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Abstract 

 
Background: Sepsis and endotoxemia are associated with concurrent activation of 

inflammation and the hemostatic mechanism, which both contribute to organ dysfunction 

and death. Electrical vagus nerve stimulation (VNS) has been found to inhibit tumor necrosis 

factor-� release during endotoxemia in rodents.  

Objective: To determine the effect of VNS on activation of coagulation and fibrinolysis. 

Methods: Rats received a sublethal intravenous dose of lipopolysaccharide (LPS) after 

electrical VNS or sham stimulation. Activation of coagulation and fibrinolysis, as well as 

cytokine release, was measured before LPS injection and 2, 4 and 6 hours thereafter.  

Results: LPS induced activation of the coagulation system (increases in the plasma 

concentrations of thrombin-antithrombin complexes and D-dimer, and a decrease in 

antithrombin) and biphasic changes in the fibrinolytic system (early rises of plasminogen 

activator activity and tissue-type plasminogen activator, followed by a delayed increase in 

plasminogen activator inhibitor type I). VNS strongly inhibited all LPS-induced procoagulant 

responses and more modestly attenuated the fibrinolytic response. In addition, VNS 

attenuated the LPS-induced increases in plasma and splenic concentrations of the 

proinflammatory cytokines tumor necrosis factor-� and interleukin-6, while not influencing 

the release of the anti-inflammatory cytokine interleukin-10. 

Conclusion: These data illustrate a thus far unrecognized effect of VNS and suggest that the 

cholinergic anti-inflammatory pathway not only impacts on inflammation but also on the 

coagulant-anticoagulant balance.  
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Introduction 
 

Sepsis results in the concurrent activation of several host mediator systems including 

inflammation and coagulation1. Virtually every patient with sepsis displays evidence for 

activation of the coagulation system, which in its most extreme form can result in the 

well-known syndrome of disseminated intravascular coagulation2, 3. The tendency toward 

fibrin deposition and micro vascular thrombosis in severe infection is increased further by 

concurrent inhibition of anticoagulant mechanisms. Indeed, sepsis and endotoxemia are 

associated with an impaired function and/or synthesis of natural anticoagulants such as 

antithrombin (AT) and activated protein C, and with inhibition of the fibrinolytic system 

primarily due to enhanced release of plasminogen activator inhibitor type I (PAI-1)2, 3. 

Interestingly, tight and bidirectional interactions exist between inflammation and 

hemostasis during sepsis and excessive activation of both pathways likely contributes to 

the lethality of sepsis1,4.   

 

Recently, the cholinergic nervous system has been implicated in the regulation of 

inflammatory responses5. In particular, electrical stimulation of the efferent vagus nerve 

prevented the development of shock and reduced the release of the proinflammatory 

cytokine tumor necrosis factor (TNF)-� in rats6,7, an effect that appeared to be mediated 

by an effect of acetylcholine, the principal neurotransmitter of the vagus nerve, on �7 

cholinergic receptors on macrophages8. Electrical vagus nerve stimulation (VNS) also 

inhibited the acute inflammatory response to acute hypovolemic hemorrhagic shock9, 

splanchnic artery occlusion shock10 and intestinal inflammation during experimentally 

induced ileus11.  Moreover, chemical stimulation of the �7 cholinergic receptor attenuated 

systemic inflammation and improved the outcome of mice with polymicrobial abdominal 

sepsis12, reduced cytokine release during bacterial peritonitis13, diminished the severity of 

experimental pancreatitis14 and suppressed endothelial cell activation during the localized 

Shwartzman reaction15. Knowledge of the effect of the efferent vagus nerve on the 

hemostatic mechanism is not available. Considering the eminent role of coagulation 

activation in the host response to severe infection the primary objective of the present 

study was to determine the effect of electrical VNS on activation of coagulation and 

fibrinolysis after injection of lipopolysaccharide (LPS) into rats.  
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Methods 

 

Animals  

Male Lewis rats (Harlan, Horst, the Netherlands), 200-250 grams in weight, were used in 

all experiments. The protocol was approved by the Institutional Animal Care and Use 

Committee of the Academic Medical Center. 

 

Design 

Rats were anesthetized by intraperitoneal injection of 0.07 ml/g FFM mixture (Fentanyl 

(0.315 mg/ml)-Fluanisone (10 mg/ml) (Janssen, Beersen, Belgium), Midazolam (5 mg/ml) 

(Roche, Mijdrecht, The Netherlands) and thereafter kept under anesthesia by isoflurane  

(Upjohn, Ede, The Netherlands). A cervical midline incision was used to expose the left 

cervical vagus trunk, which was isolated and placed loosely in the jaw of a bipolar 

electrode (Harvard Apparatus, Holliston, Massachusetts). The vagus nerve was electrically 

stimulated for 10 minutes before and 10 minutes after LPS injection with predefined 

settings (5V, 2 ms, 1Hz) as described previously6. In sham stimulated animals the left 

vagus nerve was exposed and placed in the bipolar electrode but not stimulated. LPS 

(from Escherichia coli 0111:B4; Sigma, St Louis, MI; 10 mg/kg) was administered via the 

penal vein. Rats (N=8 per group at each time point) were killed before, and 2, 4 and 6 

hours after LPS injection and blood was collected in tubes containing heparin or citrate. 

In addition, at 0, 2 and 4 hours spleens were collected and homogenized at 4°C in 5 

volumes of sterile isotonic saline with a tissue homogenizer (Biospect Products, 

Bartlesville, OK). These homogenates were diluted 1:2 in lysis buffer (150 mM NaCl, 15 mM 

Tris, 1 mM MgCl.H2O, 1 mM CaCl2, 1% Triton X-100, 100 μg of pepstatin A/ml, leupeptin, 

aprotinin, pH 7.4) and incubated at 4°C for 30 min. Homogenates were centrifuged at 

1,500 x g for 15 min, after which the supernatants were stored at -20°C until 

measurements of cytokines. 

 

Assays 

Thrombin-antithrombin complexes (TATc, Dade Behring, Marburg, Germany) and D-dimer 

(Diagnostica Stago, Roche, Almere, the Netherlands) were measured by ELISA. AT16 and 

plasminogen activator (PA) activity17 were measured by automated amidolytic techniques.  

Tissue-type plasminogen activator (tPA) antigen was measured with an ELISA. Briefly, 
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microtiter plates are coated with rabbit anti-rat t-PA polyclonal antibodies (American 

Diagnostica, Greenwich, CT) at a concentration of 4 μl/ml. The plates were incubated with 

samples that were diluted in phosphate-buffered saline containing casein (5 mg/ml). 

Bound t-PA antigen was subsequently quantitated with biotinylated rabbit anti-rat tPA 

antibodies, followed by avidin-peroxidase and tetramethylbenzimidine. As a standard 

recombinant rat JMI-229 tPA was used18. PAI-1 activity was determined with an 

automated coagulation analyser (Behring Coagulation System) with reagents and 

protocols from Dade Behring. TNF-�, Interleukin (IL)-6, IL-1� and IL-10 were measured by 

Luminex (Bio-rad laboratories, Hercules, CA). Cytokine-induced neutrophil 

chemoattractant (CINC)-1 and CINC-3 were measured by ELISA (R & D systems, Abingdon, 

United Kingdom). 

 

Statistical analysis 

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

analysis of variance (interaction between treatment and time); the “overall” P value 

obtained with this test is depicted in the figures. In case this analysis yielded a P < 0.05, 

Bonferroni post tests were done to determine the significance at individual time points 

(depicted as asterisks in the figures). A P-value < 0.05 was considered statistically 

significant. 

 

Results 
 

VNS inhibits LPS-induced coagulation activation 

Intravenous injection of LPS resulted in a brisk activation of the coagulation system as 

indicated by increases in the plasma concentrations of TATc and D-dimer, both peaking 

after 4 hours (31 ± 2 μg/L and 51 ± 5 μg/L respectively; Figure 1A and 1B). This 

procoagulant response was accompanied by a modest but significant decrease in plasma 

AT levels after injection of LPS reaching a nadir after 4 hours (92 ± 2%; Figure 1C). 

Electrical VNS strongly inhibited LPS-induced coagulation activation: peak TATc levels 

were only 17 ± 2 μg/L in rats subjected to VNS, whereas plasma D-dimer only reached 

values of 31 ± 2 μg/L (both P < 0.001 versus LPS only). Moreover, VNS completely 

prevented the decline in AT levels (P < 0.001 versus LPS only). 
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VNS attenuates the LPS-induced changes in the fibrinolytic system 

LPS induced a rapid activation of the fibrinolytic system as reflected by an early rise in 

plasma PA activity, peaking after 2 hours (148 ± 5%; Figure 1D).  The increase in PA 

Figure 1. 

Vagus nerve stimulation inhibits the coagulant and fibrinolytic response during endotoxemia.  

Rats were subjected to electrical vagus nerve stimulation (VNS, open symbols) or sham stimulation (closed symbols) 

as described in the Methods. All animals received a bolus intravenous injection of LPS (10 mg/kg) at t = 0. A: 

thrombin-antithromin complexes (TATc). B: D-dimer. C: antithrombin. D: plasminogen activator (PA) activity. E: 

tissue type plasminogen activator (tPA). F: plasminogen activator inhibitor type I (PAI-1). Data are means � SEM of 

8 rats 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 at the specified time point by Bonferroni post test.  
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activity was accompanied by a concurrent increase in the plasma levels of tPA antigen, 

which continued to rise beyond 2 hours after LPS, peaking after 6 hours (43 ± 1 μg/L; 

Figure 1E). The decrease in PA activity from 2 hours onward closely followed the increase 

in plasma PAI-1 activity, which reached a plateau between 4 and 6 hours post LPS (4 

hours: 57 ± 5 U/mL;  Figure 1F). VNS attenuated these biphasic changes in the fibrinolytic 

system: it inhibited the early rises in PA activity and tPA antigen (peak levels 120 ± 13 % 

and 28 ± 10 μg/L respectively, both P < 0.001 versus LPS only), as well as the delayed 

increase in PAI-1 activity (peak levels 45 ± 8 U/mL, P < 0.05 versus LPS only). 

 

Effect of VNS on plasma and splenic cytokine levels 

The effect of VNS on LPS-induced TNF-� release has been documented previously6, 8. We 

sought to expand these earlier data by measuring the plasma and splenic concentrations 

of other cytokines with a known effect on the hemostatic mechanism (Figure 2). LPS 

injection induced profound rises in the concentrations of TNF-�, IL-1�, IL-6 and IL-10 in 

plasma and spleen homogenates, all peaking 2 hours after LPS administration. Electrical 

VNS most potently inhibited the LPS-induced rises in plasma and splenic TNF-� 
concentrations: whereas LPS elicited peak TNF-� levels of 10 ± 2 ng/mL in plasma and 12 

± 3 ng/mL in spleen homogenates, peak concentrations in rats subjected to VNS were 3 ± 

1 (P < 0.001) and 6 ± 2 ng/mL (P < 0.05) respectively (Figure 2A and B). In addition, VNS 

attenuated the LPS-induced increase in splenic IL-1� levels (Figure 2D, P < 0.05), whereas 

the inhibition of LPS-induced IL-1� release into the circulation did not reach statistical 

significance (Figure 2C). VNS reduced IL-6 levels in both plasma and spleen homogenates 

after LPS injection (Figure 2E and F, both P < 0.05 versus LPS only). By contrast, VNS did 

not influence the increases in plasma and splenic IL-10 during endotoxemia (Figure 2G 

and H). 

 

Effect of VNS on CXC chemokine release 

To obtain further insight into how broad the anti-inflammatory effect of VNS is during 

endotoxemia, we measured the plasma levels of two CXC chemokines: CINC-1 and CINC-3. 

LPS injection was associated with transient rises in the plasma concentrations of both 

mediators, with peak levels reached after 4 hours (CINC-1: 33 ± 7 ng/mL; CINC-3: 32 ± 7 

ng/mL). VNS did not influence LPS-induced CINC-1 release (Figure 3A), whereas it 

attenuated the rise in plasma CINC-3 concentrations with peak levels reaching only 19 ± 4 

ng/mL (Figure 3B, P < 0.05 versus LPS only).  
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Figure 2. 

Vagus nerve stimulation inhibits TNF-� and IL-6 release during endotoxemia.  

Rats were subjected to electrical vagus nerve stimulation (VNS, open symbols) or sham stimulation (closed symbols) 

as described in the Methods. All animals received a bolus intravenous injection of LPS (10 mg/kg) at t = 0. Left 

panels: plasma concentrations. Right panels: splenic concentrations A + B: TNF-�. C + D: IL-1 �. E + F: IL-6. G + H: 

IL-10. Data are means � SEM of 8 rats 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 at the specified time point by Bonferroni post 

test. NS = non significant.�

Chapter 3 



39 

Discussion 
 

The cholinergic anti-inflammatory pathway is a physiological mechanism that 

regulates host inflammatory responses via the local release of acetylcholine, the primary 

neurotransmitter secreted by the vagus nerve 5. Electrical stimulation of the vagus nerve 

has been reported to inhibit inflammation in several models including endotoxemia 6-8, 

ischemia-reperfusion injury10, 19 and hypovolemic hemorrhagic shock9. The most prominent 

anti-inflammatory effect of VNS in these models was inhibition of the release of the 

omnipotent cytokine TNF-�. In light of the increased interest in the interplay between 

inflammation and coagulation in sepsis1, 3, 4, we here investigated the effect of electrical 

VNS on coagulation and fibrinolysis during endotoxemia in rats. The main finding of our 

study was that VNS attenuated both LPS-induced activation of the coagulation system 

and the characteristic biphasic changes in fibrinolysis involving early activation followed 

by a relatively delayed inhibition. These results suggest for the first time that the 

cholinergic anti-inflammatory pathway, besides manipulating cytokine production, 

influences the hemostatic mechanism in vivo which may be of considerable importance for 

our understanding of the beneficial effects of VNS during systemic inflammatory response 

syndromes such as occurs during severe sepsis. 

 

Figure 3. 

Vagus nerve stimulation inhibits CINC-3 release during endotoxemia.  

Rats were subjected to electrical vagus nerve stimulation (VNS, open symbols) or sham stimulation (closed symbols) 

as described in the Methods. All animals received a bolus intravenous injection of LPS (10 mg/kg) at t = 0. A: CINC-

1; B: CINC-3. Data are means � SEM of 8 rats 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 at the specified time point by 

Bonferroni post test. NS = non significant. 
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The coagulation and fibrinolytic response to intravenous LPS has been studied 

extensively in healthy humans20-22. We here demonstrate that LPS induces similar changes 

in the hemostatic mechanism of rats. Indeed, LPS injection resulted in activation of the 

coagulation system, as indicated by increases in the plasma concentrations of TATc and D-

dimer. In addition, LPS administration elicited an early activation of the fibrinolytic 

system as reflected by an early rise in plasma PA activity and tPA antigen levels, followed 

by a delayed increase in plasma PAI-1 activity. Electrical VNS blunted all of these 

responses, which should not go without notice, since studies in humans have revealed 

that the activation of coagulation and fibrinolysis induced by intravenous LPS proceeds 

independently from one another22, 23. What could be the common underlying mechanism 

by which VNS inhibits both coagulation and fibrinolysis? In this respect the recent study 

by de Jonge et al. is of particular interest11. These authors found that the cholinergic 

agonist nicotine exerts anti-inflammatory effects in macrophages in vitro by activation of 

the transcription factor STAT3. As such, engagement of macrophage cholinergic receptors 

resulted in activation of a molecular route that strongly resembles the signaling pathway 

of the IL-10 receptor without the requirement for IL-10 itself11. Moreover, the anti-

inflammatory effect of electrical VNS during ileus produced by intestinal manipulation in 

mice totally relied on activation of macrophage STAT311. Interestingly, our group 

previously showed that administration of recombinant IL-10 inhibits both coagulation 

and fibrinolysis in humans exposed to low dose LPS24, thereby mimicking the effects of 

VNS described here. Together we consider it conceivable that VNS influences coagulation 

and fibrinolysis via the signaling cascade described by de Jonge et al.11, which is also used 

by IL-10 to affect the hemostatic response. Considering that activation of coagulation is 

strictly dependent on tissue factor in this model23, 25, 26, it is likely that VNS acts on tissue 

factor expression to inhibit coagulation. This possibility is supported by the fact that 

triggering of the IL-10 receptor results in inhibition of tissue factor expression on 

mononuclear cells27, 28. The modest inhibition of IL-6 release is, in our opinion, of less 

importance, considering that complete elimination of this cytokine failed to29 or only 

partially30 inhibited LPS-induced coagulation in vivo. On the other hand, the inhibition of 

LPS-induced TNF-� release by VNS is the most probable mechanism by which this 

procedure attenuated the fibrinolytic response to LPS. Indeed, all of these responses are 

strictly dependent on TNF-�31, 32 and also IL-10 induced inhibition of fibrinolysis likely 

proceeds via inhibition of TNF-�24.  
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A limitation of our study is that it does not provide direct insight into the effect of 

VNS on tissue factor expression and the balance between tissue factor and its major 

inhibitor tissue factor pathway inhibitor. This inhibitor can be released upon activation of 

the vascular endothelium; although nicotine has been found to attenuate endothelial cell 

activation in mice in vivo15, it remains to be established whether VNS influences the 

vascular endothelium and/or the tissue factor/tissue factor pathway inhibitor balance.   

 

The effect of VNS on LPS-induced TNF-� release into the circulation has been 

documented previously6-8. We expanded these earlier data by measuring the plasma and 

splenic concentrations of other cytokines with a known effect on the hemostatic 

mechanism. Of these, TNF-� and IL-6 were significantly inhibited by VNS, albeit the latter 

to a modest extent. IL-1� release was also slightly inhibited by VNS, significantly so in 

the spleen. In contrast, the release of the anti-inflammatory cytokine IL-10 was not 

influenced by VNS. These data are in line with the described in vitro effects of 

acetylcholine in macrophage cultures, wherein acetylcholine inhibited the release of TNF-

�, IL-1� and IL-6 without influencing IL-10 secretion6. Similarly, nicotine reduced LPS-

induced TNF-� and IL-6 release by murine peritoneal macrophages in vitro without 

influencing IL-1011.  

 

VNS inhibited the LPS-induced rise in plasma CINC-3 levels. This finding is in line with 

the effect of VNS in ileus in mice, where electrical stimulation of the vagus nerve reduced 

the secretion of not only TNF-� and IL-6 in peritoneal lavage fluid, but also of 

macrophage inflammatory protein 2 (the murine homolog of CINC-3)11. It remains to be 

established why VNS selectively affects CINC-3 without altering CINC-1 release.  

 

The present report focuses on the effect of electrical stimulation of the vagus nerve. 

Several investigations have documented the potential of chemical VNS. Nicotine, which 

stimulates peripheral �7 cholinergic receptors,  inhibited systemic inflammation during 

murine endotoxemia and abdominal sepsis12, 13. Similarly, CNI-1493, a tetravalent guanyl-

hydrazone molecule that induces vagus nerve firing via a centrally mediated intracerebral 

effect, inhibited TNF-� release induced by LPS in rats7. A melanocortin peptide 

(adrenocorticotropin 1-24) suppressed NF�B dependent systemic inflammation and shock 

triggered by hemorrhage in rats by central activation of the cholinergic anti-inflammatory 

pathway33.  In addition, we recently showed that pretreatment with the selective �7 
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cholinergic receptor agonist 3-(2,4-dimethoxybenzylidene) anabaseine (GTS-21)  markedly 

reduced the severity of acute pancreatitis induced by repeated injections of cerulein in 

mice14. Further research is warranted to establish whether such interventions influence 

the hemostatic mechanism.  

 

We here describe a previously unrecognized effect of VNS on the hemostatic response 

to a sublethal injection of LPS in a rat model that resembles the well characterized human 

endotoxemia model. Activation of the hemostatic mechanism as a consequence of 

inflammation can be considered instrumental in containing inflammatory activity to the 

site of infection. However, uncontrolled activation may cause harm and give rise to a 

vicious cycle, eventually leading to dramatic events such as manifested in severe sepsis 

and disseminated intravascular coagulation. Whereas the ability of VNS to inhibit the 

production of the potent proinflammatory cytokine TNF-� during endotoxemia had been 

documented previously6-8, we demonstrate for the first time that VNS also inhibits 

activation of coagulation and fibrinolysis. Stimulation of the cholinergic anti-

inflammatory pathway may therefore not only impact on inflammation but also on the 

coagulant-anticoagulant balance during sepsis and endotoxemia.  
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