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Abstract 

 
Background: The efferent vagus nerve can inhibit inflammation by an interaction of 

acetylcholine with �7 cholinergic receptors.  

Methods: To determine the role of �7 receptors in antibacterial defense, peritonitis was 

induced in �7 receptor deficient (�7-/-) and wild-type mice by intraperitoneal injection with 

Escherichia coli.    

Results: 20 hours after infection virtually all �7-/- mice had cleared the infection from their 

peritoneal cavity and had sterile blood cultures, whereas wild-type mice had high bacterial 

loads at the primary site of infection and were bacteremic. In addition, bacterial burdens in 

liver, spleen, kidneys and lungs were much lower in �7-/- mice. At this late time point �7-/- 

mice displayed a diminished inflammatory response, as reflected by a reduced number of 

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

hours after infection, however, when bacterial loads were still similar in �7-/- and wild-type 

mice, the former mouse strain showed a more robust influx of neutrophils into the 

peritoneal cavity.   

Conclusions: �7 receptor deficiency is associated with an accelerated clearance of E. coli 

after intraperitoneal infection, preceded by a faster recruitment of neutrophils. These data 

provide the first evidence for a detrimental role of �7 receptors in host defense against 

bacteria.  
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Introduction 

 

The cholinergic nervous system has been implicated as a neuronal feedback pathway 

mediated by an inflammatory reflex of the vagus nerve1, 2. The efferent part of this reflex 

has been termed the cholinergic anti-inflammatory pathway, referring to its capacity to 

inhibit a number of proinflammatory responses. Indeed, disruption of this neural-based 

system by vagotomy exaggerated inflammation in various animal models: vagotomy 

enhanced tumor necrosis factor (TNF)-� release and accelerated the development of 

hypotensive shock after intravenous injection of lipopolysaccharide (LPS) in rats3, and 

enhanced the local and systemic inflammation accompanying cerulein-induced acute 

pancreatitis4. Conversely, electrical stimulation of the efferent vagus nerve resulted in 

inhibition of inflammation: it prevented the development of shock and attenuated the 

release of TNF-� in endotoxemic rats3, 5, and attenuated systemic inflammation in mice 

with polymicrobial abdominal sepsis6, the acute inflammatory response to acute 

hypovolemic hemorrhagic shock7 and intestinal inflammation during experimentally 

induced ileus8.  

 

The vagus nerve exerts anti-inflammatory effects by its major neurotransmitter 

acetylcholine, which interacts with nicotinic acetylcholine receptors on macrophages 

resulting in inhibition of proinflammatory cytokine release3, 9. The acetylcholine receptor 

�7 subunit is required for cholinergic suppression of cytokine release: acetylcholine 

inhibits LPS-induced TNF-� release by normal wild-type (WT) macrophages but not by 

macrophages deficient for the �7 cholinergic receptor10, and electrical stimulation of the 

vagus nerve attenuated LPS-induced TNF-� release in normal WT mice, but not in mice 

deficient for the �7 cholinergic receptor9, 10. In line, stimulation of �7 cholinergic 

receptors by specific agonists in mice attenuated systemic inflammation during 

endotoxemia and polymicrobial abdominal sepsis11-13, suppressed endothelial cell 

activation during the localized Shwartzman reaction14, protected against renal ischemia/

reperfusion injury15 and ameliorated experimental ileus16.  

 

Acute bacterial peritonitis is a life-threatening infection most frequently caused by 

enteric gram-negative bacteria such as Escherichia coli (E. coli), which can be found in up 

to 60% of cases17. Host defense in peritonitis is a delicate balance between pro-

inflammatory pathways aimed at the rapid elimination of bacteria and anti-inflammatory 
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pathways intended to prevent systemic inflammation18, 19. Recently, we reported on the 

role of the cholinergic anti-inflammatory pathway in host defense against peritonitis 

induced by intraperitoneal injection of E. coli20. Whereas vagotomy did not influence the 

growth and dissemination of E. coli, treatment with nicotine (which stimulates �7 

cholinergic receptors) resulted in an impaired bacterial clearance20.  In the present study, 

we sought to further investigate the role of the cholinergic anti-inflammatory pathway in 

antibacterial defense during E. coli peritonitis, and more specifically to delineate the role 

of �7 cholinergic receptors herein. For this we compared the growth and dissemination of 

E. coli in �7 cholinergic receptor deficient (�7-/-) and WT mice after intraperitoneal 

infection.  

 

Methods 
 

Mice 

Heterozygous �7 cholinergic receptor deficient B6-129S7 mice were purchased from the 

Jackson Laboratory (JAX, Bar Harbor, Maine) and bred in the animal facility of the 

Institute for Medical Immunology (Gosselies, Belgium)15. First generation of �7+/+ WT mice 

and  �7-/- mice were distinguished through genotyping following JAX protocol 

instructions. Age and sex matched mice were used in all experiments. All experiments 

were approved by the Animal Care and Use Committee of the University of Amsterdam 

(Amsterdam, The Netherlands) and by the Comité d’Ethique du Biopole de Charlerloi, 

Université Libre de Bruxelles (Bruxelles, Belgium).  

 

Induction of peritonitis 

All mouse experiments were performed in the Institute for Medical Immunology 

(Gosselies, Belgium). Peritonitis was induced as described previously19, 20. In brief, E. coli 

O18:K1 was cultured in Luria Bertani medium (LB, Difco, Detroit, MI) at 37°C, harvested 

at mid-log phase and washed twice before inoculation. Mice were injected 

intraperitoneally with 104 colony forming units (CFU) E. coli in 200μl sterile saline. The 

inoculum was plated on blood agar plates to determine viable counts. 

 

Enumeration of bacteria 

In initial studies, mice were sacrificed 20 hours after infection (N = 9-11 per group); in 

Chapter 6 



85 

subsequent studies, mice were killed 2 or 4 hours after infection (N = 8-11 per group). At 

these time-points, mice were anesthetized by intraperitoneal injection of Hypnorm® 

(active ingredients fentanyl citrate and fluanisone [Janssen, Beersen, Belgium]) and 

midazolam [Roche, Woerden, the Netherlands]). Peritoneal lavage was performed with 5 

ml of sterile isotonic saline using an 18-gauge needle. Lavage fluid was collected in sterile 

tubes and put on ice. After collection of peritoneal fluid, 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.  Liver, spleen, kidneys and lungs were 

harvested and homogenized at 4�C in 4 volumes of sterile saline using a tissue 

homogenizer (Biospec Products, Bartlesville, OK) which was carefully cleaned after each 

homogenization. CFUs were determined from serial dilutions of peritoneal lavage, blood 

and organ homogenates and incubated at 37°C for 16 h before colonies were counted.  

 

Cell counts and differentials 

Cell counts, determined on each peritoneal lavage sample, were determined in a 

hemocytometer (Türck counting chamber).  The cells were then diluted to a final 

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

preparations stained with Giemsa. 

 

Assays 

For cytokine measurements, spleen homogenates (obtained as described above) 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, Pepstation A, and Leupeptin (all from MP 

Biomedicals, Ohio, 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. TNF-�, interleukin (IL)-6, interferon (IFN)-�, IL-10, IL-12p70 and monocyte 

chemoattractant protein (MCP)-1 levels were determined in peritoneal lavage fluid, 

plasma and spleen homogenates using a commercially available cytometric beads array 

multiplex assay (BDBiosciences, San Jose, CA) in accordance with the manufacturer’s 

recommendations. Cytokine-induced neutrophil chemoattractant (KC) and macrophage 

inflammatory protein-2 (MIP-2) were measured in peritoneal lavage fluid using specific 

ELISAs (R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions.  
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Statistical analysis 

Data are presented as dot plots (with medians) or box-and-whisker diagrams (depicting 

the smallest observation, the lower quartile (Q1), the median, the upper quartile (Q3), 

and largest observation). Differences between groups were calculated by Mann-Whitney U 

test. A p-value < 0.05 was considered statistically significant. 

 

Results 
 

�7-/- mice demonstrate an accelerated bacterial clearance 

To obtain a first insight into the role of �7 cholinergic receptors in antibacterial defense 

during E. coli peritonitis, �7-/- and WT mice were injected intraperitoneally with E. coli 

and killed 20 hours later. The number of E. coli CFU’s was counted in peritoneal lavage 

fluid (i.e. the primary site of the infection), in blood (to evaluate to which extent the 

infection became systemic), and in the liver, spleen, kidneys and lungs (to evaluate 

whether the infection had spread to distant organs) (Figure 1). Remarkably, �7-/- mice 

displayed a strongly accelerated clearance of E. coli from all body sites examined. Bacteria 

could not be cultured anymore from peritoneal lavage fluid of 10/11 �7-/- mice, whereas 

the peritoneal fluid of 6/9 WT mice contained high bacterial loads (P < 0.05 for the 

difference between groups; Figure 1A). In line, only 1/11 �7-/- mice had a positive blood 

culture for E. coli, whereas 8/9 WT mice were bacteremic (P < 0.01; Figure 1B). In parallel, 

bacterial loads in liver, spleen, kidneys and lungs of �7-/- mice were 1-2 orders of 

magnitude lower than in the corresponding organs of WT mice (all P < 0.001 for the 

differences between groups; Figures 1C-F). Collectively, these data indicate that 

deficiency of the �7 cholinergic receptor results in a more efficient eradication of E. coli 

from the primary site of infection and a diminished dissemination of bacteria to the 

circulation and distant body sites. 

   

Reduced inflammatory response in �7-/- mice 20 hours after infection 

Having established that �7-/- mice have an improved antibacterial defense during E. coli 

peritonitis, as reflected by much lower bacterial burdens in multiple body sites 20 hours 

after infection, we next assessed the influence of �7 deficiency on inflammatory 

responses implicated in host defense against peritonitis. The recruitment of leukocytes to 

the site of an infection is an essential part of the host defense to invading bacteria. 
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Therefore, we determined the number of leukocytes in peritoneal lavage fluid 20 hours 

after infection. �7-/- mice demonstrated fewer leukocytes in their peritoneal cavity than 

WT mice (P < 0.01; Figure 2A), which was caused by a diminished recruitment of 

neutrophils (P < 0.01; Figure 2B). The number of macrophages in peritoneal lavage fluid 

was similar in �7-/- and WT mice at this time point (Figure 2C). The mouse CXC 

chemokines MIP-2 and KC have been implicated to play an important role in the 
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Figure 1. 

Enhanced bacterial clearance in �7-/- mice. 

WT (closed symbols) and �7-/- mice (open symbols) were infected intraperitoneally with 104 CFU E. coli. 20 hours 

after infection, mice were sacrificed and bacterial loads were determined in peritoneal lavage fluid (PLF), blood and 

homogenates of liver, spleen, kidney and lung. Horizontal lines represent medians. Symbols on dotted lines 

represent sterile cultures. * P<0.05; ** P<0.01; ***P<0.001 versus WT mice.  

�7 Cholinergic Receptors in Peritonitis 



88 

��!���
	�-

����	
�� ���������
�

���

���

���

��



��
��-

"#
��.

��
�

/�!	&�����-

����	
�� ���������
�

���

���

��

$

��
��-

"#
��.

��
�

0��&������-

����	
�� ���������
�

���

���
'

��
��-

"#
��.

��
�

01�2�

����	
�� ���������
�

����

����

����

����

�

*

��
"#

�

+'

����	
�� ���������
�

����

�����

�

,

��
"#

�

Figure 2. 

Decreased cell influx and chemokine levels in �7-/- mice. 

WT and �7-/- mice were infected intraperitoneally with 104 CFU E.coli. 20 hours after infection, mice were sacrificed 

and cell counts and chemokine levels were determined in peritoneal lavage fluid. Data are presented as boxes and 

whiskers. * P<0.05; ** P<0.01 versus WT mice.  
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Figure 3. 

Lower plasma cytokine 

levels in �7-/- mice. 

WT and �7-/- mice were 

infected intraperitoneally 

with 104 CFU E.coli. 20 hours 

after infection, mice were 

sacrificed and cytokine levels 

were determined in plasma. 

Data are presented as boxes 

and whiskers. **P<0.01; *** 

P<0.001 versus WT mice.  
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attraction of neutrophils during inflammation21, 22. Although a large interindividual 

variation existed, especially in WT mice, both MIP-2 (P < 0.05) and KC (P < 0.05) were 

lower in �7-/- mice (Figure 2D and 2E).  

 

Next we investigated the influence of �7 cholinergic receptor deficiency on the cytokine 

response 20 hours after induction of E. coli peritonitis. In peritoneal lavage fluid, the 

concentrations of TNF-�, IL-6, IL-12, IFN-�, IL-10 and MCP-1 were low and not different 

between the two mouse strains (data not shown). Similarly, splenic levels of these 

mediators did not differ between groups (data not shown). In plasma, however, the levels 

of all these mediators, with the exception of IL-10, were significantly lower in �7-/- mice 

(Figure 3; all P < 0.01 versus WT mice).  

 

�7-/- mice demonstrate accelerated neutrophil recruitment early after infection 

A brisk induction of the inflammatory response is important for an adequate antibacterial 

response. We speculated that �7 cholinergic receptor deficiency might improve bacterial 

clearance during E. coli peritonitis because of an accelerated and/or enhanced early 

inflammatory response directly after infection. To test this hypothesis we infected �7-/- 

and WT mice with E. coli by intraperitoneal injection and killed them either 2 or 4 hours 

thereafter. At these early time points bacterial loads did not differ between mouse strains 

in any body site (shown for peritoneal fluid and blood in Figure 4), indicating that the 

accelerated bacterial clearance observed in �7-/- mice only occurs after this early phase of 

the infection.  

Figure 4. 

Similar bacterial loads in �7-/- and 

WT mice early after infection. 

WT (closed symbols) and �7-/- mice 

(open symbols) were infected 

intraperitoneally with 104 CFU E.coli. 

2 (A and B) and 4 (C and D) hours 

after infection, mice were sacrificed 

and bacterial loads were determined 

in peritoneal lavage fluid (PLF) and 

blood. Horizontal lines represent 

medians. Symbols on dotted lines 

represent sterile cultures.  
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Of considerable interest, �7-/- mice displayed a faster and more robust neutrophil influx 

into the peritoneal cavity as compared to WT mice (Figure 5). Indeed, �7-/- mice had more 

leukocytes in peritoneal lavage fluid 2 hours after infection (P = 0.06; Figure 5A), which 

was caused by an enhanced influx of neutrophils (P < 0.05; Figure 5B); the number of 

macrophages was similar in both mouse strains at this time point (Figure 5C). At 4 hours 

post infection, �7-/- mice still tended to have more neutrophils in peritoneal lavage fluid, 

but the difference with WT mice was not statistically significant anymore (Figure 5B). 

Remarkably, the enhanced neutrophil recruitment in �7-/- mice was associated with lower 

MIP-2 levels in peritoneal lavage fluid 2 hours after infection (P < 0.05; Figure 5D), a 

difference not present anymore 4 hours post infection. Peritoneal KC levels were similar 

in �7-/- and WT mice at both early time points (Figure 5E). In addition, the peritoneal and 

plasma concentrations of TNF-�, IL-6, IL-12, IFN-�, IL-10 and MCP-1 were similar in �7-/- 

and WT mice at both 2 and 4 hours after infection (data not shown). Of note, at 2 hours 

(but not 4 hours) post infection �7-/- mice displayed higher TNF-� levels in spleens when 

compared to WT mice (median and range in �7-/- mice 30 (21-61) pg/ml versus in WT mice 

23 (20-29) pg/ml; P < 0.05).  Splenic concentrations of IL-6, IL-12, IFN-�, IL-10 or MCP-1 

did not differ between groups at either 2 or 4 hours after infection (data not shown).  
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Figure 5. 

Enhanced neutrophil recruitment in �7-/- mice. 

WT and �7-/- mice were infected intraperitoneally with 104 CFU E.coli. 2 or 4 hours after infection, mice were 

sacrificed and cell counts and chemokine levels were determined in peritoneal lavage fluid. Data are presented as 

boxes and whiskers. * P<0.05 versus WT mice.  
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Discussion 
 

The cholinergic anti-inflammatory pathway has been found to attenuate inflammation 

in a variety of animal models. Ample evidence exists that a specific interaction between 

acetylcholine and �7 cholinergic receptors mediates the anti-inflammatory effects of this 

pathway. The early inflammatory response to infection is of paramount importance for an 

adequate host defense. We were therefore interested in the role of �7 cholinergic 

receptors in antibacterial defense in intraabdominal infection. The main finding of the 

current study is that �7 cholinergic receptor deficiency is associated with a strongly 

accelerated clearance of E. coli after intraperitoneal injection, which was preceded by a 

faster and more robust recruitment of neutrophils to the primary site of infection.  

 

Although the function of the cholinergic anti-inflammatory pathway has been well 

established in models of sterile inflammation1, 2, knowledge on its role in the innate 

immune response to infection is limited. Tracey and coworkers studied the effect of 

electrical vagus nerve stimulation and chemical stimulation of �7 cholinergic receptors 

using either nicotine or GTS-21 on the outcome of abdominal sepsis induced by cecal 

ligation and puncture6, 10-12. They consistently showed that stimulation of the cholinergic 

anti-inflammatory pathway improved survival and reduced systemic inflammation in this 

model of severe intraabdominal infection6, 10-12. Importantly, these investigations sought 

to evaluate the potential of cholinergic stimulation as a possible adjunctive therapy in 

severe sepsis. As a consequence, mice were treated with adequate antibiotics shortly after 

the surgical procedure, thereby mimicking the clinical scenario; the effect of cholinergic 

stimulation on bacterial growth and dissemination was not reported6, 10-12. The primary 

objective of our current study was to determine the role of the endogenous cholinergic 

anti-inflammatory pathway, rather than the effect of exogenous stimulation of this 

mechanism, in antibacterial defense after intraabdominal infection. As such, we chose to 

use a model in which antibiotics were withheld. Moreover, we infected mice with a low 

dose of E. coli to avoid an excessive systemic inflammatory response shortly after the 

administration of bacteria, arguing that such a model would resemble endotoxic shock 

and is less suitable to study the innate immune response directed at elimination of a 

growing bacterial load. Consequently, in contrast to the severe sepsis model used by 

Tracey and coworkers6, 10-12, our model was not associated with organ damage (as 

determined by histopathology) or failure (as determined by clinical chemistry)(data not 
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shown). Thus, the present investigation is the first to use �7-/- mice to obtain insight into 

the role of cholinergic anti-inflammatory pathway in host defense against infection. The 

current results are in line with our earlier report, showing that nicotine (which stimulates 

�7 receptors) facilitates the growth and dissemination of E. coli after intraperitoneal 

infection20. In this previous investigation cervical vagotomy did not influence bacterial 

loads, which may have been related to the fact that disruption of the vagus nerve was 

done unilaterally considering that bilateral vagotomy is lethal20.  

 

At 20 hours after infection �7-/- mice had largely cleared E. coli from the primary site 

of infection. In addition, in contrast to WT mice, blood cultures were almost invariably 

sterile in �7-/- mice and bacterial loads were much lower in �7-/- mice in multiple organs. 

Of note, the inflammatory response (neutrophil numbers in peritoneal lavage fluid, 

plasma cytokine concentrations) was reduced in �7-/- mice at this time point, which may 

be counterintuitive considering that the �7 cholinergic receptor has been implicated as an 

essential component of the cholinergic anti-inflammatory pathway. Most likely, however, 

the attenuated inflammation in �7-/- mice was the consequence of the strongly reduced 

bacterial loads, thereby providing a less potent proinflammatory stimulus, in these 

animals. These data establish that �7 cholinergic receptors are not essential to limit the 

proinflammatory response to intraabdominal infection. We postulated that �7 receptor 

deficiency might result in an enhanced early inflammatory response, thereby facilitating 

the subsequent clearance of bacteria. Indeed, we found that �7-/- mice displayed a 

stronger early recruitment of neutrophils to the peritoneal cavity when compared with 

WT mice. These data are in line with several earlier studies from our laboratory. First, 

administration of the �7 receptor agonist GTS-21 inhibited neutrophil influx into the 

peritoneal cavity after intraperitoneal injection of LPS13. Moreover, GTS-21 inhibited 

neutrophil influx into the pancreas during cerulein induced acute pancreatitis4. 

Interestingly, the increased neutrophil influx in �7-/- mice was associated with lower local 

concentrations of the neutrophil attracting chemokine MIP-2, whereas KC levels were 

unaltered. Similarly, the inhibitory effect of GTS-21 on neutrophil recruitment upon 

intraperitoneal LPS injection occurred independent from local MIP-2 and KC levels13. 

Neutrophils express several nicotinic receptors, including the �7 cholinergic receptor23, 

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 neutrophils24. Collectively, these data suggest that stimulation of 
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endogenous �7 cholinergic receptors results in a reduction in early neutrophil migration 

to the site of infection, which at least partially can explain the apparent negative impact 

of these receptors on the growth and dissemination of E. coli in our model. 

 

�7 receptor deficiency only modestly influenced the cytokine response to E. coli 

peritonitis early after infection. Only in spleen homogenates TNF-� concentrations were 

higher in �7-/- than in WT mice. In a previous study, �7-/- mice demonstrated elevated 

plasma, hepatic and splenic TNF-� levels, as well as higher IL-1� and IL-6 plasma 

concentrations, after LPS administration9. This finding was confirmed in part in a 

subsequent investigation, although the difference between �7-/- and WT mice especially 

with regard to TNF-� release into the circulation was modest at best10. Our finding that �7 

receptor deficiency primarily affects TNF-� levels in the spleen is in line with the fact 

that this organ is critical for the function of the cholinergic anti-inflammatory pathway10. 

In addition, this finding is in line with earlier reports showing that both stimulation and 

inhibition of �7 cholinergic receptors in particular impact on TNF-� production in the 

spleen9, 10. It is unlikely that the modestly increased splenic TNF-� levels in �7-/- mice 

played a role in the accelerated clearance of E. coli: our laboratory previous documented 

that passive immunization against TNF-� does not influence bacterial loads during E. coli 

peritonitis18. 

 

�7 cholinergic receptors are key for anti-inflammatory cell signalling induced by 

acetylcholine and the cholinergic anti-inflammatory pathway. We here show that �7 

receptor deficiency is associated with a strongly increased clearance of E. coli from the 

abdominal cavity and a reduced dissemination of the infection, likely at least in part 

through a more rapid recruitment of neutrophils to the primary site of infection. These 

data provide the first evidence for a detrimental role of �7 cholinergic receptors in host 

defense against bacteria.  
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