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The central nervous system (CNS) and the immune system have several important 

features in common.  Both systems are designed to constantly survey the body for danger 

and give an appropriate response to threats.  In contrast to classical thinking, there is a 

cross talk between inflammatory cells and the CNS that can go towards as well as from an 

inflamed site of the body. A review on the CNS and its regulatory role in the immune 

response is reported in Chapter 2.�
 

Part I: The anti-inflammatory reflex 
 

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. When macrophages are 

exposed to acetylcholine these cells are effectively deactivated1-6. These effects are 

mediated by �7 cholinergic receptors expressed by macrophages and other cell types to 

inhibit cytokine production6. In the first part of this thesis the activity of the cholinergic 

anti-inflammatory pathway was either inhibited or stimulated in various models of 

infection and inflammation. 

 

Chapter 3 describes the effect of electrical vagus nerve stimulation (VNS) in rats exposed 

to LPS. VNS strongly inhibited all LPS-induced procoagulant responses and more modestly 

attenuated the fibrinolytic response. In addition, VNS attenuated the LPS-induced 

increases of proinflammatory cytokines. This chapter describes a thus far unrecognized 

effect of VNS and suggests that the cholinergic anti-inflammatory pathway not only 

impacts on inflammation but also on the coagulant-anticoagulant balance.  

In Chapter 4 the capacity of the selective �7 cholinergic receptor agonist GTS-21 to 

inhibit LPS-induced inflammatory responses in mice during endotoxemia is investigated. 
GTS-21 strongly inhibited LPS-induced TNF-� release and attenuated the influx of 

neutrophils into peritoneal fluid upon administration of LPS. Additional experiments 

using the TNF-� neutralizing agent etanercept established that this inhibitory effect on 

neutrophil recruitment by GTS-21 was independent of its effect on TNF-� release.  

The effect of the cholinergic anti-inflammatory pathway in septic peritonitis induced by 

E. coli is described in Chapter 5.  Peritonitis was preceded by either inhibition of the 

cholinergic anti-inflammatory pathway by unilateral cervical vagotomy, stimulation of 
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this pathway by pretreatment of mice with nicotine or a combination of both 

interventions. Cytokine release was enhanced after previous vagotomy and decreased 

after nicotine pretreatment independent of the integrity of the vagus nerve. In addition, 

vagotomy prior to peritonitis resulted in an enhanced influx of neutrophils and increased 

liver damage. Conversely, nicotine pretreatment decreased cell influx and liver damage, 

whereas bacterial clearance and survival were impaired. These data point to an important 

role of the vagus nerve in regulating the innate immune response to a severe bacterial 

infection.  

Chapter 6 describes the effect of E. coli induced peritonitis in �7 cholinergic receptor 

deficient mice. �7 receptor deficiency was associated with an accelerated clearance of E. 

coli after intraperitoneal infection, as reflected by much lower bacterial loads 20 hours 

post infection in all body compartments examined. At this time point �7 deficient mice 

displayed a diminished inflammatory response (i.e. a reduced number of infiltrating 

neutrophils in peritoneal lavage fluid and lower circulating cytokine levels). At 2 hours 

after infection, however, �7 receptor deficient mice showed a more robust influx of 

neutrophils into the peritoneal cavity.  These data provide the first evidence for a 

detrimental role of �7 receptors in host defense against bacteria, possibly by impairing 

early neutrophil recruitment to the site of infection.  

The role of the anti-inflammatory pathway in experimental pancreatitis is described in 

Chapter 7. Pancreatitis (induced by 12 hourly intraperitoneal injections of cerulein) was 

preceded by unilateral left cervical vagotomy or pretreatment with the cholinergic 

receptor antagonist mecamylamine, or by pretreatment with the selective �� cholinergic 

receptor agonist GTS-21. Vagotomy or pretreatment with mecamylamine resulted in an 

enhanced severity of pancreatitis, as reflected by histology, edema, plasma hydrolases 

and IL-6 levels. Furthermore the number of neutrophils migrated to the pancreas was 

increased in these mice. Conversely, GTS-21 pretreatment strongly decreased the severity 

of pancreatitis. This study suggests for the first time that manipulation of the vagus 

nerve and the “nicotinic anti-inflammatory pathway” may be used to inhibit 

inflammation and injury during experimental pancreatitis. 

The effect of the cholinergic anti-inflammatory pathway on LPS-induced lung 

inflammation is described in Chapter 8. The specific �7 cholinergic receptor agonist GTS-

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

macrophages in vitro. Intranasal administration of GTS-21 also dose-dependently inhibited 

TNF-� release into the lung compartment after intrapulmonary delivery of LPS in mice in 
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vivo, while not affecting IL-6 concentrations. These results indicate that local stimulation 

of �7 cholinergic receptors within the airways is capable of inhibiting lung inflammation. 

Chapter 9 describes the effect of nicotine, a �7 cholinergic receptor agonist, on the host 

response to pneumonia caused by Streptococcus pneumoniae, the most common causative 

pathogen in community-acquired pneumonia and a frequent cause of sepsis. Nicotine 

treatment was associated with a transiently enhanced growth of S. pneumoniae. 

Remarkably, mice treated with nicotine showed enhanced lung inflammation, as reflected 

by semi-quantitative analyses of lung histopathology slides. Moreover, both lung and 

plasma concentrations of the proinflammatory cytokines TNF-� and interferon-� were 

higher in nicotine treated animals. Hence, these data suggest that nicotine transiently 

impairs host defense in pneumococcal pneumonia.  

 

Part II: The sympathetic nervous system 
 

Activation of the sympathetic nervous system induces the release of cathecholamines. 

Monocytes release less pro-inflammatory cytokines in response to catecholamines and are 

stimulated to produce IL-107-9. The importance of this pathway has been shown by 

experiments in which the infusion of � adrenergic agonists in humans and animals 

reduced inflammation during experimental endotoxemia, whereas � receptor antagonists 

stimulate pro-inflammatory responses10-12.  

 

Chapter 10 describes the role of � adrenergic receptors in the regulation of lung 

inflammation induced by instillation via the airways of either LPS or lipoteichoic acid 

(LTA). Inhalation of the � adrenergic antagonist propranolol resulted in enhanced LPS-

induced lung inflammation, which was reflected in particular by a stronger secretion of 

pro-inflammatory cytokines and enhanced coagulation activation. In LTA-induced lung 

inflammation propranolol did not influence cytokine release but potentiated activation of 

coagulation. 

The effect of � adrenergic receptors in lung inflammation during Pseudomonas aeruginosa 

pneumonia is described in Chapter 11. Propranolol impaired the clearance of Pseudomonas 

from the respiratory tract, concurrently increasing the plasma concentrations of TNF-�, 
IL-6 and MCP-1.  
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General Discussion 
 

In the experimental studies described in this thesis we sought to increase the 

knowledge of the interactions between the CNS and the immune system. Our results 

indicate that the CNS and the immune system are two tightly linked systems. The 

autonomous nervous system provides the CNS with real time information on the status of 

immunological activation in the body and the CNS responds to this information by 

generating a series of hard wired responses, which include the release of acetylcholine in 

response to efferent activity of the vagus nerve and the release of catecholamines 

through the sympathetic nervous system. In Part I of this thesis the cholinergic anti-

inflammatory pathway was modulated in several ways in different models of inflammation 

and infection: the effect of inhibiting the function of this pathway was studied using 

vagotomy, mecamylamine or �7 cholinergic receptor deficient mice; the effect of 

stimulation of this pathway was examined using electrical VNS, nicotine or GTS-21. The 

data obtained in the vast majority of models used point towards an anti-inflammatory 

effect of the vagus nerve. Indeed, in general inhibition of vagus nerve activity resulted in 

enhanced inflammation whereas stimulation thereof attenuated inflammation. In 

addition, the studies reported in Chapter 8 provide evidence that �7 cholinergic receptors 

can also be stimulated locally within the pulmonary compartment to inhibit 

inflammation. Such an approach could be useful in setting where one wishes to prevent 

systemic anti-inflammatory effects. In Part II of this thesis two investigations are 

presented in which � adrenergic receptors were blocked within the airways by inhalation 

of propranolol. Especially the first study of this Part, in which lung inflammation was 

induced by intranasal administration of LPS or LTA, point to an anti-inflammatory role of 

the endogenous � receptor tone in the lung. In the second study, in which pneumonia 

was induced using P. aeruginosa, this role was also established albeit less clear.   

 

In conclusion, the experiments reported in this thesis provide evidence that the CNS 

and receptors involved in the peripheral effects of the CNS (i.e. �7 cholinergic and � 
adrenergic receptors) exert anti-inflammatory effects under different conditions. 

Knowledge of these newly discovered connections between the nervous system and the 

immune system, and especially of the cholinergic anti-inflammatory pathway, provides 

new insights in the regulation of the immune response and may pave the way for new 

options for the treatment of inflammatory diseases.  Most current strategies for treatment 
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of unrestrained inflammation are based on direct suppression of pro-inflammatory 

cytokines or cytokine activity. The identification of the cholinergic anti-inflammatory 

pathway now suggests several new approaches to modify cytokines and inflammatory 

responses to therapeutic advantage. Such potential new approaches include electrical VNS 

which may represent a novel strategy to inhibit the production of TNF-� and to protect 

against pathological inflammation. In this regard it is important to realize that 

permanently implanted vagus nerve stimulators are clinically approved devices for 

treatment of epilepsy and depression13-16.  So far, more than 15.000 patients have been 

implanted with a vagus nerve stimulator for these indications with only moderate side 

effects17. It is conceivable to treat patients with inflammatory diseases, severe infections 

and overshoot inflammatory syndromes, such as sepsis and the systemic inflammatory 

response syndrome, with VNS. Especially in TNF-� mediated diseases, such as Crohn’s 

disease and rheumatoid arthritis, stimulation of vagus nerve activity might be a valuable 

treatment. Since the anti-inflammatory effects of the vagus nerve are exerted through 

nicotinic acetylcholine receptors of the �7 subtype, pharmacological stimulation of �7 

cholinergic receptors may be another approach to modulate inflammatory disorders. A 

third target might be the development of small molecules, such as CNI-1493, that 

stimulate proximal components of the cholinergic anti-inflammatory pathway in the CNS 

and induce vagal efferent firing. Of note, many anti-inflammatory drugs such as aspirin 

and ibuprofen have also been shown to increase vagus nerve activity which may indeed 

contribute to their mode of action18. Overall, this thesis provides support for the notion 

that manipulation of the interaction between the CNS and the immune system may be a 

therapeutic tool in inflammatory diseases.  
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