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Abstract 

 
Background & Aims: The nervous system, through the vagus nerve, controls inflammation 

by decreasing the release of tumor necrosis factor-� from endotoxin stimulated 

macrophages. This anti-inflammatory effect is mediated by an interaction of acetylcholine, 

the principal neurotransmitter of the vagus nerve, with macrophage cholinergic nicotinic 

receptors expressing the �7 subunit.  

Methods: To determine the role of this “nicotinic anti-inflammatory pathway” in 

experimental pancreatitis, we induced pancreatitis in mice by 12 hourly intraperitoneal 

injections of cerulein. Pancreatitis was preceded by unilateral left cervical vagotomy or 

pretreatment with the nicotinic receptor antagonist mecamylamine, or by pretreatment with 

the selective �7 nicotinic receptor agonist 3-(2,4-dimethoxybenzylidene)anabaseine (GTS-

21).  

Results: Vagotomy or pretreatment with mecamylamine resulted in an enhanced severity of 

pancreatitis, as reflected by histology, edema, plasma hydrolases and interleukin-6 levels. 

Furthermore the number of neutrophils migrated to the pancreas was increased in these 

mice, as shown by myeloperoxidase content and intrapancreatic staining of neutrophils. 

Conversely, GTS-21 pretreatment strongly decreased the severity of pancreatitis. Pancreatitis 

associated pulmonary inflammation was independent of the integrity of the vagus nerve and 

nicotinic receptors.  

Conclusions: This study provides the first evidence for a therapeutic potential of the vagus 

nerve and the “nicotinic anti-inflammatory pathway” in attenuating inflammation and injury 

during experimental pancreatitis. 
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Introduction 

Acute pancreatitis is a common sterile inflammatory condition that carries a 

significant risk of morbidity and mortality. It is characterized by premature activation of 

digestive enzymes and a subsequent local and systemic inflammatory response mediated 

by the release of pro-inflammatory cytokines and the activation and migration of 

neutrophils1. Communication between the immune, nervous and endocrine systems is 

essential for the regulation of the inflammatory response. Through humoral and neural 

pathways, predominantly the vagus nerve, the central nervous system is notified of 

ongoing inflammation2. Cytokines and bacterial products such as endotoxin stimulate 

afferent neural fibers in the vagus nerve that are processed in the brain and result in the 

initiation of an acute phase response and induction of fever2-4. Furthermore, the central 

nervous system responds by initiating several anti-inflammatory pathways, designed to 

prevent the detrimental effects of the uncontrolled release of inflammatory mediators. 

One of these pathways involves an increased activity in the efferent vagus nerve, called 

the “nicotinic anti-inflammatory pathway” which reflexively modifies the inflammatory 

response5, 6. Usually, this pathway is considered a classical vagal reflex although 

alternatively an axon reflex utilizing cholinergic vagal afferents might be implicated. The 

most compelling evidence for a role of the cholinergic nervous system in the regulation of 

inflammation is derived from studies in rodents challenged with endotoxin, the pro-

inflammatory  component of the outer membrane of Gram-negative bacteria7, 8. Vagotomy 

leads to enhanced systemic tumor necrosis factor (TNF)-� production and accelerated the 

development of shock; in turn electrical stimulation of the efferent vagus nerve down 

regulated TNF-� production and protected animals from hypotension7. Further studies 

showed that the anti-inflammatory properties of the efferent vagus nerve are mediated 

through its major neurotransmitter acetylcholine (Ach), which interacts with nicotinic 

Ach receptors on macrophages resulting in inhibition of endotoxin-induced responses7, 8 

and that the nicotinic Ach receptor �7 subunit is required for this effect8. 

 

In the present study we sought to determine whether this anti-inflammatory pathway 

regulates host responses during experimental pancreatitis. We studied the inflammatory 

response and the severity of experimental pancreatitis in mice in which this pathway was 

disrupted by vagotomy. In a separate study, pancreatitis was induced in mice in which 

the peripheral part of this pathway, nicotinic Ach �7 receptors on immune competent 

Nicotinic Receptors Modulate Pancreatitis Severity 
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cells, was stimulated with a selective agonist, 3-(2,4-dimethoxybenzylidene) anabaseine 

(GTS-21)9, 10. In other mice the reciprocal approach was undertaken and nicotinic 

receptors were blocked by using mecamylamine11. Our results show that the vagus nerve 

and nicotinic receptors are part of an important anti-inflammatory mechanism that limits 

the severity of experimental pancreatitis. 

 

Methods 
 

Animals 

Female C57Bl/6 mice (Harlan, Horst, the Netherlands), 8-10 weeks old, were used in all 

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

Committee of the Academic Medical Center. 

 

Animal model and experimental groups  

Pancreatitis was induced by hourly 12 intraperitoneal (i.p.) injections of cerulein 

(Research Plus, Manasquan, NJ) in 200 μl sterile saline. A supramaximal stimulating dose 

was used for all injections (50 �g/kg); control mice received 12 i.p. saline injections. All 

mice were sacrificed one hour after the last injection. 

 

In study 1, mice were anesthetized with hypnorm (Janssen Pharmaceutics, Beerse, 

Belgium) and midazolam (Roche, Mijdrecht, the Netherlands) and subjected to left 

cervical vagotomy or sham surgery three days before induction of pancreatitis as 

described previously7. A ventral cervical midline incision was used to expose the left 

cervical vagus trunk, which was ligated with 4–0 silk sutures and divided. Subsequently, 

the skin was closed with 3 sutures. In sham-operated animals the nerve was exposed and 

isolated from surrounding tissue but not transected. 

 

In study 2, pancreatitis was induced in mice treated with the non selective nicotinic 

receptor antagonist mecamylamine11  (Sigma, St. Louis, MO) (1 mg/kg) or with the 

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

(Critical Therapeutics, Lexington, MA)9, 10  (4 mg/kg), both administered by i.p. injection 

in 200 μl of saline 30 minutes prior to induction of acute pancreatitis; control mice 

received saline.  
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Tissue handling 

One hour after the last cerulein injection, mice were anesthetized with hypnorm (Janssen 

Pharmaceutics, Beerse, Belgium) and midazolam (Roche, Mijdrecht, the Netherlands), and 

blood was collected from the vena cava inferior in heparin coated vacutainer tubes. Whole 

blood was collected and spinned for 10 minutes at 3600 rpm and plasma was subsequently 

removed and stored at -200 C.  Pancreatic and lung edema were estimated by expressing 

relative organ weight (mg of organ/g of mouse) as described previously12, 13. Longitudinal 

dissected parts of the pancreas were removed and frozen in liquid nitrogen to prevent 

degradation; other parts were fixed in 10% formalin and embedded in paraffin for 

histological analysis. Lungs were removed and frozen in liquid nitrogen until 

homogenized for myeloperoxidase (MPO) quantification.  
 

Histologic examination 

Four μm sections were stained with hematoxylin and eosin. All specimes were scored by a 

pathologist unaware of the origin of the specimens. Pancreatitis severity was scored as 

previousy described13, 14. Briefly, necrosis, inflammation and edema were scored on a 0-3 

scale. Each score is shown independently, a total severity score was also calculated 

(maximum = 9 points). To quantify the number of neutrophils in the pancreas, 

neutrophils were stained using a naphtol AS-D chloroacetate esterase staining method 

(usually referred to as: “Leder” staining) as described elsewhere15, 16. Numbers of 

neutrophils are expressed as the number of positive cells per high power field (x400). 

 

Assays 

Plasma amylase and lipase were determined with a commercially available kit (Sigma), 

using a Hitachi analyzer (Boehringer Mannheim, Mannheim, Germany) according to the 

manufacturer’s instructions. Results are expressed in international units (U) per ml 

(amylase) and U/l (lipase). Interleukin (IL)-6 and macrophage inflammatory protein 

(MIP)-2 were measured by ELISA according to the manufacturers recommendations (R&D 

systems, Minneapolis, MN). Lung homogenates were prepared as previously described17. 

MPO content was measured in pancreas and lung homogenates, as described elsewhere17. 

MPO activity is expressed as percentage of control compared with control animals.  
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Statistical analysis 

All data are expressed as means ± standard error (SE). Comparisons between groups were 

conducted using one way analysis of variance followed by the Neuman-Keuls multiple 

comparison test. Significance was set at P < 0.05. 

 

Results 
 

Outcome and timing of unilateral cervical vagotomy  

All mice tolerated unilateral left cervical vagotomy well; besides a transient weight loss 

during the first 3 days after the procedure, no sickness behavior or mortality occurred in 

any animal up to several weeks thereafter.  

 

Previous vagotomy exaggerates pancreatitis 

Twelve hourly injections of cerulein elicited pancreatitis, as indicated by profound 

increases in the plasma concentrations of amylase and lipase, an increase in pancreatic 

weight and histopathologic examination of the pancreas demonstrating marked oedema, 

infiltration of neutrophils and focal areas of necrosis. Left cervical vagotomy resulted in 

an increased severity of pancreatitis. Left cervical vagotomy significantly increased the 

plasma concentrations of amylase and lipase (both P < 0.05, Figure 1). In addition, 

pancreas weights were higher in vagotomized animals (P < 0.05, Table 1), and their 

histology revealed more severe pancreatitis (P < 0.05, Table 1 with representative slides 

shown in Figure 2). Considering that neutrophils play an important role in cerulein-

induced acute pancreatitis18, 19, we further examined neutrophil influx into the pancreas 

by measuring MPO in pancreas homogenates and by counting the number of Leder 

positive cells in pancreas tissue. Both parameters strongly increased upon induction of 

acute pancreatitis, confirming the conventional hematoxylin and eosin pancreas slides. 

However, vagotomy resulted in higher MPO pancreas concentrations and more Leder 

positive cells in pancreas tissue (both P < 0.05, Table 1). Finally, we measured the plasma 

concentrations of IL-6 since these have been found to correlate with disease severity in 

patients in pancreatitis20. Cerulein-induced pancreatitis was associated with strongly 

elevated levels of plasma IL-6, which were even higher in mice that underwent vagotomy 

(P < 0.05, Table 1).  
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Blockade of nicotinic receptors augments whereas stimulation of nicotinic receptors 

attenuates pancreatitis  

Having established that vagotomy exaggerates the severity of cerulein-induced 

pancreatitis, we next set out to determine whether pharmacological manipulation of 

nicotinic receptors influences pancreatitis severity. Thus, in a separate study, pancreatitis 

was induced after i.p. injection with saline, mecamylamine (a nicotinic receptor 

antagonist)11 or GTS-21 (a selective agonist for the nicotinic Ach �7 receptor)9, 10. In line 
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Figure 1. 

Vagotomy increases plasma amylase and lipase levels during pancreatitis. 

Three days before induction of pancreatitis mice were subjected to sham surgery or left cervical vagotomy (VGX). 

Pancreatitis was induced by 12 hourly i.p. injections of cerulein; sham mice received 12 i.p. saline injections. 

Plasma was harvested one hour after the 12th  injection. Plasma amylase and lipase levels are shown. * P < 0.05 

versus sham surgery + sham, # P < 0.05 versus sham surgery + pancreatitis. N=8 per group. 

Nicotinic Receptors Modulate Pancreatitis Severity 

Figure 2. 

Pancreatitis severity is enhanced by vagotomy. 

Three days before induction of pancreatitis mice were subjected to sham surgery or left cervical vagotomy. 

Pancreatitis was induced by 12 hourly i.p. injections of cerulein; sham mice received 12 i.p. saline injections. 

Pancreas was harvested one hour after the 12th  injection. Representative pancreas histology slides (from a total of 

8 mice per group) are shown from sham surgery + control mice (A), sham surgery+ pancreatitis mice (B) and 

vagotomy + pancreatitis mice (C). H&E staining, magnification x 10, insert x 40.   
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with the results obtained after vagotomy, mecamylamine augmented the severity of 

pancreatitis. Indeed, when compared with mice administered with saline, mecamylamine 

treated mice displayed higher plasma levels of amylase and lipase (both P < 0.05, Figure 

3), higher relative pancreas weights (P < 0.05, Table 2), and higher pancreatitis histology 

scores (all P < 0.05, Table 2, with representative slides shown in Figure 4). Moreover, 

mecamylamine treatment resulted in a more profound neutrophil influx into the 

pancreas, as reflected by higher MPO concentrations in pancreas homogenates and more 

(Leder positive) neutrophils in pancreas tissue (both P < 0.05 versus saline injected mice, 

Table 3). Mecamylamine also augmented systemic IL-6 release, resulting in higher plasma 

IL-6 levels when compared to saline injected animals (P < 0.05, Table 2). In the same 

experiment we used GTS-21 to stimulate nicotinic Ach �7 receptors, considering that this 

receptor subtype has been found to signal the anti-inflammatory effects of Ach on 

macrophages8. In line with the results obtained with the nicotinic receptor antagonist 

mecamylamine, GTS-21 treatment reduced the severity of cerulein-induced pancreatitis: 

when compared to saline administered mice, GTS-21 treated animals had lower plasma 

amylase and lipase levels (both P < 0.05, Figure 3), lower relative pancreas weights (P < 

0.05, Table 2), and lower pancreatitis histology scores (all P < 0.05, Table 2, with 

representative slides shown in Figure 4).  Moreover, GTS-21 inhibited neutrophil influx 

Table I. 
Vagotomy increases pancreatitis severity. 

                                                       Sham surgery +               Sham surgery +                Vagotomy + 

                                                       Control                          Pancreatitis                     Pancreatitis 
 

Relative pancreas weight                      5.7 ± 0.2                        7.8 ± 0.2*                       8.9 ± 0.3*† 
 
Histology score (total)                        0.7 ± 0.2                        3.2 ± 0.1*                       4.9 ± 0.3*† 
Oedema                                            0.5 ± 0.2                        1.5 ± 0.2*                       2.0 ± 0.1* 
Inflammation                                    0.1 ± 0.1                        0.9 ± 0.2*                       1.6 ± 0.2*† 
Necrosis                                            0.1 ± 0.1                        0.8 ± 0.1*                       1.3 ± 0.1*† 
 
MPO (% of sham surgery + control)       100                               172 ± 21*                       238 ± 12*† 
 
Leder positive cells / HPF                     0 ± 0                             32 ± 6*                          61 ± 8*† 
 
Plasma IL-6 (pg/ml)                           43 ± 9                           408 ± 44*                       743 ± 86*† 
 
 

Mice underwent either sham surgery or left cervical vagotomy three days before induction of pancreatitis. 

Pancreatitis was induced by 12 i.p. injections of cerulein (50 �g/kg ); control mice received saline i.p. Mice were 

sacrificed one hour after the 12th injection. Data are means � SE of 8 mice per group. High power field (HPF) 

represents x 400 magnification. * P < 0.05 versus control, † P < 0.05 versus sham surgery + pancreatitis. 
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into the pancreas, as indicated by lower pancreas MPO concentrations and less Leder 

positive cells in pancreas tissue (both P < 0.05 versus saline injected mice, Table 2). GTS-

21 treatment was also associated with lower plasma IL-6 concentrations when compared 

to saline injected animals (P < 0.05, Table 2).  

�����
��������� �����
�������
������ �
�������
������ �#$�������
������
�

 �

���

� �

���

�

��

��

��
��
�
��
��

��
��

�
��

��
��

�����
��������� �����
�������
������ �
�������
������ �#$�������
������
�

����

����

����

�

��

��

��
��

�
��
���

��

�
��
���

Figure 3.  

Blockade of nicotinic receptors augments whereas stimulation of nicotinic receptors attenuates plasma 

amylase and lipase levels during pancreatitis. 

Thirty minutes before induction of pancreatitis mice were i.p. injected with saline, mecamylamine (mec) or GTS-21 

(GTS). Pancreatitis was induced by 12 hourly i.p. injections of cerulein; sham mice received 12 i.p. saline 

injections. Plasma was harvested one hour after the 12th injection. Plasma amylase and lipase levels are shown. * P 

< 0.05 versus saline + sham, # P < 0.05 versus saline + pancreatitis. N=8 per group. 

Table II. 
Blockade of nicotinic receptors augments whereas stimulation of nicotinic receptors attenuates pancreatitis 
severity. 

                                                       Saline +                Saline +                Mecamylamine +     GTS-21 + 

                                                       Control                 Pancreatitis           Pancreatitis           Pancreatitis 
 

Relative pancreas weight                      5.5 ± 0.3               8.9 ± 0.3*             9.9 ± 0.3*†            7.3 ± 0.3*† 
 
Histology score (total)                        0.5 ± 0.2               4.9 ± 0.5*             8.8 ± 0.5*†            2.4 ± 0.4*† 
Oedema                                            0.1 ± 0.1               1.5 ± 0.2*             2.8 ± 0.3*†            0.8 ± 0.3*† 
Inflammation                                    0.4 ± 0.2               1.6 ± 0.3*             2.9 ± 0.1*†            1.6 ± 0.1*† 
Necrosis                                            0.0 ± 0.0               1.8 ± 0.2*             2.9 ± 0.1*†            0.7 ± 0.1*† 
 
MPO (% of sham surgery + control)       100                      203 ± 34*             272 ± 22*†             148 ± 18*† 
 
Leder positive cells / HPF                     0 ± 0                    42 ± 8*                68 ± 12*†              23 ± 4*† 
 
Plasma IL-6 (pg/ml)                           86 ± 11                 512 ± 52*             816 ± 92*†             317 ± 32*† 
 
 

Mice were injected i.p. with saline, mecamylamine or GTS-21 thirty minutes before induction of pancreatitis. 

Pancreatitis was induced by 12 i.p. injections of cerulein (50 �g/kg ); control mice received saline i.p. Mice were 

sacrificed one hour after the 12th injection. Data are means � SE of 8 mice per group. High power field (HPF) 

represents x 400 magnification. * P < 0.05 versus control, † P < 0.05 versus saline + pancreatitis. 

Nicotinic Receptors Modulate Pancreatitis Severity 



106 

Neither vagotomy nor pharmacological manipulation of nicotinic receptors influence 

pancreatitis associated lung inflammation  

Cerulein-induced acute pancreatitis is associated with a mild inflammatory response in 

the lungs, which is characterized by modest increases in lung MPO content, oedema and 

MIP-2 levels13, 18, 21. In line, we here found modest but significant increases in lung 

weights, lung MPO levels and lung MIP-2 concentrations after repeated cerulein injections 

(Tables 3 and 4). In contrast to the marked effects of vagotomy, mecamylamine and   

Figure 4. 

Pancreatitis severity is influenced by 

nicotinic receptors. 

Thirty minutes before induction of 

pancreatitis mice were i.p. injected 

with saline, mecamylamine or GTS-21. 

Pancreatitis was induced by 12 hourly  

i.p. injections of cerulein; sham mice 

received 12 i.p. saline injections. 

Pancreas was harvested one hour after 

the 12th injection. Representative 

pancreas histology slides (from a total 

of 8 mice per group) are shown from 

saline + control mice (A), saline + 

pancreatitis mice (B), mecamylamine + 

pancreatitis mice (C) and GTS-21 + 

pancreatitis mice (D). H&E staining, 

magnification x 10, insert x 40.  

Table III. 
Pancreatitis associated lung inflammation develops independently of the vagus nerve. 

                                                       Sham surgery +               Sham surgery +                Vagotomy +  

                                                       Control                          Pancreatitis                     Pancreatitis 
 

MPO (% of sham surgery + control)       100                               169 ± 9*                         182 ± 7*       
 
Relative lung weight                            6.6 ± 0.2                        7.3 ± 0.2*                       7.4 ± 0.2*     
 
MIP-2 lung (pg/ml)                            62.1 ± 6.2                      298.2 ± 14.4*                 303.0 ± 15.6*            
 
 

Mice underwent either sham surgery or left cervical vagotomy three days before induction of pancreatitis. 

Pancreatitis was induced by 12 i.p. injections of cerulein (50 μg/kg ); control mice received saline i.p. Mice were 

sacrificed one hour after the 12th injection. Markers for pancreatitis associated pulmonary inflammation are shown. 

Data are means � SE of 8 mice per group. * P < 0.05 versus control, † P < 0.05 versus sham surgery + pancreatitis. 
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GTS-21 on the severity of pancreatitis, neither vagotomy (Table 3) nor pharmacological 

manipulation of nicotinic receptors (Table 4) influenced pancreatitis associated lung 

inflammation. 

 

Discussion 
 

The efferent vagus nerve, has recently been implicated as an important anti-

inflammatory pathway through an interaction of its principal neurotransmitter Ach with 

nicotinic receptors, in particular the �7 subunit, on resident macrophages8, 22. We here 

show, for the first time, that inhibition of the nicotinic anti-inflammatory pathway by 

cervical vagotomy or by blockade of nicotinic receptors by the administration of 

mecamylamine11, results in enhanced severity of pancreatitis which is associated with an 

increase in the migration of neutrophils towards the inflamed pancreas. Conversely, 

activation of the peripheral component of the pathway by administration of the selective 

nicotinic receptor agonist GTS-219, 10 attenuated pancreatitis severity which was 

associated with a decrease in pancreatic neutrophil accumulation. These data suggest that 

a nicotinic anti-inflammatory pathway, consisting of the vagus nerve and nicotinic 

receptors, plays an essential role in the regulation of inflammatory responses during 

experimental pancreatitis.  

 

The results of this study are in agreement with previous investigations that examined 

the influence of vagus nerve activity and Ach on sterile inflammation. In addition to the 

Table IV. 
Pancreatitis associated lung inflammation develops independently of nicotinic receptors. 

                                                       Saline +                Saline +                Mecamylamine +     GTS-21 + 

                                                       Control                 Pancreatitis           Pancreatitis           Pancreatitis 
 

MPO (% of sham surgery + control)       100                      177 ± 8*               189 ± 9*               167 ± 8* 
 
Relative lung weight                            6.5 ± 0.2               7.3 ± 0.2*             7.4 ± 0.2*             7.2 ± 0.2* 
 
MIP-2 lung (pg/ml)                            58 ± 5                  268 ± 11*             298 ± 17*              227 ± 12* 
 
 

Mice were injected i.p. with saline, mecamylamine or GTS-21 thirty minutes before induction of pancreatitis. 

Pancreatitis was induced by 12 i.p. injections of cerulein (50 μg/kg ); control mice received saline i.p. Mice were 

sacrificed one hour after the 12th injection. Markers for pancreatitis associated pulmonary inflammation are shown. 

Data are means � SE of 8 mice per group. * P < 0.05 versus control, † P < 0.05 versus sham surgery + pancreatitis.  

Nicotinic Receptors Modulate Pancreatitis Severity 
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brain and “wire-innervated” peripheral structures, Ach receptor subtypes are also 

expressed by immune cells5, 8, 22-24. Further evidence has implicated the �7 subunit of the 

nicotinic Ach receptor, since the inhibitory effects of Ach and nicotine on macrophages 

could not be reproduced in macrophages deficient for this receptor8, 22. In experimental 

endotoxemia,  direct electrical or chemical vagus nerve stimulation reduced serum TNF-� 
levels and prevented shock7, 25, whilst cervical vagotomy augmented serum TNF-� levels 

and sensitized animals to the lethal effects of endotoxin7, 8. In the cecal ligation and 

puncture model, nicotinic cholinergic agonists improve survival 22. In other models of 

inflammation, such as ischemia reperfusion injury, hypovolemic hemorrhagic shock, 

stimulation of the vagus nerve decreased inflammation, serum TNF-� levels and 

hypotension26, 27. Whereas current literature has consistently identified the macrophage as 

the primary cell type targeted by acetylcholine and other nicotinic receptor agonists8, our 

study does not definitively identify on which cell type GTS-21 acts to reduce pancreatitis 

severity. Both macrophages and neutrophils express �7 receptors28, 29. GTS-21 inhibits 

endotoxin induced TNF-� release from mouse macrophages in vitro and in mice in vivo 

(our own unpublished observations), suggesting that at least part of the effects of GTS-21 

are mediated through an effect on macrophages during cerulein induced pancreatitis. 

Notably, our current study does not provide conclusive evidence that acetylcholine 

(released from efferent vagus nerve fibers and acting on nicotinic receptors expressed by 

cells in the pancreas) attenuates pancreatitis severity. Proving this would require 

experiments in which electrical stimulation of the vagus nerve is combined with 

peripheral nicotinic receptor antagonism is required. However, such experiments were not 

feasible at this time for several reasons. First, the anti-inflammatory effect of electrical 

vagus nerve stimulation has thus far only been documented in very brief models (in 

particular endotoxemia), which contrasts with the 12-hour model of pancreatitis used 

here. Second, the duration of the anti-inflammatory effect of electrical vagus nerve 

stimulation has not been established. Third, electrical stimulation of the vagus nerve in 

mice is a technically challenging procedure especially when one would wish to repeat it in 

the same animal. Thus, as an alternative approach we chose to manipulate nicotinic Ach 

receptors using selective compounds.  

 

The results presented here are in line with previous results which suggest a classical 

vagal reflex with distinct afferent and efferent limbs and presumably working through 

centers in the brainstem is involved in the nicotinic anti inflammatory pathway. 
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However, an alternative explanation cannot be excluded. Indeed, evidence exists for the 

existence of cholinergic vagal afferents and the anti inflammatory effects of vagus nerve 

stimulation might be related to activation of an anti inflammatory axon reflex utilizing 

cholinergic vagal afferents30. Our data extend the anti-inflammatory potential of the 

vagus nerve and nicotinic receptors in a well established model of experimental 

pancreatitis and show, for the first time, that selective pharmacological stimulation of 

the �7 nicotinic Ach receptor exerts anti-inflammatory effects in vivo.   

 

The objective of this study was to evaluate the therapeutic potential of the nicotinic 

anti-inflammatory pathway during experimental pancreatitis. To inhibit this pathway we 

used two approaches; we either sectioned the vagus nerve to interfere with the hard 

wired component of the pathway or we blocked the peripheral part of the pathway, 

nicotinic Ach receptors, using mecamylamine. Indeed, both approaches enhanced 

pancreatic edema, levels of plasma hydrolases and histologic abnormalities in the 

pancreas. Additionally, plasma IL-6 levels (which are raised in patients with acute 

pancreatitis and correlate with disease severity20) were increased in both groups of mice 

as compared to untreated pancreatitis animals. These data indicate that the vagus nerve 

and nicotinic receptors limit pancreatitis severity in vivo. Alternatively, mecamylamine 

might have influenced pancreatitis severity through an interaction with central nicotinic 

receptors. However, since the dose of mecamylamine used predominantly antagonizes 

peripheral receptors 11 and mecamylamine treatment exerted similar affects as vagotomy 

it is likely that the observed effects are mediated through the vagus nerve and peripheral 

nicotinic receptors. Since the anti-inflammatory effects of the vagus nerve are mediated 

through nicotinic Ach �7 receptors8 we used a selective ligand for these receptors, GTS-

219, 10, to stimulate the nicotinic anti-inflammatory pathway. Indeed, stimulation of these 

receptors attenuated all markers of pancreatitis severity. This is the first time it has been 

shown that selective pharmacological activation of nicotinic Ach �7 receptors can 

influence inflammatory responses in vivo.  

 

Acute pancreatitis is characterized by the premature activation of digestive enzymes 

in the pancreas, followed by a massive immunological response resulting in autodigestion 

of the gland, local and subsequent systemic inflammation1. This second, inflammatory 

phase in the pathophysiology of acute pancreatitis is characterized by the involvement of 

cytokines and chemokines as well as activation and influx of neutrophils31. This is of 

Nicotinic Receptors Modulate Pancreatitis Severity 
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pathogenetic significance not only since neutrophil depletion ameliorates the severity of 

experimental acute pancreatitis32 but also because neutrophils are themselves capable of 

secondary activation of digestive enzymes in the pancreas and therefore initiate a 

positive feedback loop of pancreatic inflammation19. Interfering with the nicotinic anti-

inflammatory pathway not only reduced the severity of pancreatic injury but also 

influenced the migration of neutrophils towards the pancreas. Sectioning the vagus 

nerve, or blocking nicotinic receptors with mecamylamine, increased the number of 

neutrophils that migrated towards the pancreas whereas stimulating �7 nicotinic 

receptors with GTS-21 attenuated pancreatic neutrophil migration. Previous studies have 

shown that a variety of nicotinic Ach receptors is present on neutrophils and that 

stimulation of nicotinic receptors inhibits neutrophil migration which is, at least in part, 

mediated by inhibition of  adhesion molecule expression on both endothelial cell surface 

and neutrophils33. Whether decreased neutrophil migration towards the pancreas is caused 

by direct effects of GTS-21 on neutrophils or an indirect effect as a result of decreased 

inflammation remains to be elucidated. Experimental cerulein induced pancreatitis is 

associated with the development of mild pulmonary inflammation. In contrast to 

pancreatitis severity, the extent of pulmonary inflammation was unchanged in 

experiments in which the nicotinic anti-inflammatory pathway was either inhibited or 

stimulated. This is in line with previous studies which showed that during endotoxemia 

central and electrical stimulation of the vagus nerve abolished TNF-� release in the 

systemic compartment, the liver, the heart and the spleen but not the lung25. This finding 

is not completely explained but is most likely associated with the unique features of 

alveolar macrophages which, in contrast to all other residential macrophages, show an 

anti-inflammatory phenotype and are not susceptible to the nicotinic anti-inflammatory 

pathway25, 34.  

 

We here demonstrate that the nicotinic anti-inflammatory pathway is an essential 

regulator of inflammation during experimental pancreatitis. We further show, for the first 

time, that pharmacological stimulation of the peripheral part of the nicotinic anti-

inflammatory pathway, �7 nicotinic Ach receptors, attenuates inflammation in vivo. The 

nicotinic anti-inflammatory pathway may be a future target for the treatment of 

pancreatitis.  
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