylene-

dinitrilotetraacetic acid), Pepstation A, and Leupeptin (all from MP Biomedicals, Solon, 

OH; concentrations in accordance with the manufacturer’s recommendations) and 

incubated for 30 minutes. Homogenates were centrifuged at 1500xg at 4°C for 15 

minutes, and supernatants were stored at -20°C until assays were performed. 

 

Assays 

TNF-�, interleukin (IL)-6, cytokine-induced neutrophil chemoattractant (KC) and 

macrophage inflammatory protein (MIP)-2 levels were measured using commercially 

available ELISA kits (R&D Systems, Abingdon, UK).  

 

Statistical Analysis  

All values are mean ± standard error of the mean (SEM). Serial data were analyzed by 

Kruskall-Wallis test with Mann Whitney U as post test using GraphPad Prism version 4.00, 

GraphPad Software (San Diego, CA). P < 0.05 was considered to be statistically significant.  

 

Results  
 

GTS-21 dose-dependently inhibits LPS-induced TNF-� release by mouse alveolar 

macrophages 

Several studies have documented the capacity of acetylcholine and nicotine to inhibit 

LPS-induced TNF-� production by macrophages3, 6. Since we were interested in the 

potential local effects of GTS-21 within the pulmonary compartment, we first determined 

the influence of increasing concentrations of GTS-21 on the mouse alveolar macrophage 

cell line MH-S incubated with LPS (Figure 1).  LPS elicited the secretion of TNF-� into the 

supernatant of MH-S cells. At the lowest concentration (10-6 M) GTS-21 did not influence 

TNF-� release. At higher concentrations (10-5 and 10-4 M) GTS-21 caused a dose-dependent 

reduction in TNF-� levels (P < 0.05 versus LPS only). Incubation with GTS-21 alone did 

not influence TNF-� levels. GTS-21 did not influence cell viability (data not shown).  

Nicotinic Receptor Stimulation in the Lung 
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GTS-21 inhibits LPS-induced TNF-� release in the lung 

Intranasal administration of LPS induced a profound rise in TNF-� and IL-6 concentrations 

in whole lung homogenates (Figure 2). GTS-21 given at 1 mg/kg did not influence LPS-

induced TNF-� release; at 4 mg/kg, however, GTS-21 significantly reduced lung TNF-� 
levels (P < 0.05 versus LPS only). GTS-21 did not alter pulmonary IL-6 concentrations at 

either dose.  
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Figure 1.  

GTS-21 inhibits LPS-induced TNF-� release by mouse alveolar macrophages. 

MH-S cells (5 x 104 per well) were preincubated (5 minutes) with different concentrations of GTS-21. Cells were 

stimulated with 100 ng/ml LPS and supernatants were collected after 3 hours. Data are means � SEM (N = 4). * 

P<0.05 versus LPS only.  
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Figure 2.  

GTS-21 inhibits LPS-induced TNF-� release in lungs. 

Mice were intranasally inoculated with either vehicle (sterile normal saline) or GTS-21 (1 or 4 mg/kg); 30 minutes 

later mice received 10 μg LPS intranasally. TNF-� and IL-6 were measured in lung homogenates obtained 6 hours 

after LPS administration  Data are means � SEM of 8 mice per group. * P<0.05 versus LPS only.  
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Nicotinic Receptor Stimulation in the Lung 

GTS-21 does not influence LPS-induced leukocyte recruitment into the lung 

Intranasal administration of LPS is associated with a strong influx of neutrophils into the 

bronchoalveolar space17, 19. Here we found that local instillation of GTS-21 did not affect 

this characteristic inflammatory response (Table 1). In addition, GTS-21 did not alter the 

cellular composition of BALF in LPS-challenged mice.  

Table I. 
GTS-21 does not influence LPS-induced leukocyte recruitment to the lung. 

GTS-21 (mg/kg)                                 0                                   1                                   4 
 

Cell Count (x107/ml)                            
Total Cell Count                                 19.9 ± 2.7                      25.4 ± 4.3                       23.2 ± 5.2     
Granulocytes                                     15.9 ± 2.2                      21.5 ± 3.9                       18.5 ± 4.2     
Macrophages                                     3.9 ± 0.6                        3.7 ± 0.4                        4.6 ± 1.0       
Lymphocytes                                     0.09 ± 0.07                    0.14 ± 0.13                     0.04 ± 0.03   
 
 

Mice were intranasally inoculated with LPS at t=0. GTS-21 (1 or 4 mg/kg) or saline was administered intranasally at 

t=-30 minutes. Data represent mean ± SEM of 8 mice per group. 

GTS-21 enhances LPS-induced chemokine release in the lung 

KC and MIP-2 are mouse CXC chemokines considered important for the recruitment of 

neutrophils to sites of inflammation20. Therefore, we measured the concentrations of 

these mediators in whole lung homogenates of mice treated with LPS with or without 

GTS-21 (Figure 3). Remarkably, whereas GTS-21 1 mg/kg did not alter KC and MIP-2 levels 

found in mice administered with LPS, GTS-21 4 mg/kg significantly enhanced the 

pulmonary levels of these chemokines (both P < 0.05 versus LPS only).  

Figure 3.  

GTS-21 enhances LPS-induced chemokine release in lungs. 

Mice were intranasally inoculated with either vehicle (sterile normal saline) or GTS-21 (1 or 4 mg/kg); 30 minutes 

later mice received 10 μg LPS intranasally. KC and MIP-2 were measured in lung homogenates obtained 6 hours 

after LPS administration. Data are means � SEM of 8 mice per group. * P<0.05 versus LPS only.  
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Discussion 
 

Pharmacologic stimulation of �7 cholinergic receptors has been implicated as a 

potential novel therapeutic strategy for the treatment of inflammatory diseases. We here 

extend our previous investigations on the in vivo anti-inflammatory properties of one of 

those selective �7 cholinergic agonists, GTS-2110, 11.  In particular, we examined the 

possibility of local administration of GTS-21, within the lung, to attenuate LPS-induced 

pulmonary inflammation. First, we established that GTS-21 dose-dependently inhibited 

LPS-induced TNF-� release by mouse alveolar macrophages, thereby confirming and 

extending previous investigations on the effect of �7 cholinergic agonists on 

macrophages in vitro3, 6. Next, we demonstrated that GTS-21, administered locally within 

the airways, does not influence the recruitment of neutrophils in response to 

intrapulmonary delivery of LPS, in spite of the fact that GTS-21 dose-dependently reduced 

pulmonary TNF-� concentrations.  

 

The present findings should be viewed upon in the context of our recent study, in 

which we examined the effect of intraperitoneally administered GTS-21 on neutrophil 

influx into the peritoneal cavity11. In this latter investigation we established that the 

reduction of neutrophil migration by GTS-21 was not the consequence of GTS-21 induced 

inhibition of TNF-� release. Indeed, elimination of endogenous TNF-� by etanercept, a 

TNF-� blocking protein containing the extracellular domain of the p75 TNF-� receptor, did 

not influence neutrophil influx during LPS-induced peritonitis either in the presence or in 

the absence of GTS-21 treatment11. Together, these results of LPS-induced abdominal and 

pulmonary inflammation firmly establish that the effects of GTS-21 on TNF-� production 

and neutrophil migration are independent phenomena. In addition, considering that GTS-

21 also inhibited neutrophil influx into the pancreas during experimentally induced acute 

pancreatitis10, these data strongly suggest that the effect of GTS-21 on neutrophil 

migration depends on the body site. Possibly, GTS-21 administered directly into the 

airways can not interact with migrating neutrophils, considering that these cells originate 

from the circulation. GTS-21 administered intraperitoneally, however, likely rapidly enters 

the blood stream, thereby allowing a direct interaction with circulating leukocytes. In 

this respect it should be noted that neutrophils express several nicotinic receptors, 

including the �7 cholinergic receptor21, and that stimulation of these receptors has been  
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shown to inhibit neutrophil migration by a mechanism that involves inhibition of 

adhesion molecule expression on both the endothelial surface and neutrophils22. 

 

Notably, GTS-21 enhanced the release of the CXC chemokines MIP-2 and KC into the 

lungs upon LPS challenge. Intraperitoneal injection of GTS-21 also enhanced KC release 

into the abdominal cavity, while not influencing MIP-2 secretion11.  Considering that MIP-

2 and KC are potent neutrophil attracting agents20, it is conceivable that the elevated CXC 

chemokine concentrations within the lung could have masked a modest inhibitory effect 

of GTS-21 on neutrophil recruitment. Further work is warranted to evaluate this 

possibility.  

 

GTS-21 did not influence IL-6 release during LPS-induced lung inflammation. This 

finding is in line with the effects of GTS-21 during LPS-induced peritonitis, where this 

compound had a modest effect on IL-6 levels at best11. GTS-21 treatment did diminish 

plasma IL-6 concentrations in mice with acute pancreatitis10, which may however simply 

have been a reflection of a less severe disease in GTS-21 treated animals. Together these 

studies suggest that GTS-21, with regard to cytokine and chemokine production in vivo, 

exerts a relatively selective effect on TNF-� release.  

 

The anti-inflammatory effects of local GTS-21 administration described here in theory 

could negatively impact on host defense mechanisms during respiratory tract infection. 

Further research is warranted to examine this important issue.  

 

Several �7 cholinergic receptor agonists have been developed primarily as novel 

therapeutics for the treatment of schizophrenia14.  We here establish for the first time 

that one of these agents, GTS-21, inhibits TNF-� release in lungs exposed to LPS. This 

observation adds to earlier data that �7 cholinergic agonists may inhibit inflammation 

under various conditions and in different body sites.  

Nicotinic Receptor Stimulation in the Lung 
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