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ABSTRACT

The efferent vagus nerve can regulate inflammation via its principal neurotransmitter 
acetylcholine (ACh), a concept referred to as the ’cholinergic antiinflammatory pathway’. ACh 
interacts with members of the nicotinic acetylcholine receptor family (nAChR), in particular 
with the α7 subunit (α7nAChR), which is expressed not only by neurons but also macrophages 
and other cells involved in the inflammatory response. In these inflammatory cells, the 
stimulation of α7nAChR by ACh and other α7nAChR-specific agonists suppresses the release 
of proinflammatory cytokines. 
The potential of manipulating vagal outflow to decrease inflammation was confirmed in 
recent studies demonstrating that pharmacologic or electrical stimulation of the vagus 
nerve decreases inflammation in the rat paw. nACh agonists reproduced the effects of vagal 
stimulation in this model. Of importance, α7nAChR-deficient mice were shown to be resistant 
to the therapeutic benefit of vagal stimulation and administration of cholinergic agonists in 
a model of septic shock. More recently, a role for the cholinergic antiinflammatory pathway 
has been demonstrated in the collagen-induced arthritis model of rheumatoid arthritis (RA) 
by manipulation of the vagus nerve as well as by administration of specific α7nAChR agonists. 
The relevance for human RA has been supported by the demonstration of the α7nAChR on 
primary human rheumatoid fibroblast-like synoviocytes. Together, these findings support 
the notion that manipulation of the cholinergic antiinflammatory pathway may be a novel 
approach to control chronic inflammation in RA. In this Perspective, we describe the cholinergic 
antiinflammatory pathway and the therapeutic potential of modulating this pathway in RA.
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THE CHOLINERGIC PATHWAY IN ARTHRITIS 

The autonomic nervous system provides constant and extremely rapid control of the body’s 
visceral functions, such as blood pressure, heart rate, respiratory rate, gastrointestinal 
motility, body temperature and virtually any essential involuntary process. The autonomic 
nervous system has two principal divisions that function reciprocally: the sympathetic and 
parasympathetic nervous systems. Neurons of the sympathetic nervous system arise in 
the spinal cord and travel via the ganglia to their destinations in the various organs, where 
norepinephrine is released. The parasympathetic nervous system is formed primarily by 
the tenth cranial nerves, known as the vagus nerves. These nerves originate in the medulla 
oblongata and extend through the cervical area to the thoracic and abdominal regions of 
the body (1).
Although it is widely accepted that any vital process is supervised and controlled by the 
central nervous system, the immune response has long been regarded as a totally peripheral 
system. In recent years, the pioneering work of Tracey and colleagues (2-4) has demonstrated 
that the vagus nerves have an important role in limiting the inflammatory response, a 
concept referred to as the ’cholinergic antiinflammatory pathway’. Acetylcholine (ACh), 
the principal neurotransmitter of the vagus nerves, is a key mediator of the cholinergic 
antiinflammatory pathway. This neurotransmitter interacts with members of the nicotinic 
acetylcholine receptor (nAChR) family. Macrophages, which express nAChRs, have been 
shown to be sensitive to modulation of vagal nerve activity and to potently respond to ACh 
and nicotine by inhibiting proinflammatory cytokine synthesis (5). In these experiments, 
surgical dissection of the efferent vagus nerve enhanced the production of proinflammatory 
cytokines and accelerated the development of septic shock, whereas electrical stimulation 
of the efferent vagus nerve (vagus nerve stimulation; VNS) prevented systemic inflammation 
and reduced lethality (5). Subsequently, several studies have demonstrated that activation of 
the cholinergic antiinflammatory pathway ameliorates disease activity in animal models of 
ischemia–reperfusion injury (6), hemorrhagic shock (7), peritonitis (8), pancreatitis (9), dextran-
sodium-sulfate-induced colitis (10) and carrageenan-induced paw inflammation (11).
Several studies have shown that this antiinflammatory effect is mediated by the α7 subunit 
of nAChR (α7nAChR), which is expressed by macrophages and other immune cells (2;12). 
For instance, in a model of endotoxemia, α7-deficient mice produced higher levels of tumor 
necrosis factor (TNF) than wild-type mice, an effect that could not be counteracted by VNS 
(12). Furthermore, in various animal models of inflammation, the α7nAChR-specific agonists 
AR-R17779 and GTS-21 ameliorated disease activity (9;13;14). These data point to α7nAChR 
as a crucial player in the cholinergic modulation of inflammation. Consistent with these 
results, we recently described for the first time the role of the cholinergic antiinflammatory 
pathway in mouse collagen-induced arthritis (CIA), showing that unilateral cervical 
vagotomy exacerbated CIA and that treatment with nicotine and AR-R17779 ameliorated 
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the disease (15). In addition, we have observed a marked increase in clinical arthritis scores 
and synovial inflammation in α7-deficient mice compared with wild-type littermates, in both 
the acute and the chronic phase of the disease (van Maanen M.A. et al., unpublished data). 
Underscoring the importance of α7nAChR in RA, nicotine and α7nAChR-specific agonists 
can, in vitro, modulate the inflammatory response of fibroblast-like synoviocytes (FLS) from 
patients with RA (16;17).
In addition, RA patients often demonstrate autonomic dysfunction, characterized by higher 
sympathetic tone and lower vagal tone (18). Consistent with the notion that the cholinergic 
antiinflammatory pathway is important in this disease, a recent study has shown a correlation 
between depressed levels of vagus nerve activity and elevated levels of the proinflammatory 
cytokine HMGB1 in patients with RA (19).

α7NACHR EXPRESSION ON IMMUNE CELLS 

Nicotinic acetylcholine receptors
Neuronal nAChR are extensively characterized transmembrane proteins that are involved in 
physiological responses to ACh and are distributed throughout the central nervous system 
and the peripheral nervous system. These receptors belong to a family of ligand-gated ion 
channels that gate the flux of Na+, K+, and Ca2+ ions. nAChRs have been mainly studied in 
neurons and muscles, and are associated with neuronal synapses and neuromuscular 
junctions. The receptors are created by subunits that form homo- and heteropentameric 
receptors (20;21). There are five classes of the muscle-type AChR subunit (α1, β1, γ, δ, and 

Figure 1. Structure of the α7 nicotinic acetylcholine receptor (α7nAChR). A, The α7nAChR can be subdivided 
into an extracellular N-terminal domain, 4 transmembrane domains (M1-M4) and a regulatory intracellular 
domain between M3 and M4. The N-terminal domain is involved in forming the ligand-binding domain 
(LBD) and consists of ten β strands. The transmembrane domains are composed of four α helices that 
cross the lipid bilayer and form the ion channel. B, In neurons, α7 subunits assemble as a homopentamer 
composed of five individual α7 subunits and form a central pore with ligand binding at subunit junctions 
responsible for changes in the state of the receptor.
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ε) as well as twelve known neuronal AChR subunits (α2–10 and β2–4). When expressed 
heterologously, α7, α8 and α9 can form functional homopentamers. By contrast, the α2- α6 
and α10 subunits form functional complexes only when co-expressed with β-subunits or 
with other α-subunits (22). The large number of subunits provides a diversity of receptors 
with distinct ligand affinity and pharmacological properties (23). 

Structural aspects α7 nicotinic acetylcholine receptors
The α7 subtype is distinguished from other nAChRs by its relatively high permeability to 
Ca2+ and its widespread expression in the central and peripheral nervous systems, as well 
as its rapid desensitization and sensitivity to antagonists such as α-bungarotoxin and 
methyllycaconitine (24). The gene has been mapped to chromosome 15q14 and comprises 
10 exons encoding the α7nAChR protein. The α7 subunit is approximately 56 kDa in size 
and is composed of 502 amino acids. The molecule can be subdivided into an N-terminal 
domain and a transmembrane domain (Figure 1A). The N-terminal domain is extracellular, 
encoded by exon 1-5 and composed of approximately 200 amino acids that form ten β 
strands. This domain is involved in forming the ligand-binding domain. The transmembrane 
domain is composed of four α helices that cross the lipid bilayer and form the ion channel 
(25;26). In neurons, α7 subunits assemble as a homopentamer composed of five individual 
α7 subunits and form a central pore with ligand binding at subunit junctions responsible for 
changes in the state of the receptor (Figure 1B) (27).
Several studies have shown that the α7nAChR is expressed by various immune cells, 
including monocytes (28), macrophages (5;29), T and B lymphocytes (30;31), dendritic cells 
(24), and FLS (16;17). As mentioned earlier in this article, this non-neuronal α7nAChR is a 
peripheral component of the cholinergic antiinflammatory pathway. Whether the structure 
and functional activity of non-neuronal α7nAChR is the same as that of neuronal α7nAChR, 
remains to be elucidated. 

Signaling pathways
ACh is known to exert its effects on immune cells via the triggering of various signaling 
mechanisms that probably interact with each other to achieve the antiinflammatory effect. In 
mouse macrophages, it has been shown in vitro and in vivo that activation of α7nAChR leads 
to an antiinflammatory effect via the Jak2–STAT3 signaling pathway (32). Altered Jak-STAT 
(Janus kinase-signal transducers and activators of transcription) signaling seems to have an 
important role in RA as immunohistochemistry of inflamed synovium has revealed elevated 
expression of STATs. In addition, it has been shown in CIA that the severity of arthritis is 
reduced by blocking Jak-STAT signaling (33). These observations imply that the cholinergic 
pathway can influence signaling via Jak-STAT. Other studies indicate that the activation 
of α7nAChR expressed on human macrophages prevents activation of the NFκB pathway 
(34). It has recently been shown that the ligation of an α7nAChR agonist inhibits cytokine 
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production by FLS, which is regulated by a post-transcriptional mechanism, most likely by 
decreasing messenger RNA stability (16).

Duplicate α7nAChR
Recent studies have shown that, as well as the classical variant of α7, the human genome 
contains an alternative, duplicate α7 transcript, named dupα7 or ‘cholinergic receptor 
family with sequence similarity to 7A’ (35). In this transcript variant exons 5 to 10 of the 
gene have been duplicated in a ‘tail-to-head’ orientation and this partially duplicated gene 
is combined with four novel exons (A to D) to form a new gene. In leukocytes, this gene 
is transcribed; however, it is uncertain whether the transcript is processed to functional 
protein (35). We have demonstrated that RA FLS express the dupα7 variant in addition to 
the classical α7 variant (17). The role of dupα7, however, remains unclear. In cells expressing 
dupα7, no binding of α-bungarotoxin and no nicotine-induced electrical current could be 
demonstrated (34), which might be explained by the fact that dupα7 lacks binding sites for 
nicotine and α-bungarotoxin. Instead, dupα7 could have a regulatory role: conceivably, the 
dupα7 variant can oligomerize with the classical α7 receptor in order to increase its binding 
affinity for α7-specific agonists and thus confer new pharmacological properties. 

Figure 2. Potential strategies for modulating the cholinergic antiinflammatory pathway in RA. A, Direct 
electrical stimulation of the efferent vagus nerve by an external device. The antiinflammatory effect of 
vagus nerve stimulation is thought to be mediated by α7nAChR and the spleen; the exact mechanism 
is unknown, but a relationship between vagus nerve activity and levels of proinflammatory cytokines 
has been demonstrated in several inflammatory diseases. B, Pharmacologic activation of the cholinergic 
antiinflammatory pathway with α7nAChR-specific agonists could be used to specifically target non-
neuronal α7nAChR on macrophages, other immune cells and FLS, thereby inhibiting the release of 
proinflammatory cytokines. These agonists have been shown to alter the inflammatory response of FLS 
from patients with RA. Abbreviations: ACh, acetylcholine; FLS, fibroblast-like synoviocytes; Jak2, Janus 
kinase 2; α7nAChR, nicotinic acetylcholine receptor α7 subunit; NFκB, nuclear factor κB; STAT3, Signal 
transducer and activator of transcription 3. (See also section Color figures).
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THERAPEUTIC IMPLICATIONS 

The discovery of the cholinergic antiinflammatory pathway suggests the possibility of 
developing novel, unconventional strategies to control unrestrained inflammation, such as 
that seen in RA (Figure 2).

Vagus nerve stimulation
A novel antiinflammatory strategy could be developed by means of optimal VNS generated by 
a special device. As mentioned briefly earlier in this article, VNS has antiinflammatory effects 
in several animal models of systemic inflammatory diseases, including sepsis (5), hypovolemic 
hemorrhagic shock (7) and intestinal inflammation during experimentally induced ileus in 
mice (32). Supporting the concept that VNS acts on the cholinergic antiinflammatory pathway, 
VNS during endotoxemia inhibits TNF synthesis in wild-type mice, but fails to inhibit TNF 
synthesis in α7-deficient mice (12). A possible role for VNS in the treatment of arthritis was 
suggested by a study showing an antiinflammatory effect of VNS on carrageenan-induced paw 
inflammation (5). Of importance, it has recently also been shown that VNS is able to suppress 
the development of CIA in rats (36).
The voltage and frequency parameters sufficient to activate the cholinergic pathway are 
beneath the threshold required to activate cardiac vagal fibers, indicating that VNS might be a 
practical and efficient means of regulating peripheral inflammation in RA. This approach could 
have significant therapeutic potential, as surgically implanted vagus nerve stimulators have 
already been successfully used in the treatment of drug-resistant epilepsy and depression 
(37;38). No studies on VNS in RA have been published so far, but one case–control study has 
shown that the risk of developing RA is not increased after vagotomy (39). Further research is 
obviously needed to elucidate the physiological mechanisms by which the vagus nerve could 
modulate immune responses in RA.

Pharmacologic approach
Another potential strategy for treating RA is stimulation of the cholinergic antiinflammatory 
pathway by pharmacologic activation of the nAChR. As the therapeutic value of nicotine is 
obviously limited because of its non-specificity and toxicity, selective α7nAChR agonists might 
be better candidates for the treatment of RA. The widespread peripheral and central expression 
of neuronal α7nAChR, as well as its numerous functions, have made the use of specific 
α7nAChR agonists a viable strategy for the treatment of a variety of cognitive impairments, 
including Alzheimer disease, schizophrenia and attention deficit-hyperactivity disorder (40;41). 
The recent discovery of non-neuronal α7nAChR expression on macrophages, FLS and other 
immune cells raises the possibility of suppressing inflammation in RA by specifically targeting 
this receptor. 
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The best-characterized specific α7nAChR agonists are AR-R17779, GTS-21, and PNU-282987 
(Table 1) (42). AR-R17779 has been tested in CIA, and was shown to have an antiinflammatory 
role (15). AR-R17779 only poorly crosses the blood–brain barrier, suggesting that the 
antiinflammatory effects of this agonist are probably a result of the peripheral stimulation of 
α7nAChR. To date, GTS-21 is the only specific α7nAChR agonist that has been tested in humans. 
GTS-21 was administrated orally to patients with schizophrenia, Alzheimer disease and healthy 
volunteers; doses of up to 450 mg per day were well tolerated, with no adverse events (43). 
GTS-21 induced enhancement of attention, working memory and episodic secondary memory 
compared with placebo in healthy volunteers (43). Consistent with the notion that α7nAChR 
is involved in regulation of the inflammatory response in RA, in vitro experiments have shown 
that PNU-282987 inhibits IL-6 production by FLS in a dose-dependent manner. Moreover, PNU-
282987 mimicked the antiinflammatory effect of ACh on FLS (16).
Future studies are needed to evaluate the potential use of specific α7nAChR agonists for the 
treatment of RA and to determine their effects on physiological variables, including blood 
pressure, respiratory status and renal function. 

UNDERLYING MECHANISMS 

As discussed in this article, there are still many open questions with regard to the exact 
mechanisms by which the cholinergic antiinflammatory pathway might control arthritis activity. 
It remains to be determined, for instance, whether ACh actually reaches the immune cells. Recent 
data indicate that the spleen may have role in exerting the antiinflammatory effects of vagus 
nerve activity, as VNS fails to attenuate serum TNF levels in splenectomized mice treated with 
endotoxin (44). This implies that the parasympathetic nervous system might regulate systemic 

Table 1. Selective pharmacologic agonists of the cholinergic antiinflammatory pathway
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inflammation by modulating immune cells in the spleen. However, whether or not the vagus 
nerve innervates the spleen directly, or indirectly, is currently under debate. A recent study 
suggested that ACh released by the vagus nerve modulate splenic nerve function by acting on 
nAChR at the level of the ganglia of the celiac superior mesenteric plexus (45). Future research 
needs to elucidate which cells are the main target cells for ACh or exogenously administrated 
α7nAChR agonists in arthritis. Alternatively, vagal control of peripheral inflammation can be 
modulated by brain acetylcholinesterase activity. This notion is supported by the fact that 
brain acetylcholinesterase activity controls systemic and organ-specific TNF production during 
endotoxemia (46). An advantage of interfering with brain acetylcholinesterase activity as a new 
therapeutic strategy for RA is that one of these acetylcholinesterase inhibitors, galantamine, is 
already clinically approved for the treatment of Alzheimer disease (47). 
Another possible underlying mechanism that should be further researched is the 
antiinflammatory role of α7nAChR or its duplicate variant in FLS and synovial macrophages. As 
it is known that immune cells are able to produce ACh (48), it can be envisaged that local release 
of ACh modulates the production of inflammatory cytokines present in the joint. It seems 
likely that, in vivo, more complex mechanisms have a role in the cholinergic antiinflammatory 
pathway, including involvement of a variety of different immune cells, neurotransmitters and 
ACh receptors, ultimately leading to downregulation of inflammatory responses.

CONCLUDING REMARKS 

Results obtained in a wide range of in vitro and in vivo models of inflammation imply that 
targeting the cholinergic antiinflammatory pathway could be an important treatment option 
in a variety of conditions. It has recently been demonstrated that the peripheral cholinergic 
antiinflammatory pathway has a role in mouse CIA (15), and that the α7nAChR is expressed 
by primary FLS and in the synovial tissue of RA patients (16;17); these data provide a clear link 
between the cholinergic nervous system and the inflammatory process in inflamed joints. The 
vagus nerve and α7nAChR could, therefore, be potential targets for the treatment of RA. The 
administration of specific α7nAChR agonists seems to be a promising approach for controlling 
chronic inflammation. Currently, the development of specific α7nAChR agonists that do 
not cross the blood–brain barrier is of great interest for the treatment of non-neurological 
disorders, as these compounds could exhibit improved specificity and reduced toxicity. The 
administration of selective α7nAChR agonists is now being tested in patients with neuronal 
disorders, and the first results show that the agonists are well tolerated. Alternatively, the 
cholinergic antiinflammatory pathway could be activated by electrical VNS; this method has 
already been used in some patients with neurological disorders. Finally, inhibition of brain 
acetylcholinesterase might suppress chronic systemic inflammation in RA patients via the 
cholinergic antiinflammatory pathway. 



32

Chapter 2

In conclusion, as discussed in this paper, research in a wide range of in vitro and in vivo 
models of inflammation, including those for RA, imply that the development of therapeutic 
agents targeting the cholinergic antiinflammatory pathway could result in important new, 
innovative therapies for the treatment of immune-mediated disorders. In the future, the 
challenge will be to develop treatment modalities that are maximally effective in modulating 
the inflammatory response and that have minimal adverse effects. Future studies, both 
clinical and preclinical, are needed to explore the protective effects of these methods in the 
treatment of RA.
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