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Stimulation of �7 cholinergic receptors inhibits 
lipopolysaccharide-induced neutrophil 

recruitment by a tumor necrosis factor-� 
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Abstract 

 
The cholinergic nervous system controls inflammation by inhibiting the release of 

proinflammatory cytokines such as tumor necrosis factor (TNF)-� from lipopolysaccharide 

(LPS) stimulated macrophages. The key endogenous mediator of this so-called cholinergic 

anti-inflammatory pathway is acetylcholine, the principal neurotransmitter of the vagus 

nerve, which specifically interacts with �7 cholinergic receptors expressed by macrophages 

and other cell types to inhibit TNF-� production. We here investigated the capacity of the 

selective �7 cholinergic receptor agonist 3-(2,4-dimethoxybenzylidene) anabaseine (GTS-21) 

to inhibit LPS-induced inflammatory responses in mice in vivo. To this end mice received an 

intraperitoneal injection of LPS (from E. coli, 200 μg) preceded by GTS-21 (4 mg/kg) or 

vehicle. GTS-21 strongly inhibited LPS-induced TNF-� release into the peritoneal cavity and 

the circulation. In addition, GTS-21 attenuated the influx of neutrophils into peritoneal fluid 

upon administration of LPS. This inhibitory effect on neutrophil recruitment by GTS-21 was 

independent of its effect on TNF-� release, considering that etanercept, a potent TNF-� 
blocking protein containing the extracellular domain of the p75 TNF-� receptor, did not 

influence LPS-induced neutrophil influx either in the presence or in the absence of GTS-21 

treatment. GTS-21 did not reduce the local secretion of macrophage inflammatory protein 2 

and keratinocyte derived cytokine, suggesting that altered concentrations of these 

neutrophil attracting chemokines did not contribute to GTS-21 induced inhibition of 

neutrophil migration. These data identify a novel anti-inflammatory effect of chemical �7 

cholinergic receptor stimulation that is independent from its capacity to inhibit TNF-� 
production.  
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Introduction 
 

In recent years it has become apparent that the cholinergic nervous system plays an 

important role in limiting inflammatory responses1. In the so-called cholinergic anti-

inflammatory pathway enhanced efferent activity of parasympathetic nerve endings 

results in inhibition of the release of proinflammatory cytokines such as tumor necrosis 

factor (TNF)-� by macrophages. Disruption of this neural-based system by vagotomy 

renders animals more vulnerable to toxicity elicited by the administration of 

lipopolysaccharide (LPS), the proinflammatory component of the outer membrane of 

gram-negative bacteria. Indeed, in rats surgical dissection of the vagus nerve led to 

exaggerated release of TNF-� and accelerated the development of hypotensive shock after 

intravenous injection of LPS2. In line, vagotomy also enhanced the local and systemic 

inflammation accompanying bacterial peritonitis3 and cerulein-induced acute 

pancreatitis4. Conversely, stimulation of the cholinergic anti-inflammatory pathway 

results in inhibition of inflammation. In particular, electrical stimulation of the efferent 

vagus nerve prevented the development of shock and reduced the release of TNF-� in 

endotoxemic rats2, attenuated the acute inflammatory response to acute hypovolemic 

hemorrhagic shock5 and diminished intestinal inflammation during experimentally 

induced ileus6.  

 

A series of elegant studies established that acetylcholine is the principal mediator of 

the anti-inflammatory effects of vagus nerve stimulation (VNS); acetylcholine secreted by 

VNS binds to �7 cholinergic receptors on macrophages to suppress proinflammatory 

cytokine production7. Stimulation of �7 cholinergic receptors by specific agonists, such as 

nicotine, attenuated systemic inflammation and improved the outcome of mice with 

polymicrobial abdominal sepsis8, reduced proinflammatory cytokine release during 

Escherichia coli peritonitis3 and suppressed endothelial cell activation during the localized 

Shwartzman reaction9. Knowledge of the effect of pharmacologic stimulation of 

cholinergic receptors during endotoxemia is limited. Administration of nicotine inhibited 

the release of high mobility group box 1 (HMGB1) triggered by high dose LPS in mice and 

protected against lethality in this model; nicotine did not significantly influence 

interleukin (IL)-6 release in endotoxemic mice, whereas the effect on other cytokines 

were not reported8. CNI-1493, a tetravalent guanyl-hydrazone molecule that induces  
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vagus nerve firing via a centrally mediated intracerebral effect, inhibited TNF-� release 

induced by LPS in rats10. 

 

We recently showed that pretreatment with the selective �7 cholinergic receptor 

agonist 3-(2,4-dimethoxybenzylidene) anabaseine (GTS-21) markedly reduced the severity 

of acute pancreatitis induced by repeated injections of cerulein in mice4. We here sought 

to determine the effect of GTS-21 on cytokine and chemokine release and neutrophil 

influx after intraperitoneal administration of LPS.  

 

Materials and Methods 
 

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 

In a first series of experiments mice received an intraperitoneal injection (total volume 

200 μl) with either vehicle (sterile normal saline) or GTS-21 (4 mg/kg; Critical 

Therapeutics Inc, Lexington, MA); one hour later mice received an intraperitoneal 

injection with 200 μg LPS (from Escherichia coli, serotype 0111:B4; Sigma, St. Louis, MO; 

in 200 μl saline).  Animals were killed 2, 6 or 24 hours after LPS injection (8 per group at 

each time point). At these time points mice were first anesthetized by inhalation of 2% 

isoflurane (Abbott Laboratories Ltd., Kent, UK) / 2 litres of O2. A peritoneal lavage was 

then performed with 5 ml of sterile isotonic saline using an 18-gauge needle, and 

peritoneal lavage fluid (PLF) was collected in sterile tubes (Plastipack [Becton-Dickinson, 

Mountain View,). After collection of peritoneal fluid, deeper anesthesia was induced by 

intraperitoneal injection of 0.07 ml of FFM mixture (fentanyl [0.315 mg/ml]-fluanisone 

[10 mg/ml] [Janssen, Beersen, Belgium], midazolam [5 mg/ml] [Roche, Woerden, the 

Netherlands]) per gram. The abdomen was opened, and blood was drawn from the vena 

cava inferior into a sterile syringe, transferred to tubes containing heparin, and 

immediately placed on ice. In a second set of experiments mice received vehicle (saline), 

GTS-21 (4 mg/kg) and/or etanercept (Enbrel, Wyeth Pharmaceuticals, Madison, NJ; 2 mg/
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kg) in a total volume of 200 μl; one hour later, mice received an intraperitoneal injection 

with 200 μg LPS (from E. coli, serotype 0111:B4; Sigma, in 200 μl saline).  Animals were 

killed 1, 3 or 6 hours after LPS injection (8 per group at each time point) and PLF and 

blood were harvested as described above. GTS-21 is a selective �7 cholinergic receptor 

agonist that has been studied extensively in the context of Alzheimer´s disease and 

schizophrenia11-15,  that given at the dose used here strongly reduced the severity of 

acute pancreatitis induced by repeated cerulein injections4. Etanercept is a TNF-� blocking 

protein containing the extracellular ligand-binding domain of the p75 TNF-� receptor; 

etanercept effectively neutralizes mouse TNF-� in vivo16-18 and given at the dose used here 

markedly reduced LPS-induced lethality in mice19.  

 

Cell counts and differentials 

Cell counts were determined in PLF using a hemacytometer (Beckman Coulter, Fullerton, 

CA). Subsequently, the pellet was diluted in phosphate-buffered saline to a final 

concentration of 105 cells/ml and differential cell counts were performed on cytospin 

preparations stained with a modified Giemsa stain (Diff-Quick; Dade Behring AG, 

Düdingen, Switzerland).  

Assays 

TNF-�, IL-6, IL-10 and monocyte chemoattractant protein (MCP)-1 levels were determined 

using a commercially available cytometric beads array multiplex assay (BD Biosciences, 

San Jose, CA) in accordance with the manufacturer’s recommendations. Macrophage 

inflammatory protein (MIP)-2 and keratinocyte derived chemokine (KC) levels were 

measured using commercially available ELISA kits (R&D systems, Abingdon, UK).  

 

Statistical analysis 

All values are means ± SEM. Differences between groups were analyzed by two way 

analysis of variance followed by Bonferroni post tests to determine the significance at 

individual time points where appropriate. A P-value < 0.05 was considered statistically 

significant. 

 

Nicotinic Receptor Stimulation During Endotoxemia 



50 

Figure 1. 

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

Mice received an intraperitoneal injection with either sterile normal saline or GTS-21 (4 mg/kg); one hour later 

mice received an intraperitoneal injection with LPS (200 μg). Cytokine levels were measured in peritoneal lavage 

fluid (left panels) and plasma (right panels). TNF-� (A,B), IL-6 (C,D), IL-10 (E,F) and MCP-1 (G, H). Data are means 

� SEM of 8 mice per group at each time point. P values given in graphs indicate difference between groups by two 

way analysis of variance. * indicates P<0.05 by Bonferroni post test at indicated time point.  
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Results  
 

Effect of GTS-21 on the local and systemic release of cytokines  

Intraperitoneal injection of LPS induced a brisk increase in the concentrations of all 

cytokines measured in both PLF (Figure 1, left panels) and plasma (Figure 1, right 

panels). At 24 hours after LPS administration all cytokine levels had returned to baseline; 

therefore Figure 1 only shows data obtained 2 and 6 hours post LPS. In general, plasma 

concentrations were much higher than simultaneously measured PLF levels, most likely 

due to the dilution of the latter samples (please note the different scales used in Figure 1 

for PLF and plasma concentrations). The most consistent effect of GTS-21 on LPS-induced 

cytokine release was the inhibition of TNF-� secretion in both PLF and plasma (both P < 

0.05 versus LPS only). GTS-21 very modestly but significantly reduced LPS-induced IL-6 

release in plasma (P < 0.05 versus LPS only) but not in PLF. MCP-1 or IL-10 release was 

not influenced by GTS-21 in either PLF or plasma.  

 

GTS-21 inhibits LPS-induced neutrophil influx into the peritoneal cavity 

Intraperitoneal LPS injection resulted in a strong influx of neutrophils into the peritoneal 

cavity reaching a plateau between 6 and 24 hours (Figure 2). This inflammatory response 

was attenuated by GTS-21 (P < 0.05 versus LPS only).  

Figure 2. 

GTS-21 inhibits LPS-induced neutrophil recruitment. 

Mice received an intraperitoneal injection with either sterile normal saline or GTS-21 (4 mg/kg); one hour later 

mice received an intraperitoneal injection with LPS (200 μg). Neutrophil numbers were determined in peritoneal 

lavage fluid. Data are means � SEM of 8 mice per group at each time point. P values given in graphs indicate 

difference between groups by two way analysis of variance. * indicates P<0.05 by Bonferroni post test at indicated 

time point. Please note that error bars are not visible since they fall within the symbols.  
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The effect of GTS-21 on neutrophil recruitment does not depend on inhibition of 

TNF-��
TNF-� is considered a pivotal mediator of LPS-induced inflammation20. Having established 

that GTS-21 inhibits TNF-� release and neutrophil influx, we next wished to determine 

whether the GTS-21 induced inhibition of neutrophil recruitment was the consequence of 

the reduction in TNF-� levels. Therefore, we administered mice with the TNF-� 
neutralizing compound etanercept at a dose that protected mice against LPS-induced 

lethality19, and compared its effect on neutrophil influx with that of GTS-21. Etanercept 

strongly reduced TNF-� levels in plasma after LPS administration (Figure 3A, P < 0.05 

versus LPS only); in this experiment, GTS-21 also attenuated LPS-induced TNF-� release 

(Figure 3A, P < 0.05), confirming the data presented in Figure 1. As expected (considering 

that TNF-� is an important intermediate factor in LPS-induced IL-6 release20), etanercept 

diminished IL-6 levels upon LPS administration (Figure 3B, P < 0.05); in this experiment 

the effect of GTS-21 on LPS-induced IL-6 secretion into the circulation was not 

significant.  

Figure 3. 

Effect of etanercept on TNF-� and IL-6 levels. 

Mice received an intraperitoneal injection with either sterile normal saline, GTS-21 (4 mg/kg) and/or etanercept (2 

mg/kg); one hour later mice received an intraperitoneal injection with LPS (200 μg). Cytokine levels were measured 

in plasma. TNF-� (A) and IL-6 (B). Data are means � SEM of 8 mice per group at each time point. GTS-21 (given 

alone or in combination with etanercept) reduced LPS-induced TNF-� release (P < 0.05 versus LPS); etanercept 

(given alone or in combination with GTS-21) diminished LPS-induced TNF-� and IL-6 release (both P < 0.05 versus 

LPS). Other differences between groups were not significant.  

Chapter 4 

Remarkably, etanercept did not influence the LPS-induced influx of neutrophils into PLF 

(Figure 4A), whereas, in accordance with the experiment shown in Figure 2, GTS-21 

attenuated this inflammatory response. The combined treatment with etanercept and 

GTS-21 did not result in a further reduction in neutrophil recruitment. The GTS-21 
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induced inhibition of neutrophil influx was not caused a reduction in the local 

concentrations (i.e. in PLF) of the neutrophil attracting CXC chemokines MIP-2 and KC. 

Indeed, whereas etanercept did not alter LPS-induced MIP-2 and KC release into PLF, GTS-

21 enhanced KC release while not affecting MIP-2 concentrations (Figure 4B and C).  

 

Discussion  
 

Recruitment of neutrophils to the site of an infection is a crucial first step in the host 

response to invading bacteria. We here demonstrate that GTS-21, a compound with 

selective agonist activity on �7 cholinergic receptors11, 12, inhibits the influx of 

neutrophils into the peritoneal cavity upon intra abdominal injection of LPS. The 

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

inhibition of TNF-� release: elimination of endogenous TNF-� by etanercept did not 

Figure 4. 

GTS-21 inhibits neutrophil recruitment by a mechanism that does not rely on inhibition of TNF-� or CXC 

chemokine activity. 

Mice received an intraperitoneal injection with either sterile normal saline, GTS-21 (4 mg/kg) and/or etanercept (2 

mg/kg); one hour later mice received an intraperitoneal injection with LPS (200 μg). Neutrophil counts (A), and the 

levels of MIP-2 (B) and KC (C) were determined in peritoneal lavage fluid. Data are means � SEM of 8 mice per 

group at each time point. GTS-21 (given alone or in combination with etanercept) reduced LPS-induced neutrophil 

influx (P < 0.05 versus LPS); GTS-21 enhanced LPS-induced KC release (P < 0.05 versus LPS). Other differences 

between groups were not significant.    
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influence LPS-induced neutrophil influx either in the presence or in the absence of GTS-

21 treatment. These data identify a novel anti-inflammatory effect of chemical �7 

cholinergic receptor stimulation that is independent from its well known capacity to 

inhibit TNF-� production.  

 

The current data are in line with our recent study on the effects of GTS-21 during 

experimentally induced acute pancreatitis, wherein GTS-21 inhibited neutrophil influx 

into the pancreas as measured by intra pancreatic myeloperoxidase activity and the 

number of Leder-positive cells in pancreas tissue4. In addition, we recently studied the 

effect of nicotine on the inflammatory response to E. coli peritonitis3. In that study 

nicotine did not influence the early (6 hours) recruitment of neutrophils to the peritoneal 

cavity after intraperitoneal administration of live bacteria, whereas at this time point 

nicotine did reduce intra abdominal TNF-� concentrations. During more established 

peritonitis, 24 hours after infection, nicotine treatment was associated with not only 

reduced peritoneal TNF-� levels, but also with a clearly diminished recruitment of 

neutrophils3. In contrast with our present investigation with GTS-21, nicotine reduced KC 

levels in PLF 24 hours after bacterial infection, suggesting that during E. coli peritonitis 

nicotine at least in part modulated neutrophil migration via an effect on this neutrophil 

attracting chemokine3. It should be noted that in the experiments presented in Figure 4 

GTS-21 potentiated LPS-induced KC release. Although an explanation for this unexpected 

finding is lacking, it is clear that reduced CXC chemokine secretion upon LPS 

administration does not play a role in the inhibiting effect of GTS-21 on neutrophil 

influx. Neutrophils express several nicotinic receptors, including the �7 cholinergic 

receptor21, and stimulation of these receptors has been shown to inhibit neutrophil 

migration by a mechanism that involves inhibition of adhesion molecule expression on 

both the endothelial surface and neutrophils22. Together these data suggest that GTS-21 

may inhibit neutrophil migration at least partially through a direct effect on neutrophils 

that does not rely on indirect effects via reduced production of either TNF-� or CXC 

chemokines such as KC and MIP-2. The fact that etanercept did not affect neutrophil 

influx in our model suggest that TNF-� does not contribute to this characteristic 

inflammatory response; in this respect it should be noted that the concentrations of TNF-

� in PLF were much lower than those of KC and MIP-2 (compare Figures 1A and 4B+C). 
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GTS-21 modestly reduced IL-6 release in the first experiments (Figure 1) but not in the 

second studies (Figure 3). Notably, GTS-21 treatment did diminish plasma IL-6 

concentrations in mice with acute pancreatitis4, which may however simply have been a 

reflection of a less severe disease in GTS-21 treated animals. The release of the anti-

inflammatory cytokine IL-10 was not influenced by GTS-21. This finding is in line with 

the described in vitro effects of acetylcholine in macrophage cultures, wherein 

acetylcholine inhibited the release of TNF-� without influencing IL-10 secretion2. 

Similarly, nicotine reduced LPS-induced TNF-� release by murine peritoneal macrophages 

in vitro without influencing IL-106. GTS-21 did also not inhibit the release of MCP-1, KC or 

MIP-2 upon intraperitoneal LPS injection. Hence, with respect to inhibition of the release 

of cytokines and chemokines during endotoxemia, GTS-21 apparently has a relatively 

selective effect on TNF-�.  
 

Several �7 cholinergic receptor agonists have been developed in the recent past in 

light of their potential as novel therapeutics for the treatment of schizophrenia13. Our 

current finding that one of these agents, GTS-21, inhibits two major inflammatory 

responses (TNF-� release and neutrophil recruitment) in the well established model of 

LPS-induced peritonitis adds to the now accumulating evidence that such compounds 

exert anti-inflammatory effects that may prove beneficial in inflammatory diseases. As 

such, further research is warranted to evaluate the effects of specific �7 cholinergic 

agonists in models of variable diseases such as overwhelming sepsis, ischemia/reperfusion 

injury, inflammatory bowel disease and rheumatoid arthritis.  
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