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Abstract

Cytokine production is necessary to protect against pathogens and promote tissue repair, but 

excessive cytokine release can lead to systemic inflammation, organ failure and death. 

Inflammatory responses are finely regulated to effectively guard from noxious stimuli. The central 

nervous system interacts dynamically with the immune system to modulate inflammation through 

humoral and neural pathways. The effect of glucocorticoids and other humoral mediators on 

inflammatory responses has been studied extensively in the past decades. In contrast, neural 

control of inflammation has only been recently described. We summarize autonomic regulation of 

local and systemic inflammation through the ‘cholinergic anti-inflammatory pathway’, a 

mechanism consisting of the vagus nerve and its major neurotransmitter, acetylcholine, a process 

dependent on the nicotinic acetylcholine receptor α7 subunit. We recapitulate additional sources 

of acetylcholine and their contribution to the inflammatory response, as well as acetylcholine 

regulation by acetylcholinesterase as a means to attenuate inflammation. We discuss potential 

therapeutic applications to treat diseases characterized by acute or chronic inflammation, including 

autoimmune diseases, and propose future research directions.
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Introduction

Inflammation is the physiological response to pathogen invasion and tissue damage that 

manifests clinically by swelling, pain, redness and heat. During the inflammatory process, 

cells of the immune system release cytokines including TNF and other mediators that 

mediate bacterial clearance and promote tissue repair. Typically, local regulatory 

mechanisms adjust the magnitude of the response such that the injurious condition is 

resolved and homeostasis is maintained. Regulatory mechanisms of inflammation include 
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mediators of humoral or neural origin that maintain the inflammatory process within 

physiological range. Humoral anti-inflammatory mediators like IL-10 and glucocorticoids 

inhibit the release or the effect of proinflammatory cytokines; others facilitate tissue healing, 

such as lipoxins and resolvins [1]. Humoral mediators reach target cells by local diffusion 

and through circulation, and act not only on target cells located within the tissue source but 

also on other organs. In contrast to humoral mediators, effectors released by nerve terminals 

like norepinephrine and acetylcholine reach discrete groups of cells in specific organs with 

minimum delay.

Sepsis, the systemic inflammatory response to infection, is characterized by dysregulated 

production of cytokines, a pathologic state that causes tissue injury, which leads to organ 

dysfunction and death. In its early stages, unrestrained production of pro-inflamma-tory 

cytokines, such as TNF and IL-1β triggers a systemic inflammatory cascade mediated by 

chemokines, vasoactive amines, the complement and coagulation systems, and reactive 

oxygen species, amongst others. The combined effect of these mediators may cause 

increased vascular permeability, hypotension and septic shock [2]. Late mediators of sepsis 

like MIF and HMGB1, released actively or passively because of cell damage, perpetuate the 

inflammatory response ultimately leading to multiple organ failure and death [3–5].

In the process of developing new strategies to modulate the inflammatory response in sepsis, 

we discovered that signals arising in the brain and conveyed by the vagus nerve attenuate 

inflammatory cytokine production and improve survival in experimental models of sepsis. 

Here, we summarize how the autonomic nervous system regulates inflammation through the 

‘cholinergic anti-inflammatory pathway’, a mechanism consisting of the vagus nerve, its 

major neurotransmitter, acetylcholine, and dependent on the nicotinic acetylcholine receptor 

subunit alpha7 (α7). We summarize results obtained from experimental models of local and 

systemic inflammation in which electrical stimulation of the vagus nerve or cholinergic 

drugs acting through α7 effectively modulate inflammation. We comment on the possible 

anti-inflammatory role of acetylcholine derived from sources other than neurons and 

describe modulation of the inflammatory response through inhibition of 

acetylcholinesterase, the enzyme that hydrolyzes acetylcholine. Finally, we propose future 

research directions and potential therapeutic approaches to treat specific inflammatory 

diseases.

Immune-to-brain communication via the vagus nerve

The vagus nerve, the major nerve of the parasympathetic division of the autonomic nervous 

system, regulates organ function including heart rate, gut motility and bronchial constriction 

through efferent motor fibres. Approximately 80% of the vagus nerve's fibres are sensory 

fibres that gather information from the airways, heart, liver and gastric tract via receptors 

that respond to pressure and temperature [6, 7]. Recent experimental evidence suggests that 

the afferent component of the vagus nerve also conveys information to the brain regarding 

inflammatory processes occurring in the periphery. For example, intraperitoneal 

administration of the pro-inflammatory cytokine IL-1β induces the expression of the neural 

activation marker c-fos in afferent neurons of the vagus nerve [8], which express IL-1β 

receptors [9]. Vagotomy abrogates the illness behaviour originating in the central nervous 
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system mounted in response to intraperitoneal injections of IL-1β or LPS [10]. The immune 

system thus gathers information generated in the periphery and serves as a sensory organ 

informing the brain of noxious stimuli [11, 12].

Afferent fibres of the vagus nerve reach the medulla oblongata and terminate in the nucleus 

tractus solitarius where release of glutamate is enhanced in response to peripheral 

administration of LPS or IL-1β [13]. Information reaching the nucleus tractus solitarius is 

delivered to the dorsal motor nucleus of the vagus, the origin of preganglionic neurons 

whose axons embody the efferent component of the vagus nerve. The connection between 

the nucleus tractus solitarius and the dorsal motor nucleus of the vagus coordinates vagal 

afferent signals and vagal efferent responses. The autonomic nervous system, through this 

anatomical layout, gathers information from peripheral inflammatory responses and 

responds in real-time through efferent fibres of the vagus nerve maintaining homeostasis, a 

mechanism known as the inflammatory reflex [14] (Fig. 1).

Cholinergic anti-inflammatory pathway

The cholinergic anti-inflammatory pathway, the efferent arm of the inflammatory reflex, is 

composed of the efferent vagus nerve, the neurotransmitter acetylcholine and the α7 subunit 

of the nicotinic acetylcholine receptor. Initial experiments established that acetylcholine 

attenuates the production of TNF, IL-1β, IL-6 and IL-18 by human macrophages at the post-

transcriptional stage [15]. Acetylcholine does not alter IL-10 release, which indicates a 

direct inhibitory effect of acetylcholine on pro-inflammatory cytokine production [15]. In a 

model of endotoxaemia, electrical stimulation of the cervical vagus nerve significantly 

reduced serum and liver TNF levels, prevented development of haemodynamic shock and 

improved survival without significantly altering IL-10 or corticosterone serum levels.

The molecular link between the brain and the immune system in the cholinergic anti-

inflammatory pathway is the nicotinic acetylcholine receptor subunit α7. Nicotine, the 

prototypical nicotinic acetylcholine receptor agonist, attenuates TNF release in LPS-

stimulated human macrophages. Transfection of specific anti-sense oligonucleotides against 

α7 significantly inhibits nicotine's TNF-suppressing effect in macrophages. Vagus nerve 

stimulation fails to reduce serum TNF levels in α7 knockout mice, indicating that α7 is 

required for the functional integrity of the cholinergic anti-inflammatory pathway in vivo. 

Endotoxaemic α7 knockout mice develop significantly increased TNF levels in serum, 

spleen and liver as compared with wild type mice, indicating that the cholinergic anti-

inflammatory pathway exerts tonic inhibition of cytokine production and functions as an 

essential regulator of inflammation via α7 [16].

Vagus nerve stimulation specifically modulates immune function through a mechanism that 

is dissociable from cardiac control, because the voltage and frequency parameters of vagus 

nerve stimulation used to attenuate endotoxin-induced TNF in serum are below the threshold 

to reduce heart rate [17]. The vagus nerve controls bodily function through muscarinic 

receptors expressed on target organs. Intravenous administration of atropine methyl nitrate, a 

peripheral muscarinic receptor antagonist that does not cross the blood–brain barrier, does 

not abrogate the TNF suppressive effect of vagus nerve stimulation [18]. Moreover, 

intravenous injection of muscarine fails to inhibit serum TNF in endotoxaemic rats [18], 
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which indicates that the cholinergic anti-inflammatory pathway does not utilize peripheral 

muscarinic signalling to modulate inflammation. These findings suggest that electrical 

stimulation of the vagus nerve attenuates inflammation without unwanted secondary effects 

on organ functions, such as respiratory and heart rate, and gut motility.

Whilst muscarinic signalling in peripheral organs is not required for vagus nerve control of 

inflammation, central muscarinic transmission is important in attenuating inflammatory 

responses. Intracerebroventricular administration of muscarine or the M1 muscarinic 

receptor agonist McN-A-343 attenuated serum TNF levels in a rat model of entodotoxemia 

[18]. Intracerebroventricular administration of methoctramine, a M2 receptor antagonist that 

enhances acetylcholine release in brain, attenuated systemic TNF in endotoxaemic rats and 

augmented vagus nerve activity [18]. Cholinergic signalling through brain muscarinic 

receptors modulates peripheral cytokine production by activation of the cholinergic anti-

inflammatory pathway.

Recent work on the anatomical basis of the cholinergic anti-inflammatory pathway indicates 

that the spleen is required for vagus nerve control of inflammation [19]. The spleen, a highly 

innervated secondary lymphoid organ, is a major source of serum TNF during endotoxaemia 

[19, 20]. In splenectomized rats injected with endotoxin, serum TNF is reduced by 70% and 

vagus nerve stimulation fails to further suppress TNF. Vagus nerve stimulation attenuates 

TNF mRNA and protein levels in spleen, and selective surgical ablation of the common 

celiac branches of the vagus prevents TNF inhibition by electrical stimulation of the vagus 

nerve [19].

The requirement of the spleen in the cholinergic anti-inflammatory pathway was perhaps 

surprising because the celiac branches of the vagus terminate in the celiac-superior 

mesenteric plexus [21] and not in the spleen [22]. Recent experimental evidence indicates 

that the splenic nerve is required for attenuation of serum TNF by vagus nerve stimulation 

[23]. The spleen is innervated by the splenic nerve, which originates in celiac-superior 

mesenteric plexus [24–26]. Thus, the neural pathway that allows control of systemic 

cytokine production by vagus nerve stimulation is composed of two neurons connected in 

series: one originating in the dorsal motor nucleus that travels through the vagus nerve and a 

second originating in the celiac-superior mesenteric plexus embodied in the splenic nerve, 

which terminates in the spleen.

The splenic nerve consists mainly of catecholaminergic fibres [27], which terminate in close 

apposition to immune cells in the white pulp, the marginal zone and red pulp areas of the 

spleen [28]. Catecholamine depletion by reserpine ablates the TNF-suppressive effect of 

vagus nerve stimulation [23], suggesting that attenuation of TNF production by spleen 

macrophages induced by vagus nerve stimulation is mediated by norepinephrine released 

from splenic nerve endings. It has been observed in perfused rat spleens that electrical 

stimulation of the splenic nerve induces release of norepinephrine and attenuation of LPS-

induced TNF production, an effect that is dependent on β-adrenergic receptors [29]. 

Catecholamines enhance or attenuate pro-inflammatory cytokine production by 

macrophages depending on whether they act on α- or α-adrenergic receptors respectively 

[30, 31]. It is possible that stimulation of the vagus nerve induces release of norepinephrine 
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by the splenic nerve, which in turn acts on b-adrenergic receptors expressed on macrophages 

to attenuate TNF production. But, this possibility does not explain the previously described 

role of α7 in attenuating TNF levels by vagus nerve stimulation. The α7 subunit is expressed 

in autonomic ganglia where it mediates fast synaptic transmission [32, 33]. Mice lacking α7 

present a smaller increase in heart rate compared to wildtype mice when infused with the 

vasodilator nitroprusside, supporting its role in regulating autonomic function [34]. It is 

theoretically possible that acetylcholine released by the vagus nerve acting upon α7 

expressed in neurons of the celiac-superior mesenteric plexus elicits norepinephrine release 

from splenic nerve endings. The spleen contains acetylcholine and releases it upon electrical 

stimulation of the splenic nerve [35–37], and acetylcholine attenuates TNF production in 

spleen cell suspensions in vitro through an α7-dependent mechanism [19]. Therefore, it is 

plausible that cholinergic signalling directly attenuates cytokine production by splenic 

macrophages (Fig. 2).

The functional connection between the central nervous system and immune cells in the 

spleen through the splenic nerve has now been characterized. Electrical stimulation of the 

hypothalamus or intraventricular administration of angiotensin and IFNα has been shown to 

enhance the activity of the splenic nerve and modify in vitro responses of NK cells and T 

lymphocytes obtained from the spleen [38–40]. Until now, these effects have been ascribed 

to the sympathetic nervous system, because they are mediated by the greater splanchnic 

nerve, which originates in the intermediolateral column of the spinal cord, and the splenic 

nerve. As the neuro-chemical anatomy of the celiac-superior plexus is not fully elucidated, it 

is plausible to consider that the vagus nerve and the greater splanchnic nerve provide input 

to second neurons that modify immune function in spleen.

Other cells of the innate and adaptive immune system, including dendritic cells and 

lymphocytes, reside in the spleen. The functional connection between the vagus nerve and 

the spleen mediated through the splenic nerve, puts forth the possibility of using vagus nerve 

stimulation to clinically modulate other immune functions such as antibody production.

Vagus nerve-based and cholinergic drug therapeutic approach to inflammatory disease

Further insight into the physiology and therapeutic potential of the cholinergic anti-

inflammatory pathway has been obtained by characterizing the role of the vagus nerve or its 

stimulation on cytokine-mediated tissue injury in various models of local and systemic 

inflammation. Similarly, nicotine and selective α7 agonists have been tested in several 

models of inflammation providing additional insight into the functional biology of α7. Table 

1 summarizes the effect of vagus nerve stimulation and cholinergic agonists in experimental 

models of inflammation.

Sepsis—In addition to its anti-inflammatory effect in endotoxaemia, vagus nerve 

stimulation downregulates proinflammatory cytokine production in other models of sepsis. 

Vagus nerve stimulation attenuated serum levels of HMGB1, a late mediator of sepsis 

lethality, and improved survival in cecal ligation and puncture, a preclinical standardized 

model of septic peritonitis. The vagus nerve has intrinsic anti-inflammatory activity in 

microbial peritonitis models because unilateral cervical [41] or subdiaphragmatic vagotomy 
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[42] increase serum TNF, IL-1β and IL-6; worsen liver damage, augment peritoneal 

infiltration of neutrophils and macrophages [41]; and increase mortality [42]. In rats 

subjected to polymicrobial peritonitis, serum TNF was increased by bilateral cervical 

vagotomy, whereas electrical stimulation of the vagus nerve attenuated it and prevented 

hypotension [43]. Sepsis-induced organ dysfunction is associated with abnormalities in the 

coagulatory system, which can lead to disseminated intravascular coagulation [2]. Vagus 

nerve stimulation modulates coagulation activation and fibrinolysis and thus can alter 

haemostatic responses through as yet uncharacterized mechanisms [44].

The therapeutic potential of cholinergic agonists to treat disorders characterized by cytokine 

dysregulation has been demonstrated recently by the protective effect of nicotine and more 

selective α7 agonists in sepsis. Administration of nicotine reduced serum HMGB1 and 

improved survival in endotoxaemia [45]. The selective α7 agonist GTS-21 improved 

survival and reduced serum TNF [46]; decreased neutrophil recruitment into the peritoneal 

cavity in endotoxaemia [47]; attenuated serum HMGB1 levels; and improved survival in 

cecal ligation and puncture [46].

Pancreatitis—Pancreatitis is a sterile inflammatory process of the pancreas associated 

with systemic elevation of serum cytokines and inflammatory cell activation; it can develop 

to multiple organ failure and death [48]. Cervical unilateral vagotomy increased local and 

systemic markers of inflammation and worsened clinical evolution in a rodent model of 

acute pancreatitis, indicating that the vagus nerve exerts a tonic anti-inflammatory effect. 

Further, activation of the cholinergic anti-inflammatory pathway by administration of 

GTS-21 reduced pancreatitis severity [49].

Haemorrhagic shock and ischaemia/reperfusion—The morbidity and mortality 

associated with severe haemorrhage and organ ischaemia is attributed, at least in part, to 

endothelial dysfunction mediated by cytokines [50–52]. Vagus nerve stimulation decreased 

hepatic TNF mRNA levels, attenuated serum TNF and improved survival in rat a model of 

haemorrhagic shock [53]. Electrical stimulation of the vagus nerve attenuated serum TNF, 

reversed hypotension and improved survival in a model of ischaemia/reperfusion [54, 55], 

an effect that was abrogated by the nicotinic receptor antagonist clorisondamine [54]. 

Activation of brain melanocortin MC4 receptors by the melanocortin peptide ACTH-(1-24) 

increased vagus nerve activity, decreased liver and serum TNF and reversed hypo-tension in 

haemorrhagic shock [56]. This protective effect was impeded by bilateral cervical 

vagotomy, administration of clorisondamine or pretreatment with atropine methylsulphate, a 

muscarinic receptor antagonist that crosses the brain blood barrier. Considered together, 

these findings support the conclusion that a central cholinergic system, dependent on 

muscarinic receptors, signals through the vagus nerve to attenuate systemic inflammation. 

Activation of the afferent vagus nerve by cholecystokinin induced by high-fat diet reduced 

intestinal permeability and serum pro-inflammatory cytokines by a vagus nerve-dependent 

mechanism in a model of haemorrhagic shock [57]. It has been proposed that this functional 

inhibitory loop involving the vagus nerve and the gut participates in maintenance of immune 

tolerance to normal gut flora and dietary antigens [57].
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Nicotinic agonists have also been used to prevent renal dysfunction resulting from 

ischaemia-reperfusion. Treatment with nicotine and GTS-21 improved renal function, 

reduced renal tubular damage and renal TNF and decreased neutrophil infiltration to the 

kidneys in rats [58]. Signalling via α7 is required for this protective effect, because nicotine 

failed to ameliorate renal injury in α7 knockout mice [59]. Administration of selective 

nicotinic agonists is a potential therapeutic strategy against renal failure induced by 

ischaemia and reperfusion inherent to kidney transplantation and major cardiovascular 

surgery [58, 59].

Postoperative ileus—Postoperative ileus is an impairment of peristalsis caused by 

leukocyte infiltration into the muscular layer of the intestinal wall after abdominal surgery 

[60]. Vagus nerve stimulation increased gut motility after intestinal manipulation, decreased 

peritoneal IL-6 concentration and reduced inflammatory cell recruitment in a murine model 

of postoperative ileus [61]. This effect is attributed to inactivation of local macrophages 

residing in the intestinal wall located in close proximity to cholinergic terminals of the 

myenteric plexus [61]. Likewise, intraperitoneal administration of AR-R17779, an α7 

selective agonist, improved gastric motility and reduced inflammatory cell infiltration to the 

muscular layer of the small intestine [62].

Endothelial cell activation—Expression of adhesion molecules on endothelial cells is 

essential for recruitment and extravasation of blood leukocytes to the injured tissue. 

Nicotinic agonists modulate inflammation by regulating expression of adhesion molecules 

on endothelial cells. Nicotine and the selective α7 agonist CAP55 reduced endothelial cell 

associated VCAM-1 and E-selectin expression and impaired leukocyte recruitment in the 

Schwartz-man reaction and the carrageenan air pouch model, respectively, two experimental 

models of local inflammation [63]. In vitro, nicotine reduced TNF-induced secretion of 

chemokines and adhesion molecule expression by human endothelial cells [63].

Control of inflammation through α7 signalling

Acetylcholine receptors are classified as muscarinic and nicotinic based on pharmacology 

and function. Nicotinic receptors are ligand-gated ion channels organized as hetero- or 

homo-pentamers by the combination of 17 different subunits (α1-10, β1-4, γ, δ, ε) [64]. In 

neurons, nicotinic receptors containing α7 subunits are homo-pentameric calcium channels 

that modulate neurotransmitter release in presynaptic nerve terminals and induce excitatory 

impulses in postsynaptic neurons. Signalling through α7 in the central nervous system is 

associated with neuronal plasticity and cell survival [65, 66]. Early events during α7 

signalling in neurons include phosphorylation of α7 by Src, which negatively regulates α7 

activity [67]; increased ERK1/2 activity [68]; and phosphorylation of PI3K, Akt, and Bcl-2 

[69]. Gene transcription induced by α7 is mediated by long-term activation of CREB and 

occurs at a later time-point [65]. Discovery of the cholinergic anti-inflammatory pathway 

has prompted the characterization of the intracellular mechanism that mediates inhibition of 

cytokine production via α7 and its expression in immune cells.

Stimulation of α7 in murine macrophage cell lines by cholinergic agonists like nicotine, 

GTS-21 and choline results in inhibition of LPS-induced TNF and HMGB1 release [45, 46, 
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70]. The transcription factor NF-κB is a key mediator of inflammatory response to cytokines 

and bacterial products. Stimulation of endotoxin activates a signalling cascade that induces 

phosphorylation and proteasome degradation of IκB, which retains NF-κB in cytoplasm 

under resting conditions; IκB degradation ultimately leads to NF-κB translocation into the 

cell nucleus and initiation of gene transcription [71, 72]. In human endothelial cells, nicotine 

upregulates protein levels of IkBα and IkBε and prevents activation of NF-κB [63]. 

Activation of α7 in human monocytes inhibits IkB phosphorylation and NF-κB activation, 

but does not alter IkB protein expression [73].

Jak/STAT is a signalling pathway common to class I and II cytokine receptor families [74]. 

Receptor binding triggers Jak-mediated receptor phosphorylation, leading to STAT 

recruitment to the receptor complex, and STAT phophorylation by Jak. Phosphorylated 

STAT then forms dimers that translocate into the cell nucleus and activate gene transcription 

[75]. Signalling through α7 induces recruitment to and phosphor-ylation of Jak2 by α7 and 

subsequent Jak2-induced activation of STAT3 [61]. In peritoneal macrophages, nicotine-

mediated suppression of TNF production via α7 is dependent on phosphorylated STAT3 and 

its capacity to bind DNA [61]. Considering that STAT3 does not regulate TNF transcription 

directly [76] and that NF-κB recruits and associates with STAT3 [77], it is proposed that 

attenuation of cytokine production through α7 may implicate the collaboration of NF-κB 

and Jak/STAT pathways [78].

Intracellular pathways triggered by vagus nerve stimulation have also been object of study. 

In rats, vagus nerve stimulation reversed the haemorrhagic shock-induced degradation of 

liver IκBα, resulting in reduced NF-κB nuclear translocation [53]. Vagus nerve stimulation 

failed to attenuate intestinal inflammation in mice whose macrophages lack STAT3 [61]. 

Thus, activation of α7 in macrophages and other inflammatory cells in vitro and in vivo 

attenuates proinflammatory cytokine release by inhibition of NF-κB activation and Jak/

STAT signalling.

Neuronal α7 homo-pentamers function as calcium channels [79], but it is not clear whether 

attenuation of cytokine production by macrophages via α7 activation is dependent on 

calcium. Nicotine releases calcium from intracellular stores through a mechanism dependent 

on a functional TCR/CD3 complex and Lck (leukocyte-specific tyrosine kinase) in T 

lymphocytes, where α7 co-immunoprecipitates with CD3zeta [80], suggesting that activated 

α7 interacts with TCR signalling to increase intracellular calcium. Further studies are 

required to fully elucidate α7-induced cytokine regulation in macrophages and other 

immune cells (Fig. 3).

Acetylcholine and its role in inflammation

Acetylcholine is synthesized by preganglionic fibres of the sympathetic and parasympathetic 

autonomic nervous system and by postganglionic parasympathetic fibres. Until recently, 

neurons were the only identified source of acetylcholine. It is now known that cells other 

than neurons express the proteins required for acetylcholine metabolism. Acetylcholine is 

synthesized, amongst others, by immune cells (lymphocytes, dendritic cells, neutrophils) 

[81–83], keratinocytes [84], endothelial cells [85], and epithelial cells of placenta [86], 

urinary bladder [87] and airways [88]. Acting through muscarinic and nicotinic receptors, 
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acetylcholine participates in a wide range of physiological processes including keratinocyte 

proliferation and differentiation, ciliary beat frequency in airway epithelial cells and 

relaxation of smooth muscle in vessels [89].

It is possible that acetylcholine derived from these sources is involved in modulation of local 

inflamma-tory processes. For example, placenta endothelial cells synthesize acetylcholine 

[90] and express the α7 subunit of the nicotinic acetylcholine receptor [91–93]. Nicotine and 

the α7 selective agonist GTS-21 attenuate LPS-induced TNF production by placental cells 

[93]. Thus, acetylcholine released by placenta endothelial cells could regulate local cytokine 

production through α7. This anti-inflammatory effect could be relevant in preeclampsia, a 

pathological condition characterized by systemic inflammation induced by production of 

cytokines and other soluble factors by placenta cells [94, 95]. For instance, placentas of 

patients with severe preeclampsia expressed higher α7 protein levels in comparison to 

placentas of healthy subjects, suggesting a possible role of α7 and acetylcholine in the 

pathogenesis of this disease [91]. Similarly, endothelial cell-derived acetylcholine may act in 

a paracrine way to modulate leukocyte trafficking through regulation of adhesion molecule 

expression. Finally, inhibition of acetylcholinesterase attenuates TNF production in spleen 

cell suspensions stimulated with endotoxin, strongly suggesting that spleen cells are an 

endogenous source of acetylcholine with the capacity to regulate inflammatory cytokine 

production.

Besides macrophages, other cells of the immune system express nicotinic and muscarinic 

receptors, and acetylcholine derived from lymphocytes or endothelial cells, acting in an 

autocrine/paracrine way, could modify immune responses including antigen presentation or 

antibody production. Release of acetylcholine from these sources is regarded as nerve-

independent, which raises the possibility of immune cell-derived cholinergic activity that 

can modulate inflammation; this could be relevant in inflammatory conditions occurring 

with decreased activity of the vagus nerve.

Acetylcholine is detectable in blood of several animal species [96]. In humans, the mean 

concentration of acetylcholine in plasma is approximately 3 nmol L−1 (or 456 pg mL−1, 

range 151–1312 pg mL−1) [97, 98]. Sixty per cent of the total acetylcholine in human blood 

is contained in mononuclear leukocytes and the rest is found in plasma [98]. Nicotine 

elevates serum acetylcholine levels and reduces acetylcholine content in blood leukocytes, 

supporting the hypothesis of an inducible pool of acetylcholine contained in circulating 

blood cells [99]. Contribution of cholinergic nerves to circulating acetylcholine is also 

possible as the gastroprokinetic agent KW-5092, which inhibits acetylcholinesterase activity 

and facilitates acetylcho-line release from nerve endings, increases plasma levels of 

acetylcholine [100]. It is not clear whether circulating acetylcholine levels are 

physiologically relevant. The effect of circulating acetylcholine is likely to be determined by 

its concentration in the immediate vicinity of the target cell, which in turn is a function of 

acetylcholinesterase activity in the milieu.

Acetylcholine is rapidly hydrolyzed by acetylcholinesterase in neural synapses and the 

motor endplate. Considering the inflammatory suppressive effect of acetylcholine, it is 

conceivable that acetylcholinesterase activity is an intrinsic regulator of inflammation. 
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Indeed, peritoneal injection of acetylcholinesterase inhibitors reduce serum pro-

inflammatory cytokine levels and improve survival in a murine model of sepsis [101]; 

intravenous acetylcholinesterase inhibitors reduce IL-1β in brain and blood and decrease 

serum acetylcholinesterase activity in mice [102]; and basal acetylcholinesterase activity in 

circulation is inversely related to serum IL-6 levels induced by endotoxin in humans [103]. 

These observations highlight the pivotal role of acetylcholine in inflammation and put 

forward the therapeutic potential of cholinesterase inhibitors, already approved for the 

treatment of Alzheimer's diseases, as part of the arsenal against inflammatory disease.

Clinical implications

Characterization of the cholinergic anti-inflammatory pathway has provided new grounds 

for understanding and treating inflammatory diseases. Nicotine has been used to treat 

ulcerative colitis, a disease characterized by inflammation in the large intestine. In a 

randomized double-blind study, patients given nicotine patches in addition to conventional 

therapy presented milder symptoms compared to patients receiving conventional therapy 

and placebo patches, but showed more side effects [104]. The development of selective α7 

agonists devoid of the secondary effects of nicotine will warrant the use of these compounds 

in future clinical trials against sepsis and other conditions characterized by acute or chronic 

inflammation, including autoimmune diseases such as rheumatoid arthritis.

Electrical stimulation of the vagus nerve is clinically approved and has been used to treat 

drug-resistant epilepsy and depression [105–107] and only relatively minor effects have 

been reported [106]. Unlike administration of cholinergic agonists, stimulation of the vagus 

nerve might be a more precise therapeutic approach to regulate inflammatory disease 

because it offers an amenable technique that takes advantage of the anatomical distribution 

of nerve fibres to reach specific organs and cell targets. Treatment of diseases characterized 

by uncontrolled inflammation in organs innervated by the vagus nerve, such as the gut in 

ulcerative colitis where the beneficial effect of nicotine has been overshadowed by its 

secondary side effects, could take advantage of this principle. The vagus nerve has been 

recently shown to be a tonic regulator of gut inflammation in a mouse model of acute colitis 

[108]. Importantly, in animal models, decreased activity of the vagus nerve has been 

implicated in the inflammatory outbursts of colitis induced by depression, and the beneficial 

effect of tricyclic anti-depressants on inflammatory bowel markers is blunted by vagotomy 

[109]. These findings support a brain-to-gut anti-inflammatory pathway mediated by the 

vagus nerve, and highlight the underlying interdependency of the nervous and immune 

systems whereby, brain networks affect inflammatory responses and contribute to 

homeostasis.

Suppression of inflammation in the brain and in the periphery can be achieved by enhancing 

cholinergic signalling by administration of acetylcholinesterase inhibitors [102]. The 

acetylcholinesterase inhibitor galantamine, acting through a central mechanism, has been 

shown to attenuate serum TNF and IL-6 and improve survival in a murine model of 

endotoxaemia [110]. Together with the central anti-inflammatory effect of muscarinic 

receptor agonists [18], these experimental approaches give proof of concept that cholinergic 

enhancing compounds act centrally to attenuate inflammation. The use of galantamine is 
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approved for the treatment of mild to moderate Alzheimer's disease [111] and clinical trials 

using galantamine to inhibit cytokine production in inflammatory diseases are thus feasible.

Choline, the byproduct of acetylcholine hydrolysis, is an endogenous and selective α7 

agonist [112, 113]. Treatment with choline, either as a choline-rich diet in rats [114] or 

intravenous injection in dogs [115] confers protection against endotoxin-induced shock. 

Insight into choline's anti-inflammatory properties comes from experiments in which 

intraperitoneal administration of choline attenuated serum TNF in endotoxaemic mice but 

failed to do so in α7 knockout mice [70]. In vitro, choline attenuates LPS-induced 

production of TNF by peritoneal macrophages in an α7-dependent manner and inhibits NF-

κB activation [70]. These findings support further study of the use of choline as an anti-

inflammatory compound and indicate that its cytokine inhibiting effect is mediated, at least 

in part, via α7 signalling. This mechanism could explain the association between high 

choline dietary intake with reduced pro-inflammatory markers in serum [116].

Immune responses during stress have been widely studied in the context of the HPA axis 

and the sympathetic nervous system activation. Tonic control of cytokine production and 

leukocyte trafficking by the vagus nerve [117, 118] indicate that the parasympathetic branch 

of the autonomic nervous system is an important mechanism that contributes to homeostasis. 

Altered mental states (i.e. depression or anxiety) or other conditions associated with 

autonomic dysfunction could result in loss of homeostasis and disease by perturbing 

inflammatory balance. Conversely, biofeedback training and other techniques that allow 

voluntary control of autonomic output already used to treat asthma [119], hypertension [120] 

and migraine [121] amongst others, could be used to restore homeostasis in inflammatory 

diseases.

Conclusion

The central nervous system, through humoral and neural pathways, regulates immune 

function. The hardwired nature of neural pathways allows for integrated responses to 

peripheral stimuli in real-time and in a localized fashion. Identification of α7 as an essential 

modulator of inflammation has rendered additional insight into the molecular basis of the 

complex and dynamic interaction between the immune and the nervous system, whilst 

offering a rationale for novel therapeutic strategies. Discovery of the cholinergic anti-

inflammatory pathway, a mechanism by which the efferent vagus nerve modulates 

inflammation, has provided additional anatomical and functional evidence supporting a 

nervous-to-immune system connection. It has also offered a basis for regarding 

inflammation as a highly integrated physiological response involving various body systems 

previously thought to function independently. Consideration of this interdependency when 

interpreting results and designing new therapeutic strategies can only lead to a more 

comprehensive approach to understand and treat inflammatory disease. This framework has 

opened new avenues of inquiry that lead to several intriguing questions. What is the 

contribution of cholinergic signalling to diseases characterized by autonomic dysfunction 

such as diabetes, rheumatoid arthritis or atherosclerosis? Can modulation of vagus nerve 

activity ameliorate these illnesses? How do different mind states affect immune function? Is 

immune function subject to voluntary control? Some of these questions can now be 
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addressed; their answers will help unravel the intricate relationship between the nervous and 

immune systems in health and disease.
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Fig. 1. 
Inflammatory reflex. Pathogens and tissue damage induce release of cytokines, which serve 

to limit the extent of infection and promote tissue repair. Humoral and neural regulatory 

pathways regulate the magnitude of the inflammatory response. Cytokines released at the 

inflammatory site activate afferent fibres of the vagus nerve and reach the nucleus tractus 

solitarius in the brain stem, thus providing the autonomic nervous system information 

regarding peripheral inflammatory status. Compensatory signals are conveyed by the 

efferent vagus nerve and reach the site of inflammation where neurotransmitters act upon 

macrophages and other cells of the immune system to attenuate the inflammatory response. 

NTS, nucleus tractus solitarius; DMV, dorsal motor nucleus of the vagus; CNS, central 

nervous system.

Rosas-Ballina and Tracey Page 19

J Intern Med. Author manuscript; available in PMC 2015 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The cholinergic anti-inflammatory pathway, the efferent arm of the inflammatory reflex, is 

composed of the vagus nerve and its major neurotransmitter, acetylcholine. Electrical 

stimulation of the cervical vagus nerve attenuates systemic TNF through a pathway that 

requires the α7 subunit of the nicotinic acetylcholine receptor. Administration of α7 agonists 

or activation of a brain cholinergic network that depends on M1 muscarinic receptors and 

increases vagus nerve activity, attenuate systemic TNF levels. Two-neuron model of vagus 

nerve modulation of cytokine production via the splenic nerve: the preganglionic neuron, 

originates in the dorsal motor nucleus of the vagus; the postganglionic neuron, located in 

ganglia of the celiac-superior mesenteric plexus, reaches the spleen through the splenic 

nerve. In this model, electrical stimulation of the cervical vagus nerve attenuates systemic 

TNF through a pathway that requires the α7 subunit of the nicotinic acetylcholine receptor, 

the splenic nerve and catecholamines. Vagus nerve firing would modulate norepinephrine 

release by the splenic nerve. In this scenario, release of norepinephrine by the splenic nerve 

would act on β2-adrenergic receptors expressed on macrophages to attenuate TNF, and α7 

expressed on neurons of the celiac/superior mesenteric plexus would convey signals 

between the vagus and the splenic nerve. An alternate possibility is that norepinephrine 

originating from splenic nerve terminals induces release of acetylcholine from cell sources 
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other than neurons (e.g. lymphocytes), which would then act on α7 expressed on 

macrophages to attenuate TNF. NE, norepinephrine; β2AR, beta2-adrenergic receptor; ACh, 

acetylcholine.
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Fig. 3. 
Cholinergic signalling through α7. Activation of α7 in endotoxin-stimulated macrophages 

leads to reduced proinflammatory cytokine production and decreased translocation of NF-

κB into the cell nucleus. In peritoneal macrophages, activation of α7 leads to recruitment 

and activation of Jak2 with subsequent STAT3 activation. Whether these pathways converge 

or function independently to attenuate pro-inflammatory cytokine production is not known. 

Also unknown is the subunit composition of α7-containing nicotinic acetylcholine receptors 

(homomer versus heteromer) in macrophages and whether they function as calcium 

channels. Dotted lines represent unknown α7 signalling components or events.
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Table 1

Effect of vagus nerve stimulation and selective α7 agonists in experimental models of inflammatory disease

Model Vagus nerve stimulation (VNS) or 
vagotomy

α7 Agonist or antagonist

Endotoxaemia VNS: Reduced liver and serum TNF 
prevented shock [15]

Nicotine patch: Attenuated fever and increased mean 
arterial pressure in humans injected with endotoxin. 
No significant effect on circulating TNF, IL-6, IL-8 
nor soluble E-selectin. Increased circulating IL-10 and 
cortisol [123]
GTS-21: Improved survival. Reduced serum TNF [46]
GTS-21: Reduced serum TNF. Decreased neutrophil 
recruitment to peritoneum through an effect 
independent of TNF, KC and MIP-2. Did not alter 
serum IL-10 [47]

VNS: Reduced TNF in heart [122]
VNS: Decreased mRNA TNF in spleen. 
Reduced liver and spleen TNF [19]

Vagotomy: Increased serum and liver TNF 
[15]
Transcutaneous VNS: Reduced serum TNF 
[17]
VNS: Reduced procoagulant response and 
fibrinolytic response. Reduced serum TNF 
and IL-6. Reduced TNF, IL-1β and IL-6 in 
spleen. No effect on serum and spleen IL-10 
[44]

Sepsis (cecal ligation and puncture) Transcutaneous VNS: Reduced serum 
HMGB1 levels and improved survival [17]

Nicotine: Attenuated serum HMGB1. Improved 
survival [45]
GTS-21: Improved survival. Reduced serum HMGB1 
[46]
AChE inhibitors: Improved survival (physostigmine 
and neostigmine). Reduced serum TNF, IL-1β and 
IL-6 (physostigmine) [101]

Sepsis (intraperitoneal injection of 
E. coli)

Vagotomy: Increased TNF, IL-1β and IL-6 in 
serum and peritoneum. Increased granulocyte 
and macrophage counts in peritoneum [41]

Nicotine: Reduced serum TNF, IL-1β and IL-6 in 
serum and peritoneum. Reduced granulocyte and 
macrophage counts in peritoneum. Reduced serum 
ALT and AST. Facilitated E. coli growth in peritoneal 
lavage fluid, blood and liver and accelerated mortality 
[41]

Sepsis (ascendent colon stent 
peritonitis)

Vagotomy: Increased mortality. Increased 
serum TNF, IL-6, IL-10 and MCP-1 [42]

Postoperative ileus VNS: Prevented gastroparesis induced by 
intestinal manipulation. Reduced Ccl 2 and 
Ccl 3 mRNA in muscularis tissue. Reduced 
TNF, IL-6, MIP-2 and MIP-1α concentration 
in the peritoneal cavity. Reduced 
inflammatory cell recruitment to the 
intestinal muscularis. Activated STAT3 in 
resident macrophages of the intestinal 
muscularis [61]

Nicotine: Reduced TNF and IL-6 production by 
peritoneal macrophages. AR-R17779: Improved 
gastric emptying. Reduced inflammatory cell 
recruitment to intestinal muscle [62]

Pancreatitis Vagotomy: Increased plasma amylase and 
lipase. Increased pancreatitis severity [49]

Mecamylamine: Increased pancreatitis severity 
GTS-21: Attenuated pancreatitis severity [49]

Schwartzman reaction Nicotine: Reduced VCAM and E-selectin mRNA [63]

Carrageenan air pouch model Nicotine: Reduced inflammatory cell 
infiltration into the pouch [63]

Nicotine: Reduced inflammatory cell infiltration into 
the pouch. Reduced TNF and MCP-1 content in the 
pouch [63]

Haemorrhagic shock VNS: Attenuated NF-κB activation and 
prevented IκBα loss in the liver. Decreased 
TNF mRNA and serum TNF. Reverted 
hypotension and prolonged survival time 
[53]
ACTH-mediated activation of vagus nerve: 
Decreased NF-κB activity and TNF mRNA 
in liver. Decreased serum TNF. Improved 
cardiovascular and pulmonary function and 
increased survival [56]
High-fat diet-induced activation of vagus 
nerve: Decreased serum TNF and IL-6. 
Preserved intestinal barrier function [57]

Chlorisondamine: Reverted the effects of vagus nerve 
stimulation [53]
Atropine sulphate: Reverted the effects of ACTH-
mediated activation of the vagus nerve [56]
Clorisondamine: Reverted the effects of high-fat diet-
induced activation of vagus nerve [57]
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Model Vagus nerve stimulation (VNS) or 
vagotomy

α7 Agonist or antagonist

Ischaemia/reperfusion VNS: Attenuated TNF in serum, heart and 
liver. Prevented the development of 
hypotension [55]

Myocardial ischaemia/reperfusion VNS: Decreased frequency of severe 
arrhythmias. Decreased free radical levels in 
blood. Ameliorated histopathological 
changes in the left ventricle and enhanced 
ERK1/2 activation. Reduced lethality [124]

Atropine methylbromide: Abolished the effect of 
vagus nerve stimulation [124]

Renal ischaemia/reperfusion Nicotine and GTS-21: Improved renal function and 
decreased tubular necrosis and renal TNF [58].
Nicotine: Reduced renal TNF, KC and HMGB1. 
Improved renal function and reduced tubular damage 
[59]

Splanchnic artery occlusion shock VNS: Decreased NF-κB activity and 
prevented IκBα loss in the liver. Attenuated 
TNF mRNA in liver and serum TNF. 
Decreased leukocyte infiltration to the ileum 
and lung. Reverted hypotension and 
increased survival rate [54]

Chlorisondamine: Reverted the effects of vagus nerve 
stimulation [54]

Inflammatory bowel disease Vagotomy: Increased disease activity index, 
macroscopic and histology scores, 
myeloperoxidase activity. Augmented IL-1β, 
IL-6 and TNF in colonic tissue [108]

Nicotine reduced disease activity index in 
vagotomized rats but not in sham-operated rats. 
Hexamethonium (nicotinic antagonist) worsened 
disease activity index in sham-operated rats [108]

Others Nicotine, GTS and CAP55: Reduced TNF and IL-6 
production by LPS-stimulated placenta cells. Possible 
role in preeclampsia [93]
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