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Chapter 1

RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease of unknown 
etiology, affecting about 1% of the adult population worldwide (1). RA has a 3 fold higher 
incidence in woman compared to men and in addition to their impact on quality of life, the 
disease is associated with long-term morbidity and early mortality (2). RA is characterized 
by inflammation of the synovium leading to progressive destruction of cartilage and bone 
(3). Although all joints can be affected, small diarthrodial joints of hands, feet and knees 
are the most commonly affected joints. The primary manifestations are pain, swelling, and 
limited motion of joints. 

After onset of clinical disease, the normally hypocellular synovial membrane becomes 
hyperplastic, comprising a superficial lining layer of synovial fibroblasts and macrophages, 
overlying an interstitial zone that contains a marked cellular infiltrate, which includes 
synovial fibroblasts, macrophages, mast cells, CD4+ T cells, CD8+ T cells, natural killer cells, B 
cells and plasma cells (4). The inflamed synovium invades adjacent cartilage and promotes 
articular destruction, which is mediated by the activities of osteoclasts, chondrocytes and 
synovial fibroblasts. Articular damage in turn probably generates a rich source of neo-
antigens to promote further autoimmune reactivity. Cytokines are implicated in each 
phase of the pathogenesis of RA, by promoting autoimmunity, by maintaining chronic 
inflammatory synovitis, and by driving the destruction of adjacent joint tissue (5;6).

CAUSE AND PATHOGENESIS

Although the precise etiology of the disease remains elusive, there is strong evidence 
for autoimmunity, as several autoantibodies are associated with RA.  Rheumatoid factor 
(RF) is detected in the majority of patients with established disease, and constitutes one 
of the American College of Rheumatology (ACR) classification criteria. Another group of 
autoantibodies, referred to as antibodies to citrullinated protein antigen (ACPA), was later 
shown to be more specific for RA. This group of antibodies targets epitopes in which arginine 
is converted by peptidylarginine deiminase into citrulline during a posttranslational 
modification. Joint destruction, comorbidities such as cardiovascular disease, and other 
extra-articular manifestations are all most prominent in the ACPA-positive subset of RA 
patients (7). Genetic studies have demonstrated that MHC class II genes, in particular HLA-
DR-B1 alleles, appear to have a strong association with RA. This conserved sequence is 
commonly known as the shared epitope (SE) and in most studies the presence of the SE is 
associated with increased joint destruction. The best established environmental risk factor 
for rheumatoid arthritis is cigarette smoking (8). Smoking was shown in several studies to 
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be a risk factor mainly in the ACPA-positive but not in the ACPA-negative RA. The disease 
risk conferred by smoking was greatly enhanced in individuals carrying the HLA-DR-B1 SE 
(9).  

These data, in particular the gene–environment interaction between smoking and the HLA-
DR-B1 SE genes, indicate that smoking might trigger some rather specific immune reactions 
present in some but not all RA patients, and do so in the presence of certain genes, thereby 
potentially revealing a pathogenetic  mechanism triggered by smoking and potentially 
other environmental triggers (10). Advances in research on the pathogenesis and underlying 
mechanisms of RA facilitate the development of new drugs. Increasing evidence has shown 
that the proinflammatory cytokine TNFα plays a key role in RA (11) and TNFα blockade has 
shown its potential as systemic therapy for RA patients and other inflammatory diseases like 
psoriatic arthritis, ankylosing spondylitis and Crohn’s disease (12). Although the introduction 
of anti-TNFα therapy has played a major role in improving many patient outcomes (12), there is 
still a need for the identification of new pathways involved in the modulation of inflammation in 
order to further increase efficacy, in particular in patients not responding to current therapies. 

RELATION BETWEEN NERVOUS SYSTEM AND ARTHRITIS

Several observations point towards a neurological involvement in the etiology and pathology 
of RA. The first thought to neurological involvement in RA was in the beginning of last century 
because a significant improvement of arthritis after ganglionectomies was reported (13). Later 
on in the 60’s it was observed that epilepsy patients using phenytoin had a reduced instance 
of RA. In the 80’s a number of studies have shown positive results with phenytoin in RA. 
Nowadays, modern anti-epileptic drug, as pregabalin and gabapentin, are being evaluated in 
the management of arthritis (14). 

Two components of the nervous system innervate the synovium: efferent sympathetic nervous 
and afferent sensory nervous system.  The observation that suggests neurological involvement 
in RA is the symmetry and typical anatomical distribution of joints involved in RA. A number of 
studies and case reports have shown that denervation of the joint inhibits the development of 
arthritis. For example, a patient with a longstanding hemiplegia who subsequently developed 
arthritis on the non-hemiplegic side but not the hemiplegic side (15). In a second case, a patient 
developed arthritis mutilans in all digits of both hands with the exception of the left 4th finger, 

which had prior sensory denervation following traumatic nerve dissection. The nerve supply 
was further detailed using nerve conduction studies that confirmed the complete absence of 
sensory innervation in the left 4th digit (16). 
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Animal and human studies provide further evidence of the influence of the nervous system 
on synovial inflammation. Human RA synovium expresses markers of increased sensory 
innervation (substance P expression) while sympathetic nerve fibers are lost (17). This is in 
comparison with osteoarthritic synovium (18). 

CHOLINERGIC NERVOUS SYSTEM AS THERAPEUTIC 
APPROACH

In recent years, the parasympathetic part of the nervous system and nicotinic acetylcholine 
receptors have been identified as crucial mediators of the inflammatory response. This concept 
is called “the cholinergic antiinflammatory pathway” and is mainly formed by the 10th cranial 
nerve, the vagus nerve. This nerve may exert anti-inflammatory effects by the release of its 
principal neurotransmitter acetylcholine (ACh). In vitro studies have shown that macrophages, 
activated by endotoxin, are effectively deactivated in the presence of ACh, characterized by 
a dose-dependent reduction in the release of a series of proinflammatory cytokines (19). 
The antiinflammatory effects of ACh are mediated by nicotinic acetylcholine receptors, and 
in particular by the α7 subunit of nicotinic acetylcholine receptors (α7nAChR) (20). Besides 
expression on brain and neuronal cells, the α7nAChR is also expressed by macrophages 
and other immune cells (20-22) and recently it has been shown that cultured fibroblast-like 
synoviocytes (FLS) and synovial tissue biopsies from RA patients express α7nAChR (23).

In several studies it was demonstrated that activation of the cholinergic anti-inflammatory 
pathway ameliorates disease in animal models of endotoxemic shock (19), ischemia–
reperfusion injury (24), hypovolemic-hemorrhagic shock (25), peritonitis (26), pancreatitis (27), 
experimentally induced ileus (28) and carrageenan-induced  paw inflammation in rats (29). 
However, vagus nerve stimulation in α7-deficient mice failed to reduce plasma TNFα levels 
during endotoxemia (8).

OUTLINE OF THIS THESIS

Chapter 2 provides a perspective of the role of the cholinergic antiinflammatory pathway 
and the therapeutic potential of modulating this pathway in RA. In this chapter the role of 
the cholinergic pathway in several animal models of inflammatory diseases is described. 
Furthermore, it describes the structural and functional aspects of the α7nAChR and its duplicate 
variant, discusses vagus nerve stimulation (VNS) and pharmacological activation of α7nAChR 
as novel strategies for the treatment of RA and the possible underlying mechanisms. 
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The objective of the study in Chapter 3 was to obtain insight into the role of the cholinergic anti-
inflammatory pathway in arthritis by manipulating this pathway in vivo. Therefore, we studied 
the effect on collagen-induced arthritis (CIA) in mice either by inhibition of the cholinergic anti-
inflammatory pathway using unilateral cervical vagotomy or by stimulation of this pathway by 
administration of nicotine to the drinking water. In a separate study, CIA was induced in mice 
in which the peripheral part of this pathway was stimulated with intraperitoneally injected 
nicotine or the highly selective α7nAChR agonist AR-R17779. 

In Chapter 4, we further investigated the role of the cholinergic antiinflammatory pathway 
in CIA, and more specifically delineated the role of α7nAChR herein. For this we compared 
clinical signs and symptoms of arthritis and onset and incidence of disease in α7nAChR 
deficient (α7nAChR-/-) and wild-type littermate mice (WT) in the CIA model. After sacrificing, we 
compared bone destruction, synovial inflammation, systemic proinflammatory cytokines and 
IgG2a:IgG1 ratio between the α7nAChR-/- mice and littermates. Since some reports indicate that 
the spleen may play a critical role in exerting the antiinflammatory effects of the cholinergic 
pathway, we analyzed the antigen-specific production of Th1- and Th2-associated cytokines 
by spleen cells.

The first results of stimulation of the cholinergic antiinflammatory pathway by pharmacologic 
activation of the α7nAChR were shown in chapter 3. In these CIA experiments the agonist 
AR-R17779 was used. The objective of the study in Chapter 5 was to investigate the 
pharmacological and functional profile of two novel compounds, CTI-15311 and CTI-15072, 
with different effects on ion channel activity and investigated the therapeutic effects of both 
compounds on experimental arthritis. Both agonists poorly pass the blood-brain barrier and 
are more specific for α7nAChR than AR-R17779. The agonists were delivered by oral gavage 
before the onset of arthritis or during established arthritis. 

Taken together, the results described in Chapters 3 through 5 support the notion that the 
cholinergic antiinflammatory pathway plays a role in inflammatory arthritis in mice. It is known 
that CIA is a reliable animal model to predict the clinical efficacy of new therapeutic agents 
in human RA (30). This leads to the hypothesis that a feasible therapeutic strategy would be 
to stimulate the cholinergic antiinflammatory pathway by pharmacologic activation of the 
α7nAChR in the human situation. To be able to understand the effects of novel treatments 
in human RA, it is important to evaluate the effects on the primary site of inflammation, the 
synovium. In Chapter 6, experiments are described focusing on the synovial tissue and FLS of 
RA patients. It is known that the α7nAChR is expressed by various immune cells among which 
monocytes (31), macrophages (19;32), T and B lymphocytes (33;34), and dendritic cells (35). 
Accumulating evidence suggests that FLS play a major role in the initiation and perpetuation 
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of the chronic inflammatory process in RA synovial tissue (4;36;37). Therefore, we investigated 
the expression of α7nAChR in synovial tissue and FLS of RA patients. Moreover, we performed 
functional studies by evaluating the effects of specific α7nAChR agonists on the production of 
key proinflammatory cytokines and chemokines by activated RA FLS.

Chapter 7 is dedicated to the summary and general discussion of the main findings of the 
studies presented in chapter 2-6 in light of the recent literature .
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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. 
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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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ABSTRACT

Objective. The parasympathetic nervous system, through the vagus nerve, can down-regulate 
inflammation in vivo by decreasing the release of cytokines, including tumor necrosis factor α 
(TNFα), by activated macrophages. The vagus nerve may exert antiinflammatory actions via 
a specific effect of its principal neurotransmitter, acetylcholine, on the α7 subunit of nicotinic 
acetylcholine receptors (α7nAChR) on macrophages. The present study was undertaken to 
obtain insight into the role of the cholinergic antiinflammatory pathway in arthritis.
Methods. To inhibit the cholinergic antiinflammatory pathway, mice were subjected to 
unilateral cervical vagotomy or sham surgery, after which arthritis was induced with type II 
collagen. In a separate study, nicotine was added to the drinking water of mice with collagen-
induced arthritis (CIA). In addition, we investigated the effects of intraperitoneally (IP)-injected 
nicotine and the specific α7nAChR agonist AR-R17779.
Results. Clinical arthritis was exacerbated by vagotomy and ameliorated by oral nicotine 
administration. Moreover, oral nicotine inhibited bone degradation and reduced TNFα 
expression in synovial tissue. Both IP-injected nicotine and AR-R17779 ameliorated clinical 
arthritis and reduced synovial inflammation. This was accompanied by a reduction of TNFα 
levels in both plasma and synovial tissue. The effect of AR-R17779 was more potent compared 
with that of nicotine and was associated with delayed onset of the disease as well as with 
protection against joint destruction.
Conclusions. These data provide the first evidence of a role of the cholinergic antiinflammatory 
pathway in the murine CIA model of rheumatoid arthritis.
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INTRODUCTION

Rheumatoid arthritis (RA) is an immune-mediated inflammatory disease of unknown etiology 
that is characterized by inflammation of the synovium leading to destruction of cartilage and 
bone (1). It has become clear that pro- and antiinflammatory cytokines, derived predominantly 
from cells of the macrophage lineage, play a major role in the initiation and perpetuation of the 
chronic inflammatory process in RA synovial membrane (2). In spite of significant improvements 
in the treatment of RA, there is still a need for the identification of new pathways involved in 
the modulation of inflammation in order to further increase efficacy, particularly in patients in 
whom the disease does not respond to current therapies.
Recently, it has been demonstrated that the nervous system, via an inflammatory reflex of the 
vagus nerve, plays an important role in limiting inflammatory responses (3-5), a concept referred 
to as the ”cholinergic antiinflammatory pathway.” Acetylcholine, the principal neurotransmitter 
of the vagus nerve, is a key mediator of this cholinergic antiinflammatory pathway. This 
neurotransmitter can interact with members of the nicotinic acetylcholine receptor (nAChR) 
family, and in particular the α7 subtype (α7nAChR) expressed by macrophages and other 
cells involved in the inflammatory response (6). In vitro, when macrophages are activated by 
endotoxin in the presence of acetylcholine, these cells are effectively deactivated (7). This 
acetylcholine-induced deactivation is characterized by a dose-dependent decrease in the 
release of proinflammatory cytokines, including tumor necrosis factor α (TNFα), interleukin-
1β (IL-1β), IL-6, and IL-18. This antiinflammatory effect is mediated by α7nAChR expressed by 
macrophages and other immune cells (4,6,8).
The most compelling in vivo evidence of the antiinflammatory role of the cholinergic nervous 
system is derived from studies of rodents. In the experimental endotoxemia model in rats, 
inhibition of the cholinergic antiinflammatory pathway by surgical bilateral dissection of the 
vagus nerve led to enhanced systemic TNFα production and accelerated shock development (7). 
Unilateral vagotomy in mice also enhanced the local and systemic inflammation accompanying 
bacterial peritonitis (9) and cerulein-induced acute pancreatitis (10). In contrast, stimulation of 
the cholinergic antiinflammatory pathway by electrical stimulation of the vagus nerve resulted 
in inhibition of inflammation; in particular, electrical stimulation of the efferent vagus nerve 
down-regulated TNFα production and protected against hypotension in endotoxemic rats 
(7). Vagus nerve stimulation also inhibited the acute inflammatory response to hypovolemic 
hemorrhagic shock (11) and diminished intestinal inflammation during experimentally 
induced ileus in mice (12). Importantly, vagus nerve stimulation in α7-deficient mice failed to 
reduce plasma TNFα levels during endotoxemia (8).
A more feasible treatment strategy would be to stimulate the cholinergic antiinflammatory 
pathway by pharmacologic activation of the nAChR; stimulation of the nAChR with specific 
agonists could attenuate systemic inflammation. Systemic treatment with nicotine improved 
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outcome in mice with polymicrobial abdominal sepsis (13) and bacterial peritonitis (9), 
and treatment with the selective α7nAChR agonist GTS-21 diminished the severity of acute 
pancreatitis (10) and lipopolysaccharide (LPS)-induced lung inflammation in mice (14). Moreover, 
in a mouse model of LPS-induced peritonitis, GTS-21 inhibited TNFα release into the peritoneal 
cavity and the circulation (15). Recently, it was demonstrated that the nAChR agonist AR-R17779, 
a spirooxazolidinone with high affinity for the α7 receptor subtype, prevented postoperative 
ileus in mice (16).
Findings of a recent study have indicated that depressed levels of vagus nerve activity correlated 
with elevated levels of high mobility group box chromosomal protein 1 in the serum of RA patients, 
suggesting a role of the cholinergic antiinflammatory pathway in RA (17). We hypothesized that 
the α7nAChR provides a link between the neurologic system and the inflammatory process in 
the inflamed joint, and that treatment with specific activators of this receptor would reduce joint 
inflammation. Therefore, we studied the effects of inhibition of the cholinergic antiinflammatory 
pathway (by unilateral cervical vagotomy of the vagus nerve) and of stimulation of this pathway (by 
addition of nicotine to the drinking water) on collagen-induced arthritis (CIA) in mice. In a separate 
study, CIA was induced in mice in which the peripheral part of this pathway was stimulated with 
intraperitoneally (IP)-injected nicotine or the highly selective α7nAChR agonist AR-R17779. This 
compound penetrates poorly into the central nervous system (18,19) and therefore, in contrast 
to nicotine, induces selective activation of primarily the peripheral α7nAChR-mediated portion of 
this pathway. In addition, AR-R17779 has 35,000-fold higher selectivity and 5-fold higher affinity 
for the α7nAChR than nicotine. We used these approaches collectively to examine the role of the 
cholinergic antiinflammatory pathway in an experimental model of RA.

MATERIALS AND METHODS

Animals
Male DBA/1 mice (8-10 weeks of age) were purchased from Harlan (Horst, The Netherlands). They 
were housed under specific pathogen-free conditions at the animal facility of the Academic 
Medical Center, University of Amsterdam. Animals were fed ad libitum. The Institutional Animal 
Care and Use Committee of the Academic Medical Center approved all experiments.

Induction and assessment of CIA
Bovine type II collagen (2 mg/ml in 0.05 M acetic acid; Chondrex, Redmond, WA) was mixed 
in an equal volume of Freund’s complete adjuvant (2 mg/ml of Mycobacterium tuberculosis; 
Chondrex). The mice were immunized intradermally at the base of the tail with 100 μl of 
emulsion (100 μg collagen) on day 0. On day 20, mice received an IP booster injection of 100 
μg type II collagen in phosphate buffered saline (PBS).
The severity of arthritis was assessed using an established semiquantitative scoring system 
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of 0-4, where 0 = normal, 1 = swelling in 1 joint, 2 = swelling in >1 joint, 3 = swelling in the 
entire paw, and 4 = deformity and/or ankylosis (20,21). The cumulative score for all 4 paws 
of each mouse (maximum possible score 16) was used to represent overall disease severity 
and progression. For the evaluation of incidence, mice were considered to have arthritis if the 
clinical arthritis score increased by at least 2 points compared with the score at the start of 
treatment.

Study design and evaluation of arthritis activity
In study 1, we evaluated the role of the vagus nerve and nicotinic receptors in CIA. Mice (n 
= 8 per group) were subjected to unilateral cervical vagotomy, sham surgery, or nicotine 
pretreatment. To inhibit the cholinergic antiinflammatory pathway, left cervical vagotomy was 
performed 4 days before induction of arthritis. For this procedure mice were anesthetized with 
isoflurane (2.5% in O2; 2 liters/minute) and 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. Other mice underwent sham surgery, in which the nerve 
was exposed and isolated from surrounding tissue but not transected (7,9). In another group of 
mice, the peripheral part of the cholinergic pathway (nAChR) was stimulated by pretreatment 
with nicotine (50 μg/ml; Sigma, St. Louis, MO), which was added to the drinking water starting 
4 days before induction of CIA. Control mice received normal drinking water. Drinking water 
was changed twice weekly. All mice were killed on day 47.
In study 2, the cholinergic pathway was stimulated by IP injection of nicotine (400 μg/kg; n 
= 8) or the selective agonist AR-R17779 (1, 2.5, or 5 mg/kg; n = 15 in each dose group). The 
compounds were injected twice daily from day 20 until day 26, at which time the animals were 
killed. Control mice received saline.
In study 1, mice were inspected 3 times per week for signs of arthritis, by 2 independent 
observers who were not aware of the treatment. In study 2, mice were inspected daily 
beginning on day 16.

Radiologic analysis
Hind paws were used for radiographic evaluation. Joint destruction was scored on a scale of 
0-4, where 0 = no damage, 1 = demineralization, 2 = 1 or 2 erosions, 3 = severe erosions, and 4 
= complete destruction of the joints. The radiographs were scored by 2 independent observers 
in a blinded manner; minor differences in scoring between the observers were resolved by 
mutual agreement.

Histologic analysis
Hind paws were fixed for 48 hours in 10% buffered formalin and decalcified in 15% EDTA. 
The paws were then embedded in paraffin, and serial 5 μm sagittal sections of whole hind 
paws were cut and stained with hematoxylin and eosin. Two independent observers (MAvM 
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and MJV) assessed the tissue for the degree of synovitis by microscopic evaluation, under 
blinded conditions, as described previously (20,22). Synovitis was graded on a scale of 0 (no 
inflammation) to 3 (severely inflamed joint) based on the extent of infiltration of inflammatory 
cells into the synovium. Sections were also stained with Safranin O-fast green to determine 
cartilage degradation. Safranin O staining was scored with a semiquantitative scoring system 
of 0 (no loss of proteoglycans) to 3 (complete loss of proteoglycans) (22).

Immunohistochemistry
Paraffin-embedded sections were dewaxed in xylene and rehydrated in a gradient of ethanol, 
followed by incubation with 30% hydrogen peroxidase in 0.1% sodium azide in PBS to block 
endogenous peroxidase activity. Antigen retrieval was performed by boiling the sections in 
citrate buffer (pH 6.0) for 10 minutes. TNFα expression was studied by staining the sections 
overnight at 4°C with polyclonal goat antibody against mouse TNFα (10 μg/ml; Santa Cruz 
Biotechnology, Santa Cruz, CA) in PBS containing 1% bovine serum albumin (BSA). Subsequently, 
the sections were incubated with horseradish peroxidase (HRP)-conjugated swine anti-goat 
antibody (1:320; Tago, Burlingame, CA) in PBS containing 1% BSA and 10% normal human 
serum, for 30 minutes at room temperature. Signal amplification was performed by incubating 
the slides for 15 minutes with biotinylated tyramine (PerkinElmer, Boston, MA) followed by 
HRP-conjugated streptavidin (DakoCytomation, Glostrup, Denmark) as previously described 
(23). Peroxidase activity was revealed using an aminoethylcarbazole substrate kit (SK-4200; 
Vector, Burlingame, CA). Sections were briefly counterstained with Mayer’s hemalum solution 
(Fluka, St. Gallen, Switzerland). The sections were washed extensively between all steps, unless 
otherwise specified.
All sections were analyzed by 2 independent observers under blinded conditions. Expression 
of TNFα in the synovial tissue of the knee joints was scored semiquantitatively on a 3-point 
scale; a score of 0 represented minimal expression, while a score of 3 represented abundant 
expression (22-24).

Assays
Levels of TNFα, IL-6, monocyte chemoattractant protein 1 (MCP-1), IL-12 p70, interferon-γ 
(IFN-γ), and IL-10 in serum were determined using a commercially available cytometric bead 
array multiplex assay, according to the recommendations of the manufacturer (BD Biosciences, 
San Jose, CA).

Statistical analysis
To evaluate the effects of different treatments, we determined the change in clinical arthritis 
scores in each mouse from the start of treatment until the end of the experiment. Areas under 
the curve for the change in arthritis scores were calculated. The significance of the differences 
in the mean changes in scores (clinical, radiologic, histologic, and immunohistochemical) 
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between groups was determined by Kruskal-Wallis test followed by Mann-Whitney U test 
(SPSS version 12.0.2; SPSS, Chicago, IL). Incidence was compared using Kaplan-Meier survival 
analysis (GraphPad Prism version 4.03; GraphPad Software, San Diego, CA). Cytokine levels 
were compared by Mann-Whitney U test. P values less than 0.05 were considered significant.

RESULTS

Stimulation of the vagus nerve with oral nicotine ameliorates clinical 
arthritis
In study 1, we evaluated the role of the vagus nerve and nicotinic receptors in CIA. To inhibit 
the peripheral cholinergic antiinflammatory pathway, mice were subjected to left cervical 
vagotomy or sham surgery 4 days before induction of CIA. All mice tolerated unilateral 
vagotomy or sham surgery well; other than transient weight loss during the first 3 days after 
the procedure, no sickness behavior or mortality occurred in any mouse up to several weeks 
thereafter. All mice had regained their original body weight at the time CIA was induced. 
Vagotomy resulted in exacerbation of the clinical signs of arthritis, although the difference 
between the vagotomy and sham groups did not reach statistical significance (Figure 1A). 
Conversely, stimulation of the cholinergic pathway by addition of nicotine to the drinking 
water 4 days before induction of CIA resulted in significant amelioration of the clinical signs 
of arthritis (P < 0.05) (Figure 1B). 

Figure 1. Exacerbation of clinical arthritis by vagotomy and amelioration by nicotine. Arthritis was induced 
in mice by treatment with type II collagen, and the disease was scored clinically 3 times per week by 2 inde-
pendent observers, under blinded conditions. A, Four days before arthritis induction, mice were subjected 
to unilateral cervical vagotomy or sham surgery. The vagotomy group showed a trend toward increased 
clinical arthritis scores compared with sham-operated mice. B, Four days before arthritis induction, nicotine 
(50 μg/ml) was added to the drinking water. Mice treated with nicotine showed a significant decrease in 
clinical arthritis scores compared with the control group. AUC = area under the curve (day 20 to day 47).
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Oral nicotine administration inhibits bone degradation and reduces TNFα 
expression in knee joints

To examine the effects of oral nicotine on bone degradation, radiographs of knee joints 
obtained at the end of the experiment were evaluated. As seen in Figures 2A and B, joint 
destruction was significantly reduced in nicotine-treated mice (P < 0.05). To investigate 
whether nicotine affects the expression of proinflammatory cytokines, the level of TNFα in 
knee joints was examined by immunohistochemistry. TNFα expression was reduced in the 
joints of nicotine-treated mice compared with controls (Figure 2C). Using a semiquantitative 
scoring system, the level of TNFα expression in the knee joints of nicotine-treated animals 
was found to be 42% of that in controls (P < 0.05) (Figure 2D).

IP injection of nicotine and AR-R17779 ameliorates clinical arthritis, 
and AR-R17779 treatment delays onset of disease
In study 2, in order to stimulate the cholinergic pathway while controlling for potential 
differences in intake and/or resorption, mice received twice-daily IP injections either of 
nicotine or of AR-R17779, a more selective, peripherally acting α7nAChR agonist. Control mice 
received saline. All of the animals tolerated the drug treatments well. At the start of treatment 

Figure 2. Inhibition of bone degradation and reduction of tumor necrosis factor α (TNFα) levels in knee 
joints by oral nicotine treatment. A, Representative radiographs of the knee joints of a control mouse and a 
nicotine-treated mouse. B, Semiquantitative scoring of joint destruction. C, Representative knee joint secti-
ons from a control mouse and a nicotine-treated mouse, showing immunostaining for TNFα (original mag-
nification × 400). D, Semiquantitative scoring of TNFα expression. The level of TNFα expression in knee joint 
synovial tissue from mice treated with nicotine was 42% of that in control mice. Values in B and D are the 
mean and SEM.  * = P < 0.05 versus controls. (See also section Color figures).
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on day 20, the maximum clinical arthritis score per paw was 2. Thereafter, arthritis scores were 
significantly lower in mice treated with nicotine compared with controls (P < 0.05) (Figure 3A). 
A similar effect was observed after twice-daily treatment with AR-R17779 at 2.5 mg/kg or 5 mg/
kg (Figure 3B). This effect was accompanied by a decrease in paw swelling (data not shown). In 
addition, treatment with AR-R17779 (at the 5 mg/kg dosage level only) resulted in significantly 
reduced disease incidence and delayed onset of disease (P < 0.05) (Figure 3C). 

IP injection of AR-R17779 reduces erosive disease and cartilage degradation, 
and both nicotine and AR-R17779 reduce synovial inflammation

Radiographs of hind paw joints were evaluated to investigate the effects of nicotine or AR-
R17779 on disease-associated bone erosions. Mice treated with 5 mg/kg AR-R17779 showed 
a significant reduction in joint destruction compared with saline-treated mice (P < 0.05) 
(Figure 4A). Similarly, there was a nonsignificant trend toward reduced bone destruction 
with IP nicotine treatment (data not shown). Cartilage degradation was assessed by Safranin 
O-fast green staining, a method for detecting depletion of proteoglycans. Proteoglycan loss 
was significantly greater in the knee joints of saline-treated mice compared with AR-R17779-
treated mice (Figure 4B). 
Synovial inflammation was assessed by hematoxylin and eosin staining of knee joint specimens 
(Figure 5). Histologic scoring revealed a significant reduction of inflammatory cell infiltration in 
mice treated with nicotine or AR-R17779 (5 mg/kg) compared with control mice (P < 0.05). 

Figure 3. Intraperitoneally (IP)-administered nicotine or AR-R17779 ameliorates clinical arthritis, and AR-
R17779 reduces disease incidence and delays onset. Beginning on day 20 after treatment with type II 
collagen, mice were treated with nicotine (400 μg/kg; n = 8), which was added to the drinking water, or 
AR-R17779 (1, 2.5, or 5 mg/kg; n = 15 per dose group), which was injected IP twice daily for 7 days. Control 
mice received saline. A, Clinical arthritis scores in mice treated with nicotine or saline. Arthritis scores were 
significantly lower in nicotine-treated mice compared with scores in control animals (P < 0.05 as tested 
using the area under the curve (AUC) from day 20 to day 26). B, Clinical arthritis scores in mice treated with 
AR-R17779 or saline. Arthritis scores were significantly lower in mice treated with AR-R17779 at 2.5 mg/kg 
or 5 mg/kg compared with scores in control animals (P  < 0.05 as tested using the AUC from day 20 to day 
26). C, Incidence of arthritis and time of disease onset in mice treated with AR-R17779 (5 mg/kg) or saline. 
AR-R17779 significantly reduced the incidence and delayed the onset of arthritis (P < 0.05).
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Figure 4. AR-R17779 reduces joint destruction and cartilage degradation in murine collagen-induced 
arthritis. A, Semiquantitative scoring of joint destruction assessed radiologically in mice treated for 7 
days with AR-R17779 and in saline-treated controls. B, Semiquantitative scoring of cartilage degradation 
assessed by Safranin O-fast green staining in mice treated for 7 days with AR-R17779 and in saline-treated 
controls. Values are the mean and SEM. * P < 0.05 versus controls.

Figure 5. AR-R17779 and nicotine reduce synovial inflammation in murine collagen-induced arthritis. A, 
Representative knee joint sections from a saline-treated control mouse and an AR-R17779-treated mouse 
assessed histologically 7 days after treatment. Minimal synovial inflammation was observed after treat-
ment with AR-R17779, whereas saline-treated mice exhibited pronounced synovial inflammation (hema-
toxylin and eosin stained; original magnification × 100). B and C, Semiquantitative scoring of synovitis. 
Inflammation of the knee joint synovial tissue was significantly reduced after treatment with nicotine 
(39%) (B) and AR-R17779 (47%) (C) compared with that in control mice. Values are the mean and SEM.  * P 
< 0.05 versus controls. (See also section Color figures).

Intraperitoneal injection of nicotine or AR-R17779 reduces TNFα levels in 
plasma and synovial tissue
To determine whether IP injection of nicotine or AR-R17779 could also result in a reduction in 
TNFα expression during the more acute phase of disease, we performed immunohistochemical 
analysis of the knee joints (Figures 6A and B). TNFα expression was decreased by 67% and 54% 
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in mice treated with nicotine or AR-R17779 (5 mg/kg), respectively, compared with control mice 
(P < 0.05). To investigate the effect of nicotine or AR-R17779 on systemic TNFα concentrations, 
we assessed plasma levels of TNFα by cytometric bead array multiplex assay. Both compounds 
significantly reduced plasma TNFα levels compared with levels in control mice (P < 0.05) 
(Figure 6C). In addition, AR-R17779-treated mice exhibited a reduction in plasma IL-6 levels 
(Figure 6C), whereas levels of IL-12 p70, IFN-γ, MCP-1, and IL-10 were not significantly different 
between AR-R17779-treated and saline-treated mice (data not shown). 

DISCUSSION

The results presented here show that activation of the peripheral α7nAChR may suppress 
the clinical and histologic manifestations of CIA in mice with established disease. In contrast 
to nicotine, AR-R17779 only poorly crosses the blood-brain barrier (18,19), indicating that 
the antiinflammatory effects are likely due to peripheral stimulation of the α7nAChR. Of 

Figure 6. Intraperitoneal injection of nicotine or AR-R17779 reduces synovial tissue levels of tumor necrosis 
factor α (TNFα) and systemic levels of TNFα and interleukin-6 (IL-6) in murine collagen-induced arthritis. 
After 7 days of treatment with nicotine, AR-R17779, or saline, knee joints were analyzed immunohistochemi-
cally, and plasma expression of cytokines was measured. A and B, Semiquantitative scoring of staining for 
TNFα. TNFα expression in the knee joint synovial tissue was significantly reduced after treatment with nico-
tine (67%) (A) or AR-R17779 (54%) (B) compared with that in saline-treated control mice. Values are the mean 
and SEM. * P < 0.05 versus controls. C, Plasma levels of TNFα in mice treated with nicotine or AR-R17779 and 
in control mice, and plasma levels of IL-6 in mice treated with AR-R17779 and in control mice. Nicotine sig-
nificantly reduced the plasma level of TNFα, and AR-R17779 significantly reduced the plasma levels of both 
TNFα and IL-6 (* P < 0.05). Bars show the mean.
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interest, inhibition of synovial inflammation and joint destruction was accompanied by 
reduced TNFα expression in both synovium and plasma. Taken together, these findings 
strongly suggest that the cholinergic antiinflammatory pathway has a role in arthritis.
The efferent vagus nerve has recently been implicated as an important antiinflammatory 
pathway, acting via an interaction of its principal neurotransmitter, acetylcholine, with 
α7nAChR on resident macrophages. The antiinflammatory function of this cholinergic 
pathway has been well established in several animal models, including endotoxemia (8), 
bacterial peritonitis (9), pancreatitis (10), acute hypovolemic hemorrhagic shock (11), and 
ileus (12). The most prominent antiinflammatory effect in these models was inhibition of 
release of the proinflammatory cytokine TNFα. The present results are also in accordance 
with previous work demonstrating the antiinflammatory effect of electrical stimulation of 
the vagus nerve in a model of sterile inflammation (25).
Consistent with the antiinflammatory effect of activation of the peripheral cholinergic 
pathway, we found that inhibition of this system by unilateral cervical vagotomy results 
in a trend toward increased severity of arthritis. Notably, the effect of bilateral vagotomy 
could not be investigated, since this procedure is lethal in mice (9). There is only one 
published report of a study investigating the role of surgical vagotomy in relation to arthritis 
in humans (26). That study showed that vagotomy had no specific effect on the risk of 
developing RA. However, although the present results indicated a limited role of vagotomy, 
if any, in the etiology of RA, it may be that vagotomy in humans exerts other effects, e.g., on 
immunoregulatory mechanisms, that were not investigated in the earlier study.
In proof-of-principle experiments we used nicotine, based on its previously reported 
antiinflammatory effects in mouse models of septic peritonitis (9) and postoperative ileus 
(12). Oral nicotine treatment starting before the onset of disease resulted in a significant 
decrease in clinical signs of arthritis, joint destruction, and TNFα expression in the synovium. 
In the second experiment mice were treated for only 7 days with IP-injected nicotine, 
resulting in a reduction of arthritis activity and a trend toward reduced bone destruction. 
After treatment with the more specific α7nAChR agonist AR-R17779, we observed clinical 
improvement associated with significantly reduced bone destruction in the group treated 
with the 5 mg/kg dose. The decreased level of TNFα in the synovium as well as in the serum 
after IP treatment with nicotine and AR-R17779 5 mg/kg is probably pivotal, as previous 
work has demonstrated a key role of TNFα in the process of joint destruction (27,28).
Our study was not designed to identify the specific cell types affected by nicotine or AR-
R17779 treatment. Based on previous studies showing an inhibitory effect of nicotine and 
AR-R17779 on endotoxin-induced TNFα release from mouse and human macrophages in 
vitro and in vivo (8,16), and consistent with the decrease in TNFα levels after activation of 
the cholinergic pathway in the CIA model presented here, it appears likely that the actions 
of these agonists are mediated at least in part by an effect on macrophages. In addition, 
various cell types other than macrophages, including dendritic cells and B cells, have been 
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shown to express α7nAChR and may be targeted by AR-R17779 treatment. Moreover, we 
have recently shown in preliminary in vitro experiments that fibroblast-like synoviocytes 
also express α7nAChR and can be deactivated by AR-R17779 (van Maanen MA, et al: 
unpublished observations). The exact mechanism by which activation of the cholinergic 
pathway results in decreased expression of TNFα in the inflamed synovium remains to be 
elucidated.
Taken together, the results of the present study demonstrate the antiinflammatory 
effects of activation of the peripheral cholinergic system in an animal model of RA. The 
data suggest the importance of the α7 subunit of nAChR expressed by cells outside the 
central nervous system in the regulation of proinflammatory cytokines, thereby providing 
a link between the neurologic system and the inflammatory process in the inflamed joint. 
Since the therapeutic value of nicotine is obviously limited due to its pharmacologic 
nonspecificity and toxic side effects, selective α7nAChR agonists may be better candidates 
for development as a novel approach to the treatment of RA.
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ABSTRACT

Objective. The α7 subunit of nicotinic acetylcholine receptors (α7nAChR) is able to negatively 
regulate the synthesis and release of proinflammatory cytokines by macrophages and 
fibroblast-like synoviocytes in vitro. In addition, stimulation of the α7nAChR can reduce the 
severity of arthritis in murine collagen-induced arthritis (CIA). To provide more insight into the 
role of the α7nAChR in the pathogenesis of arthritis, we investigated the effect of the absence 
of α7nAChR in CIA in α7 deficient (α7nAChR-/-) compared to wild-type (WT) mice.  
Methods. CIA was induced in α7nAChR-/- and WT littermate mice at day 0 by immunization 
with chicken collagen type II (cCII) followed by a booster injection with cCII on day 20. Mice 
were sacrificed on day 44 or day 63 and arthritis activity as well as radiological and histologic 
damage was scored. The effects on the immune response were evaluated by measurement of 
antigen-specific antibodies and cytokines, and evaluation of the effects on antigen-specific 
stimulated spleen cells.
Results. In α7nAChR-/- mice we observed a significant increase in the incidence and severity of 
arthritis as well as increased synovial inflammation and joint destruction. Exacerbation of CIA 
was associated with elevated systemic proinflammatory cytokines and enhanced Th1-cytokine 
and TNFα production by spleen cells. Moreover, a specific decrease in the collagen-specific 
“Th1-associated” IgG2a response was observed, whereas IgG1 titers were unaffected.
Conclusions. The results presented here indicate that immune cell function in a model of 
rheumatoid arthritis is regulated by the cholinergic system and at least in part mediated by 
the α7nAChR.
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INTRODUCTION

The nervous system, via an inflammatory reflex of the vagus nerve, plays an important role in 
limiting inflammatory responses, a concept referred to as the “cholinergic antiinflammatory 
pathway” (1-4). This pathway provides the host with a powerful mechanism for counteracting 
excessive inflammation in a very fast, discrete and localized way. Disruption of the vagus nerve by 
vagotomy exaggerated inflammation in various animal models: vagotomy enhanced systemic 
TNFα production and accelerated shock development in the experimental endotoxemia 
model in rats (5), and enhanced the local and systemic inflammation accompanying bacterial 
peritonitis (6) and cerulean-induced acute pancreatitis in mice (7). On the other hand, electrical 
stimulation of the vagus nerve resulted in inhibition of inflammation: it down-regulated TNFα 
production and protected endotoxemic rats from hypotension (5), it inhibited the acute 
inflammatory response to hypovolemic hemorrhagic shock (8), and diminished intestinal 
inflammation during experimentally induced ileus in mice (9). 
Acetylcholine (ACh), the principal neurotransmitter of the vagus nerve, is a key mediator of 
this cholinergic antiinflammatory pathway. ACh interacts with members of the nicotinic 
acetylcholine receptor (nAChR) family, and in particular the α7 subtype (α7nAChR). Nicotine 
exerts antiinflammatory effects on macrophages that can be counteracted by selective 
α7 antagonists (1;2;10) and selective nAChR agonists have proven effective in reducing 
macrophage cytokine production and inflammation in animal models of pancreatitis (7), 
experimentally induced ileus in mice (9) and improved survival in mice challenged with LPS 
(11;12). Accordingly, electrical vagus stimulation in  α7nAChR knockout (α7nAChR-/-) mice 
failed to reduce serum TNFα levels during endotoxemia (10) and splenocytes and peritoneal 
macrophages derived from these mice were shown to be insensitive to the cytokine-inhibiting 
effects of cholinergic agonists (10;13). It was recently shown that α7nAChR-/-  mice were not 
protected from renal ischemia/reperfusion injury by nicotine pretreatment in comparison 
to successful pretreatment in littermate wild-type (WT) mice (14). Moreover, a recent study 
showed that deficiency of the α7 subunit is associated with an accelerated clearance of E. coli 
after intraperitoneal infection, preceded by a faster recruitment of neutrophils (15). 
Recently, we have demonstrated that the cholinergic antiinflammatory pathway plays an 
important role in limiting inflammatory responses in collagen-induced arthritis (CIA), a well-
known animal model of RA (16). Vagotomy aggravated and oral administration as well as 
intraperitoneally (IP)-injected nicotine ameliorated clinical arthritis and bone degradation 
and reduced TNFα expression in synovial tissue. The effect of AR-R17779, a selective α7nAChR 
agonist (17), ameliorated clinical signs and symptoms of arthritis and was more potent than 
nicotine. The reduction of arthritis was associated with delayed onset of the disease as well 
as a protective effect against joint destruction and a reduction of TNFα level in both plasma 
and synovial tissue. Consistent with these results, electrical and pharmacological stimulation 
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of the vagus nerve result in decreased carrageenan-induced paw inflammation in rats (18). 
The relevance for human RA is underscored by recent studies, showing the expression of the 
α7nAChR in the inflamed synovium of RA patients (19;20).
CIA is restricted to mice bearing the major histocompatibility complex (MHC) class II H-2q or 
H-2r, but not H-2b, haplotypes (21;22). Therefore, strains of mice on a C57Bl/6 background (H-
2b) have been thought to be resistant to CIA and most of the genetically modified strains of 
mice are on a C57Bl/6 background. However, recently it has been demonstrated that C57Bl/6 
mice could be susceptible to CIA using chicken collagen type II (23-25). This implies that 
the CIA model can be directly applied to strains deficient in certain genes, which might be 
involved in the pathogenesis of RA. To provide more insight into the role of the α7nAChR in 
the pathogenesis of arthritis, we compared CIA in α7nAChR-/- and WT mice and evaluated the 
clinical expression of the disease and the effects of the α7nAChR on the immune response in 
this model of RA.

MATERIALS AND METHODS

Animals
Mice deficient for the α7 subunit gene of the α7nAChR (α7nAChR-/-) (26) and wild-type 
littermates (WT) were bred on a C57Bl/6 background by Charles River Diagnostics (Wilmington, 
MA). Male and female mice about 10-12 weeks old were used for the experiments. They were 
housed under SPF conditions at the animal facility of the Academic Medical Center/University 
of Amsterdam (Amsterdam, the Netherlands). Feeding was ad libitum. The Institutional Animal 
Care and Use Committee of the Academic Medical Center approved all experiments.

Induction and assessment of CIA  
Mice were immunized with CIA as previously described (23).  Briefly, chicken collagen type II 
(Sigma Chemical Co, St. Louis, MO) was dissolved in 0.1 M acetic acid to a concentration of 2.0 
mg/ml by overnight rotation at 4°C and mixed with an equal volume of Freund’s complete 
adjuvant (2.5 mg/ml of Mycobacterium tuberculosis; Chondrex, Redmond, WA). The mice were 
immunized intradermally at the base of the tail with 100 μl of emulsion on day 0. The same 
injection was repeated on day 20.
The severity of the arthritis was assessed using an established semiquantitative scoring system 
of 0-4 where 0 = normal, 1 = mild swelling, 2 = moderate swelling, 3 = swelling of all joints, 
and 4 = joint distortion and/or rigidity and dysfunction (27).  The cumulative score for all 4 
paws of each mouse (maximum possible score 16) was used as arthritis score to represent 
overall disease severity and progression in an animal. For the evaluation of incidence, mice 
were considered to have arthritis if the clinical arthritis score increased by at least 1 point for 
two consecutive days.
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Study design and evaluation of arthritis activity 
In study 1, we evaluated the role of α7nAChR in CIA by using α7nAChR-/- and WT mice (n=20 
per group; 10 male, 10 female). Mice were sacrificed on day 63 and hind paws and serum of all 
mice were used for further analysis. In study 2, CIA was performed in α7nAChR-/- (n=19; 5 male, 
11 female) and WT mice (n=16; 5 male, 14 female) and mice were sacrificed on day 44, which 
represents the more acute phase of the disease. Hind paws, serum, and spleens were used for 
further analysis. In both studies mice were inspected 3 times a week for signs of arthritis by 2 
independent observers who were not aware of the genetic background.

Radiologic analysis 
The hind paws were used for radiographic evaluation. Joint destruction was scored on a scale 
from 0-4, where 0 = no damage, 1 = demineralization, 2 = 1 or 2 erosions, 3 = severe erosions, 
and 4 = complete destruction of the joints. The radiographs were scored by 2 independent 
observers (MAvM and DMG) in a blinded manner; minor differences in scoring between the 
observers were resolved by mutual agreement.

Histologic analysis
Hind paws were fixed for 24 hours in 10% buffered formalin and decalcified in 15% EDTA. The paws 
were then embedded in paraffin, and serial 5-μm sagittal sections of whole hind paws were cut and 
stained with hematoxylin and eosin. Three independent observers (MAvM, SPS and MJV) assessed 
the tissue for the degree of synovitis and cartilage degradation by microscopic evaluation, under 
blinded conditions, as described previously (28;29). Synovitis and cartilage degradation were graded 
on a scale of 0 (no inflammation) to 3 (severely inflamed joint) based on the extent of infiltration 
by inflammatory cells into the synovium. Sections were also stained with Safranin O-fast green to 
determine proteoglycans depletion. Safranin O staining was scored with a semiquantitative scoring 
system of 0 (no loss of proteoglycans) to 3 (complete loss of proteoglycans) (28).

Measurement of antigen-specific antibodies in serum
Serum levels of antibodies against chicken collagen type II were measured by ELISA. A 96-well 
plate was coated with chicken collagen type II (5 μg/ml; Chondrex) and incubated overnight 
at 4°C. Nonspecific binding was blocked with PBS containing 1% BSA for 1 hour at room 
temperature. Serial dilutions of standard and serum samples were incubated for 1 hour at 
room temperature, followed by the addition of HRP-conjugated rat anti-mouse IgG1 or IgG2a 
(BD Biosciences, San Jose, CA). After 1 hour of incubation at room temperature, TMB substrate 
was added and the optical density at 450/540 nm was measured using a microplate reader.

Isolation and culture of splenic cell populations
In study 2, the spleen was extracted at the time of sacrifice and single cell suspensions 



64

Chapter 4

were prepared in complete medium (RPMI 1640 supplemented with 10% fetal calf serum). 
Splenocytes were cultured at 4 x 106 cells per well in duplicate, in the absence or presence of 
chicken collagen type II (25 μg/ml) for 48 hours. Supernatants were harvested.

Assays
Levels of TNFα, IL-6, monocyte chemoattractant protein 1 (MCP-1), IL-12 p70, interferon-γ 
(IFN-γ), and IL-10 in serum and supernatants of splenic cell cultures were determined using a 
commercially available cytometric bead array multiplex assay (BD Biosiences).

Statistical analysis
To evaluate the effects of α7nAChR, we determined the change in clinical arthritis scores 
in each mouse from day 20 until the end of the experiment. Areas under the curve for the 
change in arthritis scores were calculated. The significance of the differences in mean changes 
in scores (clinical, radiologic, histologic, and immunohistochemical) between groups was 
determined by the Mann-Whitney U test (SPSS version 12.0.2; SPSS, Chicago, IL). Incidence 
was compared using Kaplan-Meier survival analysis (GraphPad Prism version 4.03; GraphPad 
Software, San Diego, CA). Cytokine levels were compared by Mann-Whitney U test. P values 
less than 0.05 were considered statistically significant.

RESULTS

Aggravation of clinical arthritis and increased incidence of disease in 
α7nAChR-/- mice
In both studies we evaluated the role of α7nAChR in CIA. In agreement with the original 
description of these mice (26), mice lacking the α7 subunit developed normally and showed 
no gross anatomical defects or any gross phenotypic abnormalities. In study 1, all mice were 
sacrificed on day 63, the time arthritis has reached the chronic phase. An aggravation of clinical 
signs of arthritis was seen in the α7nAChR-/- mice compared to WT mice (P < 0.05) (Figure 1A and 
1B). In addition, α7nAChR-/- mice showed an accelerated onset of disease and a significantly higher 
disease incidence (P < 0.05) (Figure 1C).

Increased bone destruction and cartilage degradation in α7nAChR-/- mice in 
the chronic phase of the disease  
To examine the effects of α7nAChR on bone degradation, radiographs of knee joints obtained at 
the end of the experiment on day 63 were evaluated. As seen in Figure 2A and B, joint destruction 
was significantly increased in α7nAChR-/- mice (P < 0.05). Next, cartilage degradation was assessed 
by Safranin O-fast green staining, a method for detecting depletion of proteoglycans. Proteoglycan 
loss was significantly higher in the knee joints of α7nAChR-/- mice (P < 0.05) (Figure 2C). 
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Figure 1. Exacerbation of arthritis in α7nAChR deficient (α7nAChR-/-) versus wild-type (WT) mice. Arthritis 
was induced in mice by immunization with type II collagen, and evaluated 3 times per week by 2 inde-
pendent observers, under blinded conditions. A, α7nAChR-/- mice showed an increase in arthritis scores 
compared with WT mice. B, Area under the curve (AUC) (day 20 to day 63) was significantly increased in 
α7nAChR-/- mice versus WT mice. ** P < 0.01. C, α7nAChR-/- mice showed a significant increase in disease 
incidence compared with the control group. * P < 0.05.

Figure 2. Aggravation of bone degradation and proteoglycan depletion in murine collagen-induced ar-
thritis in α7nAChR deficient (α7nAChR-/-) mice compared with wild-type (WT) mice. A, Representative ra-
diographs of the knee joints of an α7nAChR-/- mouse and a WT mouse. B, Semiquantitative scores for joint 
destruction. Joint destruction was significantly increased in α7nAChR-/ mice. C, Semiquantitative scores 
for proteoglycan depletion assessed by Safranin O-fast green staining. Proteoglycan loss was significantly 
higher in the knee joints of α7nAChR-/- mice. Values are the mean ± SEM. * P  <  0.05.
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In addition, analysis of synovial inflammation was assessed by hematoxylin and eosin staining of 
knee joints (Figure 3A). Histologic scoring revealed a significant increase in cartilage degradation 
in α7nAChR-/- mice compared to wild-type mice (Figure 3B) (P < 0.05). Similarly, α7nAChR-/- mice 
showed a non-significant trend towards increased cellular influx at day 63 (data not shown).

Increased incidence and aggravated severity of arthritis and synovial 
inflammation in α7nAChR-/- mice in the acute phase of the disease
In study 2, in order to investigate the effects of α7nAChR in the more acute phase of the disease, 
we sacrificed all mice on day 44. Similar to the results in study 1, the clinical arthritis score was 
increased in α7nAChR-/- mice compared to WT littermates (P < 0.005) (Figure 4A and 4B). In 
addition, α7nAChR-/- mice showed an accelerated onset of disease and a significantly higher 
disease incidence (P < 0.05) (Figure 4C). Synovial inflammation was assessed by hematoxylin 
and eosin staining of the knee joints (Figure 4D). There was a significant increase in inflammatory 
cell infiltration in α7nAChR-/- mice, sacrificed in the acute phase of the disease (P < 0.05).

Increased plasma levels of MCP-1 and TNFα in α7nAChR-/- mice
To investigate the effect of the α7nAChR on systemic cytokine concentrations in the acute 
phase of the disease, we assessed plasma levels of different proinflammatory cytokines by 
cytometric bead array multiplex assay. In the plasma of α7nAChR-/- mice sacrificed on day 44 
the levels of MCP-1 and TNFα were significantly increased (P < 0.05) (Figure 5A and 5B). In 
addition, there was a non-significant trend towards increased IL-6 plasma levels in α7nAChR-/- 
mice (data not shown). The plasma levels of IL-12 p70, IFN-γ and IL-10 were not significantly 
different between α7nAChR-/- and WT mice (data not shown).

Enhanced Th1 response in α7nAChR-/- mice
In study 2, we investigated the mechanisms underlying the severity of CIA. It has previously 
been shown that B cell-deficient mice are resistant to CIA, indicating that collagen-specific 

Figure 3. Synovial inflammation is increased in α7nAChR-/- mice in collagen-induced arthritis. A, Representative 
knee joint sections of an α7nAChR-/- mouse and a wild-type (WT) mouse. The α7nAChR-/- mice exhibited pro-
nounced synovial inflammation (hematoxylin and eosin stained; original magnification X 100). B, Semiquanti-
tative scores for cartilage degradation in the knee joint. Cartilage degradation was significantly increased in 
α7nAChR-/- mice compared with WT mice. Values are the mean ± SEM.  * P < 0.05. (See also section Color figures).
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Figure 4. Exacerbation of arthritis in α7nAChR deficient (α7nAChR-/-) mice versus wild-type (WT) mice in 
the acute phase of disease. A, The α7nAChR-/- mice showed an increase in arthritis scores compared with 
WT mice. B, Area under the curve (AUC) (day 20 to day 44) was significantly increased in α7nAChR-/- mice 
versus WT mice. ** P < 0.005.  C, α7nAChR-/- mice showed an accelerated onset of disease and a significant 
higher disease incidence compared with the control group. * P < 0.05. D, Synovial inflammation, assessed 
by hematoxylin and eosin staining of the knee joints, showed a significant increase in inflammatory cell 
infiltration in α7nAChR-/- mice, sacrificed in the acute phase of the disease. * P < 0.05.

Figure 5. Plasma levels of different proinflammatory cytokines were assessed to evaluate the effect of 
α7nAChR on systemic cytokine concentrations in the acute phase of the disease. A and B, In the plasma of 
α7nAChR-/- mice sacrificed on day 44 the levels of monocyte chemoattractant protein-1 (MCP-1) and tumor 
necrosis factor α (TNFα) were significantly increased. Values are the mean ± SEM. * P < 0.05. C, The levels of 
IgG2a and IgG1 anti-CII antibodies in the plasma were measured, collected on day 44. The concentration of 
CII-specific IgG1 antibody was similar in α7nAChR-/- and WT mice, whereas the concentration of CII-specific 
IgG2a was increased in the α7nAChR-/- mice. This resulted in a markedly increased IgG2a:IgG1 ratio. * P < 0.05.
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antibodies are crucial for disease induction (30). Because the severity of CIA is reflected by the 
switch from a Th1 to a Th2 response (31), we measured the levels of IgG2a and IgG1 anti-CII 
antibodies in the plasma, collected on day 44. The concentration of CII-specific IgG1 antibody 
was similar in α7nAChR-/- and WT mice, whereas the concentration of CII-specific IgG2a was 
increased in the α7nAChR-/ mice. This resulted in a markedly increased IgG2a:IgG1 ratio (P < 
0.05) (Figure 5C). 
Since switching towards the IgG2a isotype is strongly associated with a typical Th1 response 
in mice, and some reports indicate that the spleen may play a critical role in exerting the 
antiinflammatory effects of the cholinergic pathway (13;32), we analyzed the antigen-
specific production of Th1-associated cytokine IFN-γ and the Th2-associated cytokine IL-10 by 
splenocytes. As shown in Figure 6A, splenocytes from α7nAChR-/- mice produced significantly 
higher levels of IFN-γ whereas the level of IL-10 was not altered. Moreover, the production of 
the proinflammatory cytokines TNFα and IL-6, which both play a very important role in CIA 
(33;34), was increased in splenocytes from α7nAChR-/- mice (P < 0.05) (Figure 6B), whereas the 
production of IL-12 p70 and MCP-1 was not significantly different between splenocytes of 
α7nAChR-/- mice and wild-type littermates (data not shown).

Figure 6. Antigen-specific production of Th1-associated cytokine interferon-γ (IFN-γ) and the Th2-associ-
ated cytokine interleukin-10 (IL-10) by splenocytes of α7nAChR deficient (α7nAChR-/-) mice and wild-type 
littermates (WT), and the production of proinflammatory cytokines tumor necrosis factor α (TNFα) and 
IL-6. A, The production of IFN-γ by splenocytes of α7nAChR-/- mice was significantly higher than the pro-
duction by WT splenocytes whereas the level of IL-10 was not altered. B, The production of TNFα and IL-6 
by splenocytes of α7nAChR-/- mice was significantly higher than by splenocytes of WT mice. *  P < 0.05, ** 
P < 0.01. Mean ± SEM is shown. 
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DISCUSSION

The results presented in this paper reveal that mice deficient for α7nAChR develop a marked 
increase in clinical arthritis scores in both the acute and the chronic phase of the disease. 
This was accompanied by an increased incidence of arthritis, synovial inflammation, 
joint destruction, and elevated levels of systemic proinflammatory cytokines. Of interest, 
α7nAChR-/- mice showed an enhanced collagen-specific “Th1-associated” IgG2a response 
and increased Th1-cytokine production by splenocytes as determined by an in vitro assay. 
Taken together, these results strongly suggest a role for the cholinergic antiinflammatory 
pathway in the development of arthritis, which is at least in part dependent on the 
α7nAChR.
Recent data from various animal models of inflammation point towards the α7 subunit of the 
nAChR as a crucial player in cholinergic modulation of inflammation (7;12;35;36). Consistent 
with these results, we recently described for the first time the role of the cholinergic 
antiinflammatory pathway in murine CIA using unilateral cervical vagotomy and treatment 
with an α7nAChR agonist (16). In the present study, we further investigated the role of 
cholinergic receptors in CIA using α7nAChR-/- mice and their WT littermates. The objective 
of the study was to determine the role of the endogenous cholinergic antiinflammatory 
pathway, rather than the effect of exogenous stimulation of this mechanism, in the 
pathogenesis of CIA. Consistent with the antiinflammatory effect of activation of α7nAChR 
by a specific agonist, in α7nAChR-/- mice, we observed a marked increase in clinical arthritis 
scores and synovial inflammation compared to the WT littermates.
Because the effect on synovial inflammation was more pronounced in the more acute 
phase of the disease, we further unraveled the underlying mechanism responsible for 
this antiinflammatory effect in α7nAChR-/- mice sacrificed on day 44. Measuring the level 
of CII-specific antibody titers in the serum, we found an increase in IgG2a antibodies in 
α7nAChR-/- mice, resulting in an increased IgG2a/IgG1 ratio. This indicates that the α7 subunit 
can modulate the outcome of B cell immunity against collagen type II. Because humoral 
responses induced under Th1 conditions are characterized by predominant production 
of IgG2a antibodies, we confirmed the switch from Th2 to Th1 profile by measuring the 
antigen-specific production of the Th1-associated cytokine IFN-γ and the Th2-associated 
cytokine IL-10, produced by splenocytes after stimulation with chicken CII. The level of IFN-γ 
was significantly increased in α7nAChR-/- mice whereas the level of IL-10 was not altered, 
resulting in a cytokine profile more skewed towards a Th1 profile. 
Earlier reports have shown that stimulation or inhibition of α7nAChR particularly affects 
TNFα production in the spleen (10;13;32). Since it has been hypothesized that the spleen is 
critical for the antiinflammatory function of the cholinergic pathway (32), we investigated 
the antigen-specific production of TNFα by splenocytes from α7nAChR-/- mice and WT 
littermates. In splenocytes of α7nAChR-/- mice the production of TNFα was increased. This 
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could in part explain the observed aggravation of arthritis because as in human RA, TNFα 
plays a pivotal role in its pathogenesis (37;38).
Although the experiments shown in this paper were not designed to dissect the role of 
individual cell populations in the inflamed synovium, they clearly support the notion that the 
α7nAChR is intimately involved in the regulation of the inflammatory response in arthritis. 
Several studies have shown that the α7nAChR is expressed by various immune cells among 
which monocytes, macrophages, T and B lymphocytes, dendritic cells (39). Recent work has 
also shown that the α7nAChR is expressed in the inflamed synovium of RA patients as well 
as by fibroblast-like synoviocytes in vitro (19;20). It is likely that the lack of the α7nAChR in 
the synovium as well as other sites in the body contributes to the aggravation of arthritis in 
α7nAChR-/- mice due to non-response to endogenous ACh. An intriguing possibility is that the 
lack of the α7nAChR in the brain is also relevant, as a recent study has shown that inhibition 
of brain acetylcholinesterase activity suppresses systemic inflammation through a central 
muscarinic receptor-mediated and vagal- and α7nAChR-dependent mechanism (40). This may 
imply that in α7nAChR-/- mice this suppression is neutralized, whereas brain development is 
normal in α7nAChR-/- mice (41).
Taken together, these findings show that the absence of the α7nAchR is associated with 
aggravated arthritis in CIA. This observation supports the hypothesis that selective, peripherally 
acting α7nAchR agonists may have an antiinflammatory effect in arthritis (16).
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ABSTRACT

Background. The cholinergic antiinflammatory pathway can downregulate inflammation via 
the release of acetylcholine (ACh) by the vagus nerve. This neurotransmitter can bind to the 
α7 subunit of nicotinic acetylcholine receptors (α7nAChR), expressed on macrophages and 
other immune cells, and upon binding suppress the release of proinflammatory cytokines. 
We recently described for the first time the role of the α7nAChR in murine collagen-induced 
arthritis (CIA) showing that the α7nAChR could represent a new target for the treatment of 
rheumatic diseases. It is however at present unclear what the role of ion channel activity is. 
Methods. We tested the pharmacological and functional profile of two novel compounds, 
CTI-15311 and CTI-15072, with different effects on ion channel activity and investigated 
the role of both compounds in modulating CIA. Both compounds were characterized 
with binding, electrophysiologic, and pharmacokinetic studies. For in vivo efficacy studies 
in the CIA model CTI-15311 and CTI-15072 were administered daily by oral gavage from 
day 20 till sacrifice on day 34. Disease progression was monitored by visual clinical scoring 
and measurement of paw swelling. Inflammation and joint destruction were examined by 
histology and radiology.
Results. While both compounds bind to α7nAChR with high affinity, CTI-15311 acts like 
a classical agonist of ion channel activity, and CTI-15072 can act as an antagonist of ion 
channel activation. However, treatment with both CTI-15311 and CTI-15072 resulted in 
significant amelioration of arthritis. The anti-arthritic effect can be observed despite limited 
penetration of the central nervous system. 
Conclusions. CTI-15311 is more efficacious as an α7nAChR agonist and more potent in 
the relief of arthritis than CTI-15072. However, although CTI-15072 is not able to induce 
significant levels of ion channel activity, it can still improve arthritis. Moreover, CTI-15072 
was clearly distinct from typical competitive antagonists, since it was able to synergize 
with the allosteric modulator PNU-120596, suggesting that it is a selective desensitizer of 
α7nAChR. These data provide direct evidence that the α7nAChR in immune cells does not 
require typical ion channel activation to exert its antiinflammatory effects. 
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, immune-mediated inflammatory disease of unknown 
etiology, characterized by nonspecific, often symmetric, inflammation of the peripheral joints. 
Hallmarks of the disease include inflammation of the synovium leading to destruction of 
cartilage and bone (1;2). Although the introduction of anti-tumor necrosis factor (TNF) therapy 
and other new biologicals has played a major role in improving patient outcomes, RA is still 
associated with long-term morbidity and early mortality (3). Thus, there is still a need for the 
identification of new pathways involved in the modulation of inflammation, which could help 
to increase the efficacy of the RA treatment.
In recent years, it has been demonstrated that the efferent vagus nerve may inhibit 
inflammatory responses. This process was first described by Tracey and colleagues and has been 
termed “the cholinergic antiinflammatory pathway” (4;5). The key mediator of the cholinergic 
antiinflammatory pathway, acetylcholine (ACh), may inhibit proinflammatory cytokine release 
via interaction with members of the nicotinic acetylcholine receptor family (nAChR), and in 
particular with the α7 subunit (α7nAChR). This receptor is not only expressed by neuronal 
cells but also by macrophages and other cells involved in the inflammatory response. In these 
cells stimulation of the α7nAChR by ACh or α7-specific agonists suppresses proinflammatory 
cytokine release (4). Another strategy for activating the cholinergic antiinflammatory pathway 
is by vagus nerve stimulation (VNS) using an electrical device. Activation of the cholinergic 
antiinflammatory pathway, either by VNS or through pharmacologic approaches, has been 
shown to significantly ameliorate disease in several animal models, including endotoxemic 
shock (4;6), septic peritonitis (7), colitis (8), pancreatitis (9), and ischemia-reperfusion injury 
(10;11). 
The cholinergic antiinflammatory pathway may also be relevant in arthritis. Pharmacological 
or electrical stimulation of the vagus nerve decreases carrageenan-induced inflammation 
in the rat paw (12). Moreover, we have shown that unilateral cervical vagotomy exacerbates 
collagen-induced arthritis (CIA), whereas treatment with AR-R17779, an α7nAChR agonist, 
ameliorates arthritis activity (13). In addition, α7-deficient mice showed a marked increase 
in synovial inflammation compared with wild-type littermates (van Maanen M.A. et al., 
submitted). Underscoring the potential importance of α7nAChR in humans, it has been shown 
that leukocytes and fibroblast-like synoviocytes (FLS) in the RA synovium express α7nAChR 
and α7nAChR-specific agonists can, in vitro, modulate the inflammatory response of RA FLS 
(14;15). 
The members of the nAChR family form homopentameric and heteropentameric receptors 
in neurons, which function as ligand-gated ion channels, and can in the case of the 
heteropentameric receptors, mediate fast signal transmission at synapses. However, it is at 
present controversial whether the α7nAchR in immune cells requires ion channel activity 
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to exert its antiinflammatory effects. In the present study, we describe the binding profile, 
biological properties, and pharmacological effects of two novel α7nAChR selective small 
molecules (CTI-15311 and CTI-15072).

MATERIALS AND METHODS

Chemicals
Experimental compounds CTI-15311 and CTI-15072 were synthesized by Cornerstone 
Therapeutics, Inc. (Cary, NC) and provided as a hydrochloride or fumerate salt, respectively. 
PNU-120596 was purchased from Tocris (Ellisville, MO). All other chemicals for electrophysiology 
were obtained from Sigma (St. Louis, MO). 

Binding studies with the rat α7nAChR
Binding studies with rat α7nAChR was done using the rat pheochromocytoma cell line 
PC12 that endogenously expresses the α7nAChR (American Type Culture Collection, 
Manassas, VA). PC12 cells were maintained in Ham F-12 nutrient mixture, containing 15% 
horse serum, 2.5% fetal bovine serum (FBS), 2 mM L-glutamine, 1.5 g/L NaHCO3, 100 units 
of penicillin, and 100 μg streptomycin. 
For the binding assay, PC12 cells were resuspended in binding buffer (phosphate buffered 
saline with calcium and magnesium, containing 1% FBS and 0.02% NaN3) at 1.5 to 2.7 x 
106 cells per ml and 55 μl (0.8-1.5 x 105 cells per well) was added to a 96-well, v-bottom 
plate. Test compounds were diluted in binding buffer, to 2.2 times the desired final 
concentration, and 55 μl was added to the cells; 55 μl binding buffer, was added to the 
cells in the control wells (total binding, non-specific binding, and cell controls; n=1-3). 
Biotinylated α-bungarotoxin (BTx) (Invitrogen) was added to the cells (excluding the cell 
control) for a final concentration of 10 nM.  An excess of unlabeled BTx was added to the 
non-specific binding (NSB) control at a final concentration of 1.5 μM. The samples were 
incubated at room temperature for 1.0 to 1.5 hour(s) and thereafter the cells were washed 
one time with binding buffer, to remove unbound BTx. 
Phycoerythrin-labeled streptavidin (streptavidin-PE) (Becton-Dickinson, Franklin Lakes, 
NJ) was diluted in binding buffer and 50 μl was added to the cells (excluding the cell 
control) at a 1.0 μg/ml final concentration. The samples were incubated in the dark, at 
room temperature, for 15 minutes. Thereafter cells were washed one time with binding 
buffer, to remove the excess streptavidin-PE. The samples were resuspended in 120 μl 
binding buffer. BTx binding was quantified by fluorescence-activated cell sorting (FACS) 
analysis. For each concentration of test compound, the displacement of BTx from the 
α7nAChR was quantified by measuring the intensity of the fluorescent signal. Raw data 
units are in percent events (% events), which is equal to the percentage of cells in the total 
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cell population that has a fluorescent intensity greater than the background level. Percent 
inhibition (% inh) of BTx binding was calculated from the ratio of the % events measured in 
the sample to the total binding % events, with background (NSB) subtracted:

% inh = (1-((sample % events – NSB % events)/(total binding % events – NSB % 
events)))*100

Curve-fit analysis was done using GraphPad Prism (GraphPad Software, San Diego, CA), 
% inh values were plotted versus the log10 of the concentration.  Curve-fit analysis was 
performed using a four-parameter logistic equation:

y = (Bottom +(Top-Bottom)/(1+10^((LogIC50-X)*illSlope)))

with the “Top” parameter constrained at 100% and the “Bottom” parameter constrained at 0%.  
Ki values were calculated from IC50 values using the Cheng-Prusoff equation:

Ki = IC50/(1+([BTx]/KD))

Broad selectivity panel
Broad selectivity was assessed at Cerep (Celle l’ Evescault, France), as described in the Cerep 
catalog, though the determination of the effect of CTI-15311 and 15072 in in vitro radioligand 
receptor binding assays with 52 different receptors, channels, and transporters. The specific 
ligand binding to the receptors is defined as the difference between the total binding, and the 
nonspecific binding determined in the presence of an excess of unlabelled ligand. The results 
are expressed as a percent of control specific binding and as the mean percent inhibition of 
control specific binding obtained in the presence of 10 µM CTI-15311 or CTI-15072. Individual 
and mean values are presented in the results section. The IC50 values (concentration causing a 
half-maximal inhibition of control specific binding) and Hill coefficients (nH) were determined 
by non-linear regression as described above.

Pharmacokinetics
Pharmacokinetic studies were carried out at Cerep using non-cannulated, non-fasted CD1 
mice (Charles River Laboratories, Wilmington, MA). CTI-15311 or CTI-15072 were formulated in 
phosphate buffered saline (PBS), pH 7.4, as a clear solution and 5 mg/kg was administered by 
bolus intravenous (IV) injection or by oral gavage. Plasma samples were obtained from 3 mice 
per time point at 15, 30, 60, 120, 240, 360, 480 and 1440 min post-dose. The plasma samples 
were processed using acetonitrile precipitation and analyzed by HPLC-MS or HPLC-MS/MS to 
determine the concentration of drug as compared to a plasma calibration curve (aliquots of 
drug-free plasma were spiked with the test compound at the specified concentration levels 
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and processed together with the unknown plasma samples using the same procedure). The 
processed plasma samples were stored frozen (-20°C) until the HPLC-MS/MS analysis. Peak 
areas were recorded, and the concentrations of the test compound in the unknown plasma 
samples were determined using the respective calibration curve. The reportable linear range 
of the assay was determined, along with the lower limit of quantitation (LLQ).
Plots of plasma concentration of compound versus time were constructed. The fundamental 
pharmacokinetic parameters of compound after oral and IV dosing (Cmax: maximum 
concentration, Tmax: time to maximum concentration, Tl/2: terminal elimination half-life, AUC: 
area under the curve, CI: clearance, Vd: volume of distribution, and %F: bioavailability) were 
obtained from the non-compartmental analysis of the plasma data using WinNonlin (Pharsight, 
St. Louis, MO).

cDNA clones and preparation of RNA
Human nAChR receptor clones were obtained from Dr. Jon Lindstrom (University of 
Pennsylvania, Philadelphia, PA). The RIC-3 clone was obtained from Dr. Millet Treinin (Hebrew 
University, Jerusalem, Israel). Subsequent to linearization and purification of cloned cDNAs, 
RNA transcripts were prepared in vitro using the appropriate mMessage Machine kit from 
Ambion Inc.  (Austin, TX).

Receptor expression in Xenopus oocytes
The preparation of Xenopus laevis oocytes for RNA expression was conducted as previously 
described (16). In brief, mature (> 9 cm) female Xenopus laevis African frogs (Nasco, Ft. Atkinson, 
WI) were used as a source of oocytes. Before surgery the frogs were anesthetized by placing 
them in a 1.5 g/l solution of MS222 (3-aminobenzoic acid ethyl ester) for 30 min. Oocytes were 
removed from an incision made in the abdomen. 
In order to remove the follicular cell layer, harvested oocytes were treated with 1.25 mg/
ml collagenase (Worthington Biochemical Corporation, Freehold, NJ) for 2 hours at room 
temperature in calcium-free Barth’s solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO3, 0.82 
mM MgSO4, 15 mM HEPES  pH 7.6, 12 mg/l tetracycline). Subsequently, stage 5 oocytes were 
isolated and injected with 50 μl (5-20 ng) of each subunit cRNAs. Recordings were conducted 

2-5 days after injection. RNA coding for human α7nAChR was routinely co-injected with the 
cDNA for human RIC-3, an accessory protein that improves and accelerates α7nAChR expression 
without affecting the pharmacological properties of the receptors (17).  

Electrophysiology
Experiments were conducted using OpusXpress6000A (Molecular Devices, Union City, CA). 
OpusXpress is an integrated system that provides automated impalement and voltage clamp 
of up to eight oocytes in parallel. Both the voltage and current electrodes were filled with 3 M 
KCl. The oocytes were bath-perfused with Ringer’s solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM 
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CaCl2, 10 mM HEPES, 1 μM atropine, pH 7.2). Flow rates were set at 2 ml/min. Agonist solutions 
were delivered from a 96-well plate using disposable tips. The oocytes were clamped at a 
holding potential of -60 mV. Data were collected at 50 Hz and filtered at 20 Hz. ACh applications 
were for 12 seconds.

Experimental protocols and data analysis
Each oocyte received two initial control applications of 300 µM ACh, followed by the 
experimental drug application, and subsequent control application of 300 µM ACh. Responses 
to experimental drug applications were determined relative to the preceding ACh control 
responses in order to normalize the data, compensating for the varying levels of channel 
expression among the oocytes. Responses for α7nAChR were calculated as net charge (16), 
since peak currents inaccurately report the agonist concentration dependence of α7nAChR-
mediated responses (18). For experiments measuring the effects of ACh and the experimental 
compounds on allosterically modulated receptors, following the acquisition of baseline 
responses, cells were given a 60 s application of 300 µM PNU-120596. We have previously 
reported, that due to the slow reversibility of PNU-120596’s effects in the oocyte system, 
that this protocol produces modulation which allows previously desensitized receptors to be 
reactivated and that a significant percentage of the receptors remain in the modulated state 
for at least 15 minutes (19). For all experiments, means and standard error of the mean (SEM) 
were calculated from the normalized responses of at least four oocytes for each experimental 
concentration. For concentration-response relations, data were plotted using Kaleidagraph 
3.52 (Synergy Software, Reading, PA), and curves were generated from the Hill equation:

where Imax denotes the maximal response for a particular agonist/subunit combination, and 
n represents the Hill coefficient.  Imax, n, and the EC50 were all unconstrained for the fitting 
procedures except in the case of the ACh concentration-response curves. Because ACh is our 
reference full agonist, those data were normalized to the observed ACh maximum, and the 
Imax of the curve fits were constrained to equal 1.  

Animals
Male DBA/1 mice (8-10 weeks of age) were purchased from Harlan (Horst, The Netherlands). They 
were housed under specific pathogen-free conditions at the animal facility of the Academic 
Medical Center, University of Amsterdam. Animals were fed ad libitum. The Institutional Animal 
Care and Use Committee of the Academic Medical Center approved all experiments.

Induction and assessment of collagen-induced arthritis
Bovine type II collagen (2 mg/ml in 0.05 M acetic acid; Chondrex, Redmond, WA) was mixed 
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in an equal volume of Freund’s complete adjuvant (2 mg/ml of Mycobacterium tuberculosis; 
Chondrex). The mice were immunized intradermally at the base of the tail with 100 μl of 
emulsion (100 μg collagen) on day 0. On day 20, mice received an intraperitoneal booster 
injection of 100 μg type II collagen in PBS.
The severity of arthritis was assessed using an established semiquantitative scoring system 
of 0-4, where 0 = normal, 1 = swelling in 1 joint, 2 = swelling in >1 joint, 3 = swelling in the 
entire paw, and 4 = deformity and/or ankylosis (13;20;21). The cumulative score for all 4 paws 
of each mouse (maximum possible score 16) was used to represent overall disease severity and 
progression. Hind paw ankle joint thickness was measured using a caliper (POCO SO247 test 
gauge; Kroeplin Längenmesstechnik, Schlüchtern, Germany). For the evaluation of incidence, 
mice were considered to have arthritis if the arthritis score increased by at least 1 point for 2 or 
more following days.

Study design and evaluation of arthritis activity
In study 1, we evaluated the role of the two novel α7nAChR-specific modulators in CIA. The 
receptors were stimulated by oral gavage of CTI-15311 (5 mg/kg; n=15) or CTI-15072 (5 mg/
kg; n=17). The compounds were administered once a day from day 20 until the end of the 
experiment (day 34). Control mice received saline. In study 2, we evaluated the antiinflammatory 
effects of different dosages of the α7nAChR-specific agonists. CTI-15311 (2 or 10 mg/kg; n=15) 
and CTI-15072 (10 or 20 mg/kg; n=15) were administered in the same way as in study 1. In 
both studies, mice were inspected daily for signs of arthritis and thickness of hind paws was 
measured using a caliper from day 16 till sacrifice by 2 independent observers (MAvM and 
MJV) who were not aware of the treatment.

Radiologic analysis
Hind paws were used for radiographic evaluation. Joint destruction was scored on a scale of 
0-4, where 0 = no damage, 1 = demineralization, 2 = 1 or 2 erosions, 3 = severe erosions, and 
4 = complete destruction of the joints (13). The radiographs were scored by 2 independent 
observers (MAvM and MJV) in a blinded manner; minor differences in scoring between the 
observers were resolved by mutual agreement.

Histologic analysis
Hind paws were fixed for 24 hours in 10% buffered formalin and decalcified in 15% EDTA. The 
paws were then embedded in paraffin, and serial 5 μm sagittal sections of whole hind paws 
were cut and stained with hematoxylin and eosin (HE). Two independent observers (MAvM 
and MJV) assessed the tissue for the degree of synovitis by microscopic evaluation, under 
blinded conditions, as described previously (13;20;21). Synovitis was graded on a scale of 0 (no 
inflammation) to 3 (severely inflamed joint) based on the extent of infiltration of inflammatory 
cells into the synovium. 
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Statistical analysis
To evaluate the effects of different treatments, we determined the change in clinical arthritis 
scores in each mouse from the start of treatment until the end of the experiment. AUC for 
the change in arthritis scores were calculated. The significance of the differences in the mean 
changes in scores (clinical, radiologic and histologic) between groups was determined by 
Kruskal-Wallis test followed by Mann-Whitney U test (SPSS version 12.0.2; SPSS, Chicago, IL). 
Incidence was compared using Kaplan-Meier survival analysis (GraphPad Prism). Cytokine 
levels were compared by Mann-Whitney U test. P values less than 0.05 were considered 
statistically significant.

RESULTS

Functional activity and selectivity of the compounds on α7nAChR and 
α4β2nAChR
In a competitive binding assay, compounds CTI-15311 and CTI-15072 displaced the α7nAChR-
specific agonist α-bungarotoxin from binding to cultured PC12 cells (derived from a 
pheochromocytoma of rat adrenal medulla) that endogenously express the α7-subunit. Both 
compounds showed potent binding to α7nAChR with Ki values of 0.9 nM or 6.9 nM, respectively 
(Table 1). CTI-15311 does have some affinity for α4β2nAChR (cytosine binding to rat brain 
membranes; Ki = 30 nM). Both CTI-15311 and CTI-15072 do not exhibit any affinity for the muscle 
receptor (α-bungarotoxin binding to TE671 cell membranes; Ki > 100,000 nM) (Table 1). 

In addition, the binding selectivity of both compounds with respect to other nAChRs, as well as 
to a broader selection of targets was valuated by testing for competition in radioligand binding 
assays with 52 pharmacologically important receptors, channels, and transporters. CTI-15311 
shows very little interaction with the panel of targets, with the exception of the human serotonin 

Table 1. Binding affinities of CTI-15311 and CTI-15072 for α7nAChR, α4β2nAChR and α1β1nAChR
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transporter (72% inhibition at 10 µM). CTI-15072 does also not show any significant interactions 
with any of these additional targets with the exception of the human serotonin transporter (Ki = 
1800 nM). This includes the α4β2nAChR (cytosine binding to rat brain membranes; Ki > 100,000 
nM), and muscle receptor (α-bungarotoxin binding to TE57 cell membranes; Ki > 100,000 nM) 
(data not shown).
Using voltage-clamp electrophysiological techniques, we examined the functional activity of 
both compounds at human α7nAChR, expressed in Xenopus oocytes in comparison with ACh 
responses. It is known that the maximal channel activation, measured as net charge, is achieved 
with the application of 300 μM ACh and that application of concentrations greater than 300 
μM produce no further increase in response (16). Application of 3 μM CTI-15311 to Xenopus 
oocytes elicited a typical inward current (Figure 1B), consistent with opening of the α7nAChR. 

Figure 1. Compound activity of CTI-15311 and CTI-15072 on α7nAChR. A, Competitive binding assay 
showed that CTI-15311 and CTI-15072 displaced the α7nAChR-specific agonist α-bungarotoxin from 
binding to PC12 cells. B, Voltage-clamp electrophysiological techniques revealed that aapplication of CTI-
15311 (3 μM) to Xenopus oocytes elicited a typical inward current. C, CTI-15311 showed a dose-dependent 
activation of α7nAChR with a maximum about 85% that of ACh. D, CTI-15072 does not show to be an 
agonist of α7nAChR ion channel activity. E, CTI-15072 is an antagonist of α7nAChR channel activity.



87

Therapeutic effect of stimulating nAChR in CIA

The efficacy of CTI-15311 for the activation of α7nAChR was dose-dependent and the maximum 
responses to CTI-15311 were about 85% compared to ACh with an EC50 of about 200 nM (Figure 
1C). Compound CTI-15072 did not appear to be an agonist of the classical α7nAChR ion channel 
activity in the Xenopus oocyte membrane current assay (Figure 1D), but by virtue of its binding to 
α7nAChR it could act as an antagonist of ACh-stimulated α7nAChR channel activity, with an IC50 
of 20-50 nM (Figure 1E).
Both compounds were also tested for potential effects on α4β2nAChR. As seen in the competitive 
binding assays CTI-15311 does interact with α4β2nAChR; in the ion channel assays it was shown 
to be a potent inhibitor of α4β2nAChR with an IC50 below 1 µM (data not shown). The mechanism 
of inhibition is probably related to competition. 

Pharmacokinetics
The pharmacokinetic properties of both compounds in mouse are shown in Table 2. Following an 
oral dose of 5 mg/kg maximum plasma concentrations (Cmax) were 2.5 μM (787 ng/ml) at 15 min 
and 0.94 μM (324 ng/ml) at 30 min for CTI-15311 and CTI-15072, respectively. The bioavailability 
(%F), used to describe the fraction of the orally administered dose of unchanged compound that 
reaches the systemic circulation, was 50% for CTI-15311 and 76% for CTI-15072. Moreover, both 
compounds had comparable relatively short plasma half-lives in mice. Brain penetration was 
measured 30 minutes after intravenous administration of the compounds. CTI-15311 showed 
44% brain penetration whereas CTI-15072 only showed 6% of brain penetration. 

Table 2. Compound pharmacokinetics in mouse 
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Stimulation of the α7nAChR by CTI-15311 treatment ameliorates arthritis 
activity and reduces disease incidence

Mice were treated with CTI-15311 or CTI-15072 at 5 mg/kg. Both compounds were administered 
daily by oral gavage from day 20 until day 34 and all mice tolerated the drug treatment well. 
Control mice received saline. Treatment with CTI-15311 resulted in an amelioration of clinical 
signs of arthritis (Figure 2A). The AUC was decreased by 51% (P < 0.05) in mice treated with CTI-
15311 compared to control mice (Figure 2B). This clinical effect was accompanied by a decrease 

Figure 2. Amelioration of arthritis by CTI-15311. Arthritis was induced in mice by immunization with type 
II collagen, and mice were treated with CTI-15311, CTI-15072 or saline by oral gavage from day 20 until 
day 34. A, Clinical score; Mice treated with CTI-15311 (5 mg/kg) showed an decrease in arthritis scores 
compared to saline-treated mice. B, Area under the curve (AUC) (day 20 to day 34) was decreased in CTI-
15311-treated mice versus control mice. C, Caliper score; Mice treated with CTI-15311 showed a decrease 
in hind paw thickness, measured daily with a caliper, compared to the control group. D, AUC of the caliper 
score was decreased in CTI-15311-treated mice compared with saline-treated mice. E, Disease incidence; 
CTI-15311 reduced the incidence and delayed the onset of arthritis. * P  < 0.05.
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in paw swelling in the mice treated with CTI-15311 showing a decrease of 39% compared to 
saline-treated mice (P < 0.05) (Figure 2C and D). Moreover, treatment with CTI-15311 resulted 
in reduced disease incidence and delayed onset of disease (P < 0.05) (Figure 2E). CTI-15072 did 
not significantly ameliorate arthritis activity but a trend towards reduced incidence of disease 
was seen (Figure 2A-E).

CTI-15311 treatment reduces bone degradation and synovial inflammation 
in knee joints
To examine the effects of α7nAChR-specific agonists CTI-15311 (5 mg/kg) and CTI-15072 (5 
mg/kg) on bone degradation, radiographs of knee joints collected at the end of the experiment 
were evaluated. Consistent with the effect on arthritis activity, mice treated with CTI-15311 
showed a significant reduction in joint destruction compared with saline-treated mice (P < 
0.01), whereas CTI-15072 did not reduce bone degradation (Figure 3A). Similarly, there was a 
significant reduction of synovial inflammation, assessed by HE staining of knee joints, in mice 
treated with CTI-15311 (P < 0.05) (Figure 3B). 

Dose-response study of the effects of CTI-15311 and CTI-15072 on arthritis 
scores and paw swelling
Having shown proof of concept that CTI-15311 treatment results in decreased arthritis 
activity, we next performed an independent dose-response study in mice with CIA. We 
tested the effects of CTI-15311 in 1 lower and 1 higher dosage than used in study 1: 2 mg/kg 
and 10 mg/kg. Because CTI-15072 showed a trend towards amelioration of clinical arthritis, 
we tested in the same experiment the effects of 2 higher doses: 10 mg/kg and 20 mg/kg. 
All of the animals tolerated the drug treatments well. To allow comparison with the results 
obtained in study 1, we calculated the percentages of the score compared to the control 
group. This experiment confirmed the beneficial effect of treatment with 5 mg/kg CTI-15311 
(a reduction of 49% in clinical score compared to saline (P < 0.05) (Figure 4A)). Arthritis scores 

Figure 3. Inhibition of bone degradation and reduction of synovial inflammation in murine collagen-
induced arthritis by CTI-15311. A, Semiquantitative scores of joint destruction. Joint destruction was 
decreased in mice treated with CTI-15311 (5 mg/kg). ** P < 0.01. B, Semiquantitative scores for synovial 
inflammation, assessed by hematoxylin and eosin staining of the knee joints, showed a decrease of 
synovitis in CTI-15311-treated mice. * P < 0.05.
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were also significantly lower after treatment with CTI-15311 at either 2 mg/kg or 10 mg/
kg with a reduction of 40% and 39%, respectively, compared to saline-treated mice (P < 
0.01) (Figure 4A). These results suggest that all dosages were in the therapeutic range and 
conceivably even lower dosages might be effective. This notion is supported by the fact 
that the most pronounced effect of treatment on paw swelling was observed after low dose 
treatment (Figure 4B). Of importance, treatment with CTI-15311 2 mg/kg also resulted in a 
significant reduction in joint destruction (Figure 5A) and synovial inflammation (Figure 5B) 
compared with saline-treated mice (P < 0.01). 
We also confirmed a trend towards improvement after treatment with 5 mg/kg CTI-15072. 
Of importance, there was a reduction of 48% in arthritis scores compared to saline-treated 
mice after treatment with 10 mg/kg CTI-15072 (P < 0.05), but there was no improvement 

Figure 5. Inhibition of bone degradation and reduction of synovial inflammation in murine collagen-
induced arthritis at different doses of CTI-15311 and CTI-15072. A, Semiquantitative scores for joint 
destruction of the knee joints. Joint destruction was significantly decreased in mice treated with CTI-15311 
2 mg/kg and 10 mg/kg. B, Semiquantitative scores for synovial inflammation, assessed by hematoxylin 
and eosin staining of the knee joints, showed a decrease of synovitis in mice treated with CTI-15311 2 mg/
kg and CTI-15072 10 mg/kg. * P < 0.05 and ** P < 0.01. 

Figure 4. Dose-response study of CTI-15311 and CTI-15072 on clinical arthritis and paw swelling in murine 
collagen-induced arthritis. Mice were treated daily with CTI-15311 (2, 5, 10 mg/kg), CTI-15072 (5, 10, 20 
mg/kg) or saline by oral gavage. Percentages of areas under the curve (AUC) (day 20 to day 34) are shown. 
A, AUC was decreased more pronounced in CTI-15311-treated mice versus control mice than in mice 
treated with CTI-15072. B, Paw swelling was decreased in mice treated with CTI-15311 at a doses of 2 and 
5 mg/kg and in mice treated with CTI-15072 at 10 mg/kg. * P < 0.05 and ** P  < 0.01. 
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with the higher dosage of 20 mg/kg (Figure 4A). The beneficial effect of 10 mg/kg CTI-
15072 was also shown by a decrease in paw swelling (P < 0.05) (Figure 4B). In line with these 
clinical effects, CTI-15072 10 mg/kg treatment resulted in significantly lower scores for 
synovitis and a trend towards reduced joint destruction compared to saline-treated mice 
(Figure 5 A and B). The dosages needed to achieve a clinical effect were higher for CTI-15072 
compared to CTI-15311, which is consistent with differences in pharmacokinetics and in 
binding to the α7nAChR. In addition, the highest dosages appeared to be less effective 
than lower dosages, perhaps related to desensitization and loss of biologic response of the 
receptor due to sustained agonist stimulation.

Effects of CTI-15311 and CTI-15072 on α7nAChR primed with the 
positive allosteric modulator PNU-120596
PNU-120596 is an α7nAChR-selective type 2 positive allosteric (22;23) that appears 
to convert desensitized receptors into a conducting state and impede the reversion of 
receptors back to the desensitized state. Since PNU-120596 itself is not an agonist, the 
effects of PNU-120596 on the reactivation of desensitized receptors requires either the 
co-application of PNU-120596 with a desensitizing drug, or the priming of the receptors 
with an application of PNU-120596 which when applied alone produces no ion channel 
activation. In the oocyte system, the priming effect of a PNU-120596 application persists 
for more than 15 minutes (19). The enhancement of ACh evoked responses by PNU-120596 
priming is shown in Figure 6A. ACh-evoked responses are increased both in amplitude 
and duration, since receptors are prevented from desensitizing. As shown in Figure 6B, 
responses of PNU-120596 primed cells to CTI-15311, which under normal conditions 
functions as a typical α7nAChR agonist, are similar to the responses of primed cells to 
ACh. In contrast (Figure 6C), CTI-15072, which does not produce detectable ion channel 
activation under normal conditions, is nonetheless able to activate large ion channel 
currents in PNU-120596 primed cells. This result suggests that although CTI-15072 is 
able to inhibit ACh-evoked responses in co-application experiments, it may not be a true 
antagonist, but rather, an α7nAChR-selective silent desensitizer (24). To confirm that true 
competitive α7nAChR antagonists do not produce ion channel currents in PNU-120596 
primed cells, we applied the widely-used α7nAChR-selective competitive antagonist 
methyllycaconitine (MLA) to PNU-120596 primed cells (25). As shown in Figure 6D, not 
only did MLA fail to activate the primed cells, the MLA application had residual effects, 
inhibiting the potentiating of a subsequent ACh-evoked response.
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DISCUSSION

The identification of α7nAChR as a potential therapeutic target for several diseases, including 
RA (26), has stimulated the development of α7nAChR-selective drugs (27). The present study 
investigated the pharmacological properties of 2 novel α7nAChR-specific compounds (CTI-
15311 and CTI-15072) with high oral bioavailability in the mouse. In addition, we tested their 
therapeutic potential in the CIA model of RA. 
Both compounds had an antiinflammatory effect in CIA. The dosages needed to induce 
improvement of arthritis are higher for CTI-15072, which is expected based on differences 

Figure 6.  Differential effects of CTI-15311 and CTI-15072 on human α7nAChR in the resting state and 
following priming with the positive allosteric modulator PNU-120596. A, Initial responses to applications 
of 60 µM ACh were obtained and then the α7-expressing cells were given a priming application of 300 
µM PNU-120596 for 60 s. No ion channel current were recorded during the PNU-120596 application but 
subsequent responses to ACh were greatly increased in amplitude and duration. Note that 60 µM ACh 
was used for the control responses in this experiment since the effects of PNU-120596 priming on 300 
µM ACh-evoked responses often resulted in responses that were to large to record under voltage-clamp 
conditions. B, Initial responses of α7nAChR-expressing cells to applications of 60 µM ACh and 1 µM CTI-
15311 before and after priming with  PNU-120596. C, Initial responses of α7nAChR-expressing cells to 
applications of 60 µM ACh and 10 µM CTI-15072 before and after priming with PNU-120596. D, Initial 
responses of α7nAChR-expressing cells to applications of 60 µM ACh and the effect of an application of 
10 µM methyllycaconitine (MLA) after priming with PNU-120596. The bar graphs in each panel represent 
the average peak current responses of at least four oocytes (±SEM), normalized to the peak current of an 
initial 60 µM ACh-evoked response.
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in binding to the α7nAChR. In spite of its relatively high affinity for the α7nAChR, CTI-15072 
produced negligible ion channel activation. The prevailing hypotheses for how α7nAChR 
mediate the sorts of downstream signal transduction pathways that regulate chemokine 
release and effects are based on the assumption that the α7-mediated ion currents (in 
particular the calcium ion component of the currents) provide the crucial initiating step for 
all downstream effects. With this model, the failure of CTI-15072 to stimulate ion channel 
current would be consistent with a lack of antiinflammatory activity. However, CTI-15072 had 
an antiinflammatory effect in CIA at concentrations of 10 mg/kg, suggesting that either it has 
some off-target activity or that α7nAChR ion channel activity may not always be required for 
α7-mediated signal transduction that leads to down modulation of inflammation. Even under 
the most optimal conditions the steady state Popen of α7nAChR is very low (less than 10-6, 
Williams and Papke, unpublished), and there are many examples where it has been shown that 
α7nAChR activate signal transduction pathways not associated with ion channel currents in 
non-neural cells (5;28-31). The pathways shown to be potentially activated by α7nAChR include 
Jak-STAT and NFκB (28-30), Toll receptor-mediated signaling (32), Bac-Bcl (33), HMGB1-TNF 
(31), phospholipase C/IP3 (34), and the Ras/Raf-1/MEK1/ERK pathway (28;35). In many cases, 
although clearly dependent on the presence of α7nAChR and putative agonists, the activation 
of the signal transduction mechanisms appear to be independent of α7nAChR ion channel 
activation (32;34). These observations support the hypotheses that α7nAChR may function 
in multiple ways and suggest that various ligands may differ in their ability to stimulate ion 
channel activation and/or signal transduction. Alternatively, the forms of α7-type receptors 
expressed in the non-neuronal cells which mediate antiinflammatory cholinergic effects may 
be intrinsically different from the ion-channel forms of α7nAChR that are expressed in neurons 
(36).
We hypothesize that, although CTI-15072 is functionally an antagonist of α7nAChR ion channel 
activation, it is nonetheless an agonist for ion channel-independent signal transduction. The 
α7nAChR-selective partial agonist GTS-21 (DMXBA) is also relatively ineffective at activating 
the α7-receptor’s ion channel and yet has been shown to be very effective in several models 
for suppressing peripheral inflammation (6;9;37-39). We have shown that a factor limiting the 
efficacy of GTS-21 is its tendency to preferentially induce a stable desensitized state of the 
receptor, an effect that can be revealed with the type 2 positive allosteric modulator PNU-
120596 (19). We have hypothesized that the state in which the ion channel is desensitized may 
nonetheless be an active mediator of signal transduction. In this work we show that although 
CTI-15072 is ineffective at activating α7nAChR-mediated ion currents, it does modulate the 
expression of PNU-120596-sensitive desensitization.
In addition to differences in affecting ion channel activation, there were also other differential 
effects between CTI-15311 and CTI-15072. Binding studies showed that CTI-15311 is quite 
selective and had high affinity for rat α7nAChR, whereas it showed lower affinity for the other 
nAChR tested. Functional electrophysiological experiments using human nAChR expressed 
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in Xenopus oocytes confirmed that when CTI-15311 binds to α7nAChR, it functions as a 
conventional agonist, whereas its binding to other nAChR subtypes does not produce ion 
channel activation. Specifically, CTI-15311 acted as an antagonist of the α4β2nAChR (IC50 ≈ 
20 nM, data not shown). CTI-15072 had a lower affinity for rat α7nAChR than CTI-15311, but it 
was more selective than CTI-15311 in binding to α7nAChR relative to α4β2nAChR. Of note, the 
previously described α7-selective agonist AR-R17779 also showed an antiinflammatory effect in 
CIA (13); the fact that AR-R17779 selectively activates α7nAChR without significant antagonism 
of α4β2nAChR (40) suggests that α4β2nAChR antagonist activity of CTI-15311 is not required 
for its efficacy in treating of CIA. This notion is supported by the antiinflammatory effect of CTI-
15072 described here, since it is less effective in binding to α4β2nAChR than CTI-15311. Finally, 
CTI-15072 exhibited markedly lower brain penetration than CTI-15311. The data confirm that 
an effect on the central nervous system is not required to induce the antiinflammatory effect 
of α7nAChR ligand treatment.
Collectively, the results of this study confirm and extend previous work showing that 
α7nAChR ligands may reduce arthritis activity and protect against joint destruction in the CIA 
model of RA. Of importance, we provide direct evidence that α7nAChR agonists may exert 
their antiinflammatory effect independent of ion channel activation and in the absence of 
penetration of the central nervous system.
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ABSTRACT 

Objective. Recent studies have suggested an important role for neurotransmitters as 
modulators of inflammation. Therefore, we undertook this study to investigate the expression 
of the α7 subunit of the nicotinic acetylcholine receptor (α7nAChR) and its function in 
rheumatoid arthritis (RA).
Methods. The potential role of the α7nAChR in modulating proinflammatory cytokine 
expression in fibroblast-like synoviocytes (FLS) was identified by screening an adenoviral short 
hairpin RNA (Ad.shRNA) library. An α7-specific antibody was used for immunohistochemistry, 
and fluorescein isothiocyanate–labeled α-bungarotoxin, which binds specifically to the 
α7nAChR, was used for immunofluorescence. Gene expression in FLS was determined by 
quantitative polymerase chain reaction with primers specific for the α7nAChR. In addition, 
we analyzed messenger RNA (mRNA) expression of dup α7, a variant α7 transcript. Next, we 
studied the functional role of the α7nAChR in RA FLS by examining the effects of α7-specific 
agonists on the production of interleukin-6 (IL-6) and IL-8 by activated FLS.
Results.  A screen using an Ad.shRNA library against 807 transcripts revealed that a specific 
α7nAChR shRNA potently modulated IL-8 and matrix metalloproteinase expression in FLS. The 
α7nAChR was expressed in the inflamed synovium from RA patients, predominantly in the 
intimal lining layer. We found α7nAChR expression on both the mRNA and protein level in 
cultured RA FLS. FLS also constitutively expressed dup α7 mRNA. Specific α7nAChR agonists 
reduced tumor necrosis factor α–induced IL-6 and IL-8 production by FLS.
Conclusion. The α7nAChR and its dup α7 variant are expressed in RA synovium, where they 
may play a critical role in regulating inflammation. Targeting the α7nAChR could provide a 
novel antiinflammatory approach to the treatment of RA.
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INTRODUCTION 

Rheumatoid arthritis (RA) is an immune-mediated inflammatory disease of unknown etiology 
that is characterized by inflammation of the synovium leading to destruction of cartilage and 
bone (1). In this disease, the intimal lining layer of the inflamed synovium becomes hyperplastic 
and forms a condensed tissue mass, which promotes destruction of cartilage and bone. 
Accumulating evidence suggests that fibroblast-like synoviocytes (FLS) play a major role in the 
initiation and perpetuation of the chronic inflammatory process in RA synovial tissue (2-4).
In the present study we used a novel approach to identify new therapeutic targets expressed 
by FLS from RA patients. FLS were isolated from arthroscopic synovial biopsy samples. We 
performed a screen using an adenoviral short hairpin RNA (Ad.shRNA) against 807 transcripts. 
The aim of the screen was to identify cell surface-expressed or -secreted proteins that when 
down-regulated can up-regulate proinflammatory cytokine expression in order to identify 
secreted proteins or receptors that play a role in modulating the inflammatory response in 
primary human RA FLS. The screen revealed that a specific α7 nicotinic acetylcholine receptor 
(nAChR) shRNA showed one of the most potent effects on modulating interleukin-8 (IL-8) 
expression. 
In recent years, it has been demonstrated that the cholinergic nervous system can regulate 
inflammation via its principal neurotransmitter, ACh, a concept referred to as the “cholinergic 
antiinflammatory pathway” (5). ACh can interact with members of the nAChR family. Most 
studies point towards a crucial role for the α7 subunit of the nAChR in the antiinflammatory 
effect of vagal nerve signaling (6). Nicotine exerts antiinflammatory effects on macrophages 
that can be counteracted by selective α7 antagonists (6-8). Selective α7nAChR agonists have 
proven effective in reducing macrophage cytokine production and inflammation in animal 
models of pancreatitis (9) and peritonitis (10) and experimentally induced ileus in mice (11) and 
have improved survival in mice challenged with lipopolysaccharide (12;13). Vagal stimulation 
failed to reduce serum levels of tumor necrosis factor α (TNFα) in α7nAChR-knockout mice, 
and splenocytes and peritoneal macrophages derived from these mice were shown to be 
insensitive to the cytokine-inhibiting effects of cholinergic agonists (6;14). Taken together, 
these studies support the notion that ACh may be important in modulating inflammation.
The α7nAChR is expressed by various immune cells, including monocytes (15), macrophages 
(5;16), T and B lymphocytes (17;18), and dendritic cells (19). In addition to this classical α7nAChR, 
the human genome contains an alternative α7 transcript designated dupα7 or “cholinergic 
receptor family with sequence similarity to 7A” CHRFAM7A) (20). In this transcript variant, 
exons 5-10 of the gene have been duplicated in a “tail-to-head” orientation, and this partially 
duplicated gene is combined with 4 novel exons (A-D) to form a new gene. It has been reported 
that in human brain (21) as well as leucocytes (22), this gene is transcribed as a 45-kd protein. 
It remains unclear whether dupα7 is appropriately processed to form a functional receptor, 
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because in cells expressing dupα7, no binding of α-bungarotoxin and no nicotine-induced 
electrical current could be demonstrated (22), possibly explained by the fact that dupα7 lacks 
the binding sites for nicotine and α-bungarotoxin. Instead, this dupα7 may have a regulatory 
role, and α7nAChR containing dupα7 may provide new pharmacological properties that differ 
from those of the classical α7nAChR. 
It is generally thought that the joint is not innervated by the vagus nerve. Still, it has been 
shown that electrical and pharmacological stimulation of the vagus nerve results in decreased 
carrageenan-induced  paw inflammation in rats (23). Consistent with these results, we recently 
demonstrated that manipulation of the vagus nerve has an effect on arthritis activity in the 
collagen-induced arthritis (CIA) model of RA (24). In addition, treatment with α7nAChR-specific 
agonists reduced joint inflammation in this model. The beneficial effect of stimulation of the 
cholinergic antiinflammatory pathway on the inflamed synovium in the absence of vagal nerve 
innervation of the synovial tissue could theoretically be explained by 2 mechanisms that are 
not mutually exclusive. First, there may be an effect of the vagus nerve on sites other than the 
synovium, most likely the spleen, with indirect effects on the synovium (14), although there is 
no neuroanatomic evidence for vagal nerve supply to any immune organ (25). Second, ACh 
might be produced in the synovium by cells other than nerve cells (26-28). For this mechanism 
to be relevant to synovial inflammation, one would expect expression of the α7nAChR in the 
synovium; however, data are as yet not available. 
Therefore, after performing a screen using an Ad.shRNA library against 807 transcripts, we 
investigated the expression of α7nAChR and dupα7nAChR in synovial tissue and FLS from RA 
patients. Moreover, we performed functional studies by evaluating the effects of α7-specific 
agonists on the production of key proinflammatory cytokines and chemokines by activated 
RA FLS.

PATIENTS AND METHODS

Patients and tissue samples
Synovial biopsy samples were obtained from the actively inflamed knee or ankle joints of 
RA patients who underwent small-needle arthroscopy as previously described (29). The RA 
patients fulfilled the American College of Rheumatology (formerly, the American Rheumatism 
Association) 1987 revised criteria for the classification of RA (30). All patients gave informed 
consent, and the study protocol was approved by the Medical Ethics Committee of the Academic 
Medical Center/University of Amsterdam. Tissue samples used for immunohistochemistry or 
immunofluorescence were snap-frozen together en bloc in TissueTek OCT (Miles Diagnostic, 
Elkhart, IN) by immersion in liquid nitrogen and stored until sectioned for staining. Five-
micrometer sections were cut with a cryostat and mounted on glass slides (Star Frost; 
Knittelgläser, Braunschweig, Germany). Slides were sealed and stored at -80◦C until use.
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Cell culture
RA FLS were isolated from the patients’ synovial biopsy samples by enzymatic digestion 
and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL Life Technologies, 
Gaithersburg, MD) containing 10% fetal calf serum (FCS). Experiments were conducted 
using FLS from passage 4-9 (31). For immunocytochemical staining experiments, FLS were 
cultured on chamber slides (Nunc, Rochester, NY) in a final concentration of 104 cells per well. 
For functional analysis, primary FLS from 8 different RA patients were cultured in medium 
containing 1% FCS for 24 hours prior to preincubation with nicotine or the α7nAChR-specific 
agonist AR-R17779 (kindly provided by Critical Therapeutics, Lexington, MA) for 15 minutes 
at the indicated concentrations, followed by stimulation with TNFα (10 ng/ml; R&D Systems, 
Abingdon, UK) for 4 hours. Thereafter, supernatant was collected and assayed for the 
presence of IL-6 and IL-8 using a cytometric beads array multiplex assay (BD Biosiences, San 
Jose, CA) in accordance with the manufacturer’s recommendations.

Screening of the Ad.shRNA library
RA FLS were cultured in DMEM, and 1 day after cell seeding in 384-well plates (750 cells/
well), a library of adenoviral shRNAs (32) was added to an average multiplicity of infection 
of 30,000 particles per cell (33). Five days after adenoviral transduction, the medium was 
replaced with 0.01 ng/ml TNFα in M199 medium. After 48 hours, supernatants were collected 
and analyzed for IL-8 secretion using a specific enzyme-linked immunosorbent assay (Meso 
Scale Discovery, Gaithersburg, MD). IL-8 concentrations were calculated in reference to a 
standard curve.

Immunohistochemistry and immunocytochemistry
Cryosections of synovial biopsy samples and FLS cultured on chamber slides were fixed 
for 20 minutes in acetone. Endogenous peroxidase activity was quenched with 0.3% H2O2 
in 0.1% sodium azide in phosphate buffered saline (PBS). Expression of α7nAChR was 
studied by staining the sections overnight at 4◦C with a rabbit polyclonal antibody against 
α7 subunit (2 μg/ml, ab23832; Abcam, Cambridge, UK) in PBS containing 1% bovine 
serum albumin (BSA). Equivalent concentrations of irrelevant control rabbit polyclonal 
antibodies were used as isotype control. Subsequently, the sections were incubated with 
horseradish peroxidase (HRP)-labeled goat anti-rabbit antibody (2.5 μg/ml; Dako, Glostrup, 
Denmark) in PBS containing 1% BSA and 10% normal human serum for 30 minutes at 
room temperature. Signal amplification was performed by incubating the slides for 15 
minutes with biotinylated tyramine (Perkin-Elmer, Boston, MA) followed by HRP-labeled 
streptavidin (Dako) as previously described (34). Peroxidase activity was revealed using 
the aminoethylcarbazole substrate kit (SK-4200; Vector, Burlingame, CA). Sections were 
briefly counterstained with Mayer’s hemalum solution (Fluka Biochemika, St. Gallen, 
Switzerland) and mounted with Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany). The 
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sections were washed extensively with PBS between all steps, unless otherwise specified. 
To quantify the data, a semiquantitative scoring system was used, ranging from 0 (no 
staining) to 3 (abundant staining) (34). 

Immunofluorescence microscopy
For immunofluorescence stainings on cryosections of synovial biopsy samples and FLS 
cultured on chamber slides, sections were incubated with fluorescein isothiocyanate (FITC)-
labeled α-bungarotoxin (1 μg/ml; Sigma, St. Louis, MO) overnight at 4◦C in the dark. Where 
indicated, AR-R17779 was added to a final concentration of 10 μM, 1 hour before the addition 
of FITC-labeled α-bungarotoxin. The staining with FITC-labeled α-bungarotoxin with and 
without pretreatment with AR-R17779 in the synovial tissue of RA patients was analyzed 
with a semiquantitative scoring system, as described earlier (34). For immunofluorescence 
double-staining experiments, sections were washed after overnight incubation with FITC-
labeled α-bungarotoxin (1 μg/ml), followed by incubation with a mouse monoclonal 
antibody against human CD55 (clone 67; Serotec, Oxford, UK) for 1 hour at room temperature. 
Sections were then stained with Alexa 594-labeled goat anti-mouse antibody (Molecular 
Probes, Leiden, The Netherlands). After labeling, slides were mounted in Vectashield (H-1000; 
Vector). To rule out the possibility of nonspecific binding, control sections were stained with 
mouse isotype control or PBS. The slides were analyzed using a Leica DMRA fluorescence 
microscope (Leica, Wetzlar, Germany) coupled to a CCD camera and Image-Pro Plus software 
(Dutch Vision Components, Breda, The Netherlands). 

Polymerase chain reactions (PCRs)
Total RNA was isolated from FLS from 8 RA patients using TRIzol reagent (Invitrogen, 
Carlsbad, CA). complementary DNA (cDNA) was prepared according to the manufacturer’s 
instructions (iScript; Bio-Rad, Hercules, CA). Quantitative reverse transcriptase (RT)-PCR 
was performed using TaqMan RT-PCR reagents (Applied Biosystems, Foster City, CA). The 
primer set specific for the classical α7nAChR, amplifying 101 bp between exons 3 and 4, is 
assay ID Hs01063372 (Applied Biosystems). The primer set specific for dupα7, amplifying 
a region of 88 bp spanning from exon D to exon C is assay ID Hs00415199 (Applied 
Biosystems). The resulting cDNA templates were subjected to 40 cycles on a StepOnePlus 
Thermal Cycler with a 96-well reaction plate (Applied Biosystems). Cycling conditions were 
95 °C for 5 minutes, followed by 40 cycles of 95 °C for 10 seconds, and 60 °C for 30 seconds. 
As a positive control, cDNA of the human neuroblastoma cell line SKNSH was used (HTB-
11; American Type Culture Collection, Teddington, UK) (35). Duplicates were performed 
for each sample. Expression levels were normalized to GAPDH using the recommended 
change in threshold cycle (Δ Ct) method. Ct is defined automatically by the instrument 
using the auto mode of Ct determination. 
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Statistical analysis
 Differences between 2 groups were analyzed for statistical significance using the Mann-
Whitney U-test (GraphPad Prism, version 4.03; GraphPad Software, San Diego, CA). P values 
< 0.05 were considered significant. Since the distribution of the data obtained in the shRNA 
library screen revealed a long tail upward (up to 15-fold the average of the plate), a non-
parametric analysis employing quartiles was used (36).

RESULTS

Knockdown of the α7nAChR by a specific shRNA results in increased IL-8 
production by RA FLS
To identify genes which, upon Ad.shRNA-mediated knockdown, synergize with a low 
concentration of TNFα to induce IL-8 release by FLS, a high-throughput assay in 384-well 
format was screened with a set of 2,343 adenoviral vectors expressing shRNAs coding for 807 
transcripts (32). IL-8 was chosen, since this is a key proinflammatory chemokine produced by 
RA FLS derived from actively inflamed joints (37). The screening data were analyzed on a plate-
by-plate basis to identify statistically significant hits (Figure 1). The activity of the shRNA was 
expressed as the fold distance interquartile range (IQR) between the median and 75% quartile 
away from the median of the plate. Hits were called in biologic duplicates at 2 IQR above the 
median of the plate, yielding 152 duplicate hits. 

Figure 1. Screening data of 2,343 adenoviral short hairpin RNA (shRNA) in biologic duplicate (averages 
shown) on the interleukin-8 (IL-8) release assay in fibroblast-like synoviocytes from patients with 
rheumatoid arthritis. Induction of IL-8 is represented in fold interquartile range (IQR) from the median 
of the plate (see Results). The hit for the α7 subunit of the nicotinic acetylcholine receptor (α7nAChR) is 
indicated by an arrow.
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One of the strongest hits (at 22.05 and 12.60 IQR above the median) was an shRNA against 
α7nAChR (5’-CAAATGTCTTGGACAGATC-3’, complementary to the junction of exon 3 and 4 of 
the α7nAChR gene). The 152 hit shRNA viruses were repropagated in a different plate layout 
on a 96-well format including 40 individual negative control viruses per 96-well plate (empty 
shRNA, luciferase shRNA, and enhanced green fluorescent protein shRNA). The repropagated 
hits were rescreened in the same assay, using the median and SD of the negative controls 
as a reference point for the activity of the library viruses. In total, 85 hits were confirmed. 
The α7nAChR shRNA again scored very strongly in biological duplicate, now 15.8 and 10.4 
SD from the median of the negative controls (P < 1 x 10-43). Moreover, the 85 confirmed hits 
were rescreened in 3 primary RA FLS cell lines from 3 different donors using the IL-8 readout, 
revealing similar results. In addition, in the supernatants of these cells we measured levels of 
matrix metalloproteinases (MMPs) 1 and 3, both of which were strongly affected in the cells 
treated with the α7nAChR shRNA (data not shown).

Expression of the α7 subunit of nAChR in synovial tissue from RA patients
Having identified α7nAChR as a potential therapeutic target, we performed 
immunohistochemical analysis to examine the in situ expression of α7nAChR in synovial 

Figure 2. Expression of the α7 subunit of the nicotinic acetylcholine receptor in synovial tissue from pa-
tients with rheumatoid arthritis (RA). A representative synovial tissue section of 1 RA patient is shown. A, 
Immunohistochemical staining with rabbit polyclonal antibody against the α7 subunit showed strong 
binding in the intimal lining layer and to a lesser extent in the synovial sublining (n = 10). B, No detectable 
staining was observed in synovial tissues stained with irrelevant rabbit polyclonal antibodies. C, Strong 
binding of fluorescein isothiocyanate–labeled α-bungarotoxin was observed throughout the intimal lin-
ing layer. D, AR-R17779 pretreatment markedly reduced the intensity of staining. (Original magnification  
100 X.) (See also section Color figures).
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tissue from RA patients (n=10). The analysis was performed using an α7nAChR-specific 
polyclonal antibody, which binds to the extracellular domain of the receptor. In all RA 
synovial tissues the α7nAChR was predominantly expressed throughout the intimal lining 
layer and to a lesser extent in the synovial sublining (a representative picture is shown in 
Figure 2A). No detectable staining was observed in synovial tissues stained with irrelevant 
rabbit polyclonal antibodies (Figure 2B). Next, we examined the expression of α7nAChR using 
FITC-labeled α-bungarotoxin, a selective antagonist with high affinity for the α7 subunit 
(38;39). The binding domain of this antagonist is contained in the extracellular N-terminus. 
Strong binding of FITC-labeled α-bungarotoxin was observed throughout the intimal lining 
layer and to a lesser extent in the synovial sublining (Figure 2C). Pretreatment with AR-
R17779, interfering with the binding domain of α-bungarotoxin (39), markedly reduced the 
intensity of the staining (Figure 2D), indicating that the α-bungarotoxin was most likely 
specific for the α7 subunit of the nAChR. Semiquantitative analysis of the sections after 
preincubation with AR-R17779 revealed a significant reduction in cells staining positive for 
α-bungarotoxin (from 2.75 ± 0.5 to 0.75 ± 0.96; P < 0.05). 
To determine whether the strong staining shown in the intimal lining layer was, at least 
in part, due to expression of the α7nAChR on FLS, we performed a double-labeling 
immunofluorescence analysis of RA synovial tissues using an anti-CD55 antibody (a marker 
for FLS (40)) and FITC-labeled α-bungarotoxin. These stainings revealed that expression of 
α7nAChR was observed in CD55+ FLS, among other cells like macrophages, T-cells, B-cells 
and dendritic cells (Figure 3). 

Figure 3. Double-labeling immunofluorescence analysis of rheumatoid arthritis (RA) synovial tissue using 
an anti-CD55 antibody (red) and fluorescein isothiocyanate–labeled α-bungarotoxin (green). A, Expres-
sion of the α7nAChR was observed in CD55+ fibroblast-like synoviocytes (FLS). Synovial tissue sections 
from 2 representative RA patients are shown. B, High-magnification views of the CD55+ FLS. (Original 
magnification 100 X in A; 400 X  in B.) (See also section Color figures).
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FLS of RA patients express the α7 subunit of nAChR
To confirm the expression of α7nAChR on FLS, immunocytochemical and immunofluorescence 
studies were performed using primary FLS from RA patients (n=5). The cells were stained with 

Figure 4. Expression of the α7 subunit of the nicotinic acetylcholine receptor (α7nAChR) on primary fibro-
blast-like synoviocytes (FLS) from patients with rheumatoid arthritis (RA). A, The majority of FLS stained 
positive for the α7 subunit using the α7nAChR-specific antibody. FLS from 1 representative RA patient are 
shown. B, No staining was seen with the rabbit isotype control. C, A similar staining pattern was seen us-
ing fluorescein isothiocyanate (FITC)–labeled α-bungarotoxin. D, Pretreatment with excess of the α7nAChR 
agonist AR-R17779 resulted in a marked reduction of fluorescence intensity of FITC-labeled α-bungarotoxin. 
(Original magnification 100 X in A and B; 400 x in C and D.) (See also section Color figures).

Figure 5. Gene expression of mRNA coding for the classic α7 subunit of the nicotinic acetylcholine receptor 
and the dupα7 variant, using specific primers for the respective mRNA. Shown are relative expression levels of 
quantitative polymerase chain reaction products in fibroblast-like synoviocytes from 8 patients with rheuma-
toid arthritis. Expression levels were normalized to GAPDH using the recommended change in threshold cycle 
(ΔCt) method. Ct is defined automatically by the instrument using the auto mode of Ct determination.
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a polyclonal antibody against α7nAChR or with FITC-labeled α-bungarotoxin. The majority of 
FLS from all RA patients (mean ± SD semiquantitative score 2.6 ± 0.5) stained positive for the α7 
subunit using the antibody (representative picture is shown in Figure 4A), whereas no staining 
was seen with the rabbit isotype control (Figure 4B). Similar staining was observed using FITC-
labeled α-bungarotoxin (mean ± SD semiquantitative score 2.8 ± 0.4) (Figure 4C). Pretreatment 
with excess of the α7nAChR-specific agonist AR-R17779 resulted in a significant reduction of 
cells staining positive for FITC-labeled α-bungarotoxin (mean ± SD semiquantitative score 0.75 
± 0.5) (P < 0.05) (Figure 4D). 

Using quantitative PCR, we next examined the expression of messenger RNA (mRNA) 
coding for the α7 subunit. We analyzed the expression of both α7 and its dupα7 variant, 
using specific primers for the respective mRNA of FLS from 8 RA patients. FLS from 5 out 
of 8 RA patients expressed detectable levels of the classical α7 subunit, whereas all FLS 
expressed dupα7 mRNA (Figure 5). As a positive control, mRNA of human neuroblastoma 
cell line SKNSH was used. No statistically significant differences between expression 
levels of the classic α7nAChR and those of the dup variant were observed in RA FLS that 
expressed both variants.  

Figure 6. Cholinergic agonists inhibit tumor necrosis factor α (TNFα)–induced interleukin-6 (IL-6) and IL-8 
secretion in primary fibroblast-like synoviocyte cultures of 8 rheumatoid arthritis patients. Values are the 
mean and SD. Shown are inhibition of IL-6 and IL-8 release by nicotine and AR-R17779 after stimulation 
with TNFα for 4 hours. *  P < 0.05; ** P < 0.01; *** P < 0.001 versus control.
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Inhibition of IL-6 and IL-8 release by nicotine and AR-R17779 in TNFα 
stimulated FLS
To provide more insight into the functional role of the α7nAChR in FLS under inflammatory 
conditions, we examined TNFα-induced cytokine and chemokine secretion by FLS (from 8 RA 
patients) pretreated with nicotine or the α7nAChR-specific agonist AR-R17779. The levels of 
cytokines and chemokines secreted in the culture supernatants were measured stimulation 
with TNFα for 4 hours. As shown in Figure 6, AR-R17779 inhibited IL-6 and IL-8 release (P < 0.001 
for nicotine [1-10 μM] and AR-R17779 [10 μM]).

DISCUSSION

We identified a role for the α7nAChR in regulating the inflammatory response in primary 
RA FLS in a target screen using a library of Ad.shRNA against 807 transcripts. The screen was 
performed in independent RA FLS cell lines and showed upregulation of IL-8, MMP-1, and MMP-
3 production upon knockdown of the target genes. These results suggest a strong involvement 
of the α7 subunit of the nAChR in modulating the inflammatory response. Consistent with the 
notion that the α7nAChR is involved in regulation of the inflammatory response in RA, we 
subsequently found that α7-specific agonists reduce TNFα-induced IL-6 and IL-8 production by 
FLS. Moreover, expression studies presented here show that the α7 subunit of the nAChR and 
its dupα7 variant are expressed by RA FLS and the inflamed synovium.
Immunohistochemical and double-labeling immunofluorescence analysis demonstrated 
expression of the α7nAChR on FLS in the intimal lining layer. We confirmed these results 
by labeling experiments with FITC-labeled α-bungarotoxin, which binds specifically to the 
α7nAChR. It is known that various other immune cells also express α7nAChR, explaining the 
staining in the synovial sublining from RA patients. Consistent with the results of double 
immunofluorescence, cultured primary FLS derived from RA patients expressed the α7nAChR, 
as shown by labeling with either α7-specific antibody or FITC-labeled α-bungarotoxin.
In view of the recently described dupα7 receptor on leucocytes, we also investigated the 
expression of the dupα7 gene in FLS. We performed quantitative PCR with specific primers 
for the classical α7 variant and dupα7 variant. As in leukocytes, FLS from all patients expressed 
dupα7 mRNA. Expression of the gene for the classical α7 receptor was not shown in FLS from 
all patients, but we could detect the expression of α7nAChR on the protein level in all patients. 
We can only speculate about the reason for this observation, but a possible explanation could 
theoretically be the rapid turnover of the mRNA in some of the RA FLS. Since specific antibodies 
to the dupα7 variant are not yet available, we currently do not know how these results translate 
into the protein level. It is widely accepted that the binding domain for α-bungarotoxin is 
contained in the extracellular N-terminus, encoded by exons 1-5 that are not conserved in the 
dupα7 gene (38;39). At this time the function of the dupα7 receptor on FLS remains unclear 
and is a subject of ongoing research in our laboratory. One possibility might be that the dupα7 
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variant can oligomerize with the classic α7 receptor in order to increase its binding affinity for 
α7-specific agonists.
To study the cellular response of FLS to α7nAChR activation, we investigated the effect of 
nicotine and AR-R17779 on stimulated FLS. AR-R17779 is a more selective α7nAChR agonist 
with a 35,000-fold higher selectivity and 5-fold higher affinity for the α7nAChR compared with 
nicotine (41;42). Previous in vivo studies have indicated that nicotine and α7-specific agonists 
have antiinflammatory properties. Pharmacologic stimulation with the α7-specific agonist 
CNI-1493 as well as electrical stimulation of the vagus nerve were shown to decrease acute 
inflammation (23). 
Recently we have shown that in murine CIA, nicotine treatment as well as treatment with 
AR-R17779 resulted in a significant decrease in clinical signs of arthritis, joint destruction, 
and TNFα expression in the synovium and plasma (24). In the present study we show the 
significant decrease of IL-6 and IL-8 production by FLS after treatment with nicotine or AR-
R17779; these are important proinflammatory cytokines involved in the pathogenesis of RA 
(37;43;44). These data suggest that stimulation of α7nAChR by specific agonists could rapidly 
deactivate FLS in the synovium, and the effects could potentially synergize with the previously 
reported antiinflammatory effects of α7-specific agonists on macrophages. Cells of the 
immune system tightly regulate the production of cytokines by repressing their expression 
at the posttranscriptional level, so the rapid decrease in IL-6 and IL-8 levels could be caused 
by a mechanism consistent with targeting mRNA stability (45). After 24-hour stimulation the 
antiinflammatory effects of both agonists were diminished in vitro (data not shown). It is known 
that the α7nAChR displays fast (millisecond) onset of desensitization upon agonist application 
(46), so this phenomenon could be caused by desensitization and loss of biologic response of 
the receptor due to sustained agonist stimulation. 
Taken together, the results presented here reveal the expression of α7nAChR on synovial tissue 
and FLS from RA patients. Moreover, the data show that α7-specific agonists can modulate 
the inflammatory response of FLS, which suggests the importance of α7nAChR, and perhaps 
dupα7, in the regulation of proinflammatory cytokines and chemokines. Since the therapeutic 
use of nicotine is obviously not an option because of its pharmacologic nonspecificity and 
toxic side effects, specific α7nAChR agonists or perhaps neurostimulation of the cholinergic 
antiinflammatory pathway may be better candidates for the development as a novel therapeutic 
approach for the treatment of RA. At this time the most well-characterized specific α7nAChR 
are GTS-21, AR-R17779 and CAP55 (47). Treatment with GTS-21 produced beneficial effects 
in psychological and cognitive tests when given to healthy volunteers in clinical trials, and 
patients tolerated the treatment well (48-50). Development of agonists that do not cross the 
blood-brain barrier would improve the application of these kinds of agents for the treatment 
of chronic inflammatory diseases like RA. Future studies are needed to determine whether 
α7nAChR agonists can control the inflammatory process in patients with RA.
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This thesis focuses on the role of the cholinergic antiinflammatory pathway in arthritis. 
Specifically, we investigated the role of the α7 subunit of the nicotinic acetylcholine receptor 
(α7nAChR) as a therapeutic target for the treatment of arthritis.

SUMMARY AND MAIN FINDINGS

In Chapter 1, a general introduction to the present knowledge of rheumatoid arthritis 
(RA), the pathogenesis of RA and current treatment is given. Furthermore, the cholinergic 
antiinflammatory pathway is introduced, focusing on the role of α7nAChR as a target for 
treatment of RA. 

Chapter 2 provides a perspective on the role of the cholinergic antiinflammatory pathway 
in the treatment of RA. This chapter describes the current knowledge about the cholinergic 
pathway as a novel therapeutic approach for inflammatory diseases, and specifically the 
role of α7nAChR as target for novel treatment. Furthermore, this chapter contains detailed 
information about the structural and functional aspects of α7nAChR and its duplicate variant. 
The therapeutic implications of the cholinergic antiinflammatory pathway in RA and the 
possible underlying mechanisms are discussed; vagus nerve stimulation (VNS) as well as a 
pharmacologic approach are described. VNS has already shown antiinflammatory effects in 
several animal models of systemic inflammatory diseases (1-3). 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 (4) and it has recently been shown that VNS is 
able to suppress the development of collagen-induced arthritis (CIA) in rats (5). The recent 
discovery of α7nAChR expression on immune cells and fibroblast-like synoviocytes (FLS) (6) 
raises the possibility of suppressing inflammation in RA by specifically targeting this receptor. 
The studies in Chapter 3-5 show the first results of targeting the cholinergic antiinflammatory 
pathway, and specifically α7nAChR, in the treatment of experimental arthritis. 

Chapter 3 describes for the first time a role of the cholinergic nervous system in CIA, a well 
known animal model for RA. Inhibition of the cholinergic antiinflammatory pathway using 
unilateral cervical vagotomy resulted in a trend towards increased severity of arthritis whereas 
oral nicotine treatment starting before the onset of disease resulted in a significant decrease in 
clinical signs of arthritis, joint destruction and TNFα expression in the synovium. Pharmacologic 
activation of the nAChR with intraperitoneally (IP) injected nicotine resulted in a reduction of 
arthritis activity and a trend toward reduced bone destruction. IP injections with the specific 
and highly selective α7nAChR agonist AR-R17779 resulted in clinical improvement associated 
with significantly reduced bone destruction. The level of TNFα in the synovium as well as in the 
serum was clearly decreased after treatment with both IP injected nicotine and AR-R17779. 
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In Chapter 4, the role of α7nAChR in arthritis was further investigated. The objective of the 
study was to determine the role of the endogenous cholinergic antiinflammatory pathway, 
rather than the effect of exogenous stimulation of this mechanism, in CIA in α7nAChR 
deficient (α7nAChR-/-) and wild-type (WT) littermate mice. Mice deficient for the α7 subunit 
showed a clear increase in clinical arthritis scores in the acute phase (56%) and chronic phase 
(40%) of disease. This was accompanied by an increase in the incidence of arthritis, synovial 
inflammation, and joint destruction. It has been reported previously that splenectomy and 
selective abdominal vagotomy inactivate the antiinflammatory effects of either vagus nerve 
stimulation or administration of α7nAChR agonists, suggesting that the spleen is a specific 
and essential target of the cholinergic antiinflammatory pathway (7-9). Therefore, we 
investigated the antigen-specific production of TNFα by splenocytes from α7nAChR-/-mice and 
WT littermates in vitro. In splenocytes of α7nAChR-/- mice the production of TNFα was more 
pronounced. This can in part explain the observed increase in severity of arthritis since, as in 
human RA, TNFα plays a pivotal role in the pathogenesis of CIA (10;11). These data indicate that 
immune cell function in murine CIA is regulated by the cholinergic system which is, at least in 
part, mediated by α7nAChR. 

In Chapter 5, the functional activity of two novel α7nAChR agonists, CTI-15311 and CTI-15072, 
at α7nAChR expressed in Xenopus oocytes, was tested. Thereafter, the therapeutic effect of 
both agonists was tested in CIA in mice. Patch clamp electrophysiological experiments 
showed that CTI-15311 acts like a classical agonist of α7nAChR, but that CTI-15072 does 
not produce a current. Because CTI-15072 can bind to α7nAChR, it can actually act as an 
ion channel antagonist. Moreover, CTI-15072 was clearly distinct from typical competitive 
antagonists, since it was able to synergize with the allosteric modulator PNU-120596, 
suggesting that it is a selective desensitizer of α7nAChR. Furthermore, both agonists poorly 
pass the blood-brain barrier and could be delivered orally. It was hypothesized that the 
difference in characteristics could result in a different clinical and histological effect on 
arthritis. Both compounds can improve arthritis but the doses-response study showed that 
treatment with CTI-15311 2 mg/kg started before onset of arthritis, resulted in the most 
pronounced reduction of arthritis activity and a significantly reduced disease incidence and 
delayed onset of disease. Treatment with CTI-15311 2 mg/kg also resulted in a significant 
decrease in synovial inflammation and joint destruction. In conclusion, these data show the 
importance of α7nAChR in CIA, supporting the view that the α7nAChR may be a future target 
for the treatment of RA.

The ultimate goal is to develop new therapeutic agents for the treatment of patients with RA. 
Therefore, in Chapter 6 we focused on the role of the cholinergic antiinflammatory pathway 
in human RA. The ability of the cholinergic antiinflammatory pathway to suppress peripheral 
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inflammation in CIA prompted us to determine if α7nAChR is expressed in human synovial 
tissue samples and on primary cultured FLS.

A target screen using a library of adenoviral short hairpin RNA (Ad.shRNA) against 807 transcripts 
revealed that knockdown of α7nAChR by a specific shRNA results in increased interleukin (IL)-8 
and matrix metalloproteinase expression (MMP)-1 and MMP-3 by RA FLS. Thus, having identified 
α7nAChR as a key regulator of RA FLS chemokine and MMP production using a hypothesis-
free target screen, we performed immunohistochemical and immunofluorescence analysis to 
examine the in situ expression of α7nAChR in synovial tissue from RA patients. Synovial tissue 
sections of all RA patients tested showed expression of α7nAChR in the inflamed synovium, 
predominantly in the intimal lining layer and to a lesser extent in the synovial sublining. 
Double-labeling immunofluorescence analysis of the tissue sections with anti-CD55 antibody 
and FITC-labeled α-bungarotoxin revealed expression of α7nAChR in CD55-positive FLS in situ. 
Moreover, we also found α7nAChR expression in cultured RA FLS, both at the mRNA as well 
as the protein level. We demonstrated for the first time the expression of the duplicate α7 
transcript (dupα7nAChR) in FLS; however, its role is still unclear. In order to get more insight 
into the functional role of the α7nAChR in FLS under inflammatory conditions, we examined 
TNFα-induced cytokine and chemokine secretion by FLS pretreated with nicotine or the 
α7nAChR-specific agonist AR-R17779. AR-R17779 inhibited IL-6 and IL-8 release, two important 
proinflammatory cytokines involved in the pathogenesis of RA (12-14), more effectively than 
nicotine. These data suggest that stimulation of α7nAChR by specific agonists could rapidly 
deactivate FLS in the synovium, and the effects could potentially synergize with the previously 
reported antiinflammatory effects of α7-specific agonists on macrophages. Take together, 
from chapter 6 we can conclude that the α7nAChR is expressed in RA synovium and RA FLS, 
where they may play a critical role in regulating inflammation. This suggests that α7nAChR 
could represent a new target for the treatment of RA. After submission of our manuscript, 
another study confirmed our data ,showing expression of α7nAChR in the synovium and on 
FLS (6). Preincubation of IL-1 stimulated FLS with the α7-specific agonist PNU-282987 resulted 
in a decreased release of proinflammatory cytokines. This was, at least in part, regulated by a 
decrease in mRNA stability. 

THERAPEUTIC IMPLICATIONS 

The work described in this thesis provides for the first time a clear link between the cholinergic 
nervous system and the inflammatory process in inflamed joints, leading to the identification of 
the cholinergic antiinflammatory pathway and especially the α7nAChR, as a novel therapeutic 
target for the treatment of arthritis.
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In RA patients, the cholinergic antiinflammatory pathway appears to be suppressed (15). 
Consistent with this notion, 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 (16).  Accordingly, an other study showed that the adverse autonomic profile in RA 
patients, characterized by increased sympathetic and decreased parasympathetic tone, is 
also associated with reduced efficacy of anti-TNFα treatment (17). This opens the possibility 
that manipulating the cholinergic antiinflammatory pathway might be used to enhance the 
treatment response to anti-TNFα therapy and supports the hypothesis that the cholinergic 
pathway may be a target to control unrestrained inflammation in RA. 

With the discovery of the cholinergic antiinflammatory pathway comes the possibility 
of developing therapies aimed at controlling the inflammatory response. Suppression 
of proinflammatory cytokine production may be possible by either altering vagus nerve 
activity or targeting specific components of the cholinergic pathway by pharmacologic 
compounds, described in chapter 2. Direct stimulation of the vagus nerve requires 
implantation of a small device. VNS has been an approved treatment for refractory 
epilepsy and is being tested in clinical trials for resistant depression (18). Unexpectedly, 
in a study of VNS in patients with resistant depression, circulating levels of both pro- and 
antiinflammatory cytokines were found to be markedly raised and this increase was unlikely 
to be a nonspecific inflammatory reaction (19). In addition, it is not known whether the ACh 
release mechanisms are compromised in patients with RA, which could make stimulation 
of the vagus nerve inefficient as a treatment option (20). Non-invasive transcutaneous 
VNS has been shown to improve survival in murine sepsis (21), and future studies should 
address the question whether this approach can be translated into treatment of RA.

It is interesting to note that the joint is not innervated by the vagus nerve. Still, we and 
others have shown that electrical and pharmacological stimulation of the vagus nerve 
results in decreased carrageenan- and collagen-induced joint inflammation in mice and 
rats. This could be explained by 2 mechanisms. First, 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 (8). 
This neural connection between the vagus nerve and the spleen can allow for rapid and 
precise control of systemic cytokine production (8). It may also control the trafficking of 
inflammatory cells to the site of inflammation, the synovium (22). Second, the existence of 
a marked non-neuronal cholinergic system in human synovial tissue from RA patients has 
recently been shown (23). Immunohistochemistry and in situ hybridization revealed both 
choline acetyltransferase (ChAT) protein and mRNA expression in FLS and mononuclear-
like cells in the synovium. These results support earlier reports that immune cells are able 
to produce ACh (24-26). This underscores the possibility that local release of ACh modulates 
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the inflammatory process in the joint. In addition, the results described in chapter 6 together 
with the recent paper by Waldburger et al. (6) show expression of α7nAChR in the synovium 
and on FLS of RA patients. 

Collectively, these data support the development of therapeutic strategies aimed at specific 
targets of the cholinergic pathway, especially the α7nAChR. There are several well characterized 
specific α7nAChR agonists among which GTS-21, AR-R17779 and PNU-282987. AR-R17779 was 
the first full agonist of α7nAChR (efficacy 96%) and until recently the most selective α7nAChR-
specific agonist known (27). This unique potency and selectivity of AR-R17779 in combination 
with the minimal ability of crossing the blood-brain barrier make AR-R17779 an important tool 
for studying the function of α7nAChR in arthritis. Consistent with the notion that α7nAChR 
is expressed in the synovium, we have shown the antiinflammatory effects of AR-R17779 in 
experimental arthritis. Recently, two novel α7nAChR-specific agonists were developed with 
higher specificity and better affinity for the α7 subunit than AR-R17779 with negligible brain 
penetration; CTI-15311 and CTI-15072. We tested both agonists in CIA and CTI-15311 has been 
shown to be more effective than AR-R17779. So far GTS-21 is the only specific α7nAChR agonist 
that has been tested in humans. Recently, GTS-21 was tested in a phase 2 trial in patients 
with schizophrenia. The trial showed a clear effect on core negative symptoms whereas no 
effect on cognition was shown (28). Future studies are required to evaluate the potential 
use of specific α7nAChR agonists for the treatment of RA. It seems likely that in RA, different 
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.

In conclusion, although significant progress has been made in understanding the changes in 
the systemic immune response in RA, in particular in anti-citrullinated peptide antibody (ACPA) 
positive RA, it is still unclear why the joints are targeted and how the symmetrical distribution 
of the clinical manifestations can be explained. Our research suggests that neuroinflammatory 
pathways may play a crucial role. This work could also lead to novel therapeutic strategies, 
by targeting the cholinergic antiinflammatory pathway and especially the α7nAChR. 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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REUMATOIDE ARTRITIS

Reumatoïde artritis (RA) is een chronische systemische ontstekingsziekte van onbekende 
oorzaak waarbij vooral de perifere gewrichten zijn aangedaan. De ziekte kenmerkt zich door 
een ontstekingsproces van het weefsel dat de binnenzijde van de gewrichten bekleedt, 
het zogenaamde synovium. De belangrijkste verschijnselen van RA zijn pijn, zwelling en 
bewegingsbeperking van de gewrichten, als gevolg van de ontsteking in het gewicht (artritis). 
De kleine hand- en voetgewrichten en de knieën zijn de gewrichten die het meest zijn 
aangedaan bij RA. Omdat het een systeemziekte is, kunnen ook andere organen, zoals de ogen, 
huid, longen en bloedvaten, betrokken zijn in het ziekteproces. RA komt wereldwijd voor bij 
ongeveer 1% van de wereldbevolking, waarbij vrouwen 3 keer vaker door de ziekte getroffen 
worden dan mannen. De ziekte openbaart zich meestal tussen het 40e en 70e levensjaar. Bij 
sommige patiënten is het ziektebeloop betrekkelijk mild, maar in de meeste gevallen is er 
sprake van ernstige schade aan de gewrichten, leidend tot invaliditeit, verminderde kwaliteit 
van leven en een verkorte levensduur.

HUIDIGE BEHANDELING

De oorzaak van RA is nog grotendeels onbekend waardoor therapie die tot genezing leidt nog 
niet mogelijk is. Door intensief onderzoek kunnen RA patiënten de laatste jaren steeds beter 
behandeld worden. De conventionele behandeling bestaat uit krachtige ontstekingsremmers 
in combinatie met zogenaamde “disease-modifying anti-rheumatic drugs (DMARD’s)”, zoals 
methotrexaat. Bij onvoldoende klinisch effect wordt hier tegenwoordig een “biological” aan 
toegevoegd, zoals tumor necrosis factor (TNF) α blokkerende therapie (etanercept, infliximab 
of adalimumab), anti-B cel therapie (rituximab), anti-interleukine (IL)-6 receptor therapie 
(tocilizumab) of remming van het co-stimulatie signaal  door selectieve binding van CD80- en 
CD86-receptoren (abatacept). 

Deze therapieën bestaan uit antilichamen of oplosbare receptoren die specifiek gericht zijn 
tegen één molecuul, waardoor zij interfereren met de normale functie van deze eiwitten in 
het ontstekingsproces. Behandeling met een biological blijkt zeer effectief en de prognose 
voor RA patiënten is hierdoor aanzienlijk verbeterd. Niettemin zijn er toch nog patiënten waar 
de nieuwe behandelmethoden niet leiden tot een afname van de artritis of patiënten die veel 
bijwerkingen hebben waardoor de medicatie gestaakt moet worden. Het is dan ook nodig 
onderzoek te blijven doen naar nieuwe paden die betrokken zijn bij het ontstekingsproces in 
RA om zo nieuwe behandelmogelijkheden te creëren. 
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DE NERVUS VAGUS EN DE CHOLINERGE 
ANTI-INFLAMMATOIRE ROUTE

Recentelijk is aangetoond dat het zenuwstelsel een belangrijke rol speelt bij de regulering van 
ontstekingsprocessen. Het perifere zenuwstelsel kan worden onderverdeeld in het somatische 
en het autonome deel. Het autonome zenuwstelsel (AZS) is het onwillekeurige deel van het 
zenuwstelsel en zorgt voor handhaving van functies die een rol spelen bij de homeostase 
van het lichaam, zoals bloeddruk, hartritme, ademhalingsfrequentie, spijsvertering, 
lichaamstemperatuur enzovoort. Het AZS kan worden onderverdeel in 2 delen die een 
tegengestelde werking hebben: het sympathische en het parasympathische zenuwstelsel. 
Het parasympathische deel wordt voornamelijk gevormd door de 10e hersenzenuw, de 
nervus vagus, die ontspringt in de hersenstam en via de hals naar de organen in borst- en 
buikholte loopt. Het is gebleken dat deze nervus vagus belangrijk is bij de regulering van het 
ontstekingsproces. In diermodellen voor onder andere sepsis, pancreatitis, peritonitis, colitis 
en hemorragische shock is aangetoond dat stimulatie van de nervus vagus leidt tot een 
verminderde ontstekingsreactie. Het effect komt tot stand door interactie van acetylcholine 
(ACh), de belangrijkste neurotransmitter van de nervus vagus, met nicotinerge acetylcholine 
receptoren (nAChR). ACh bindt specifiek aan de α7 subunit van nAChR (α7nAChR), die onder 
andere tot expressie wordt gebracht op immuuncellen, die vervolgens worden geremd in het 
maken van proinflammatoire cytokinen. Deze nieuwe ontstekingsremmende route wordt 
de cholinerge anti-inflammatoire pathway genoemd. In dit proefschrift wordt onderzocht 
of de cholinerge anti-inflammatoire pathway ook een rol speelt bij de immuunrespons in 
RA. Hiervoor is gebruik gemaakt van een bekend proefdiermodel voor RA in muizen en van 
synoviaal weefsel (en cellen afkomstig uit dat weefsel) dat door middel van een kijkoperatie 
uit het gewricht werd verkregen.

In hoofdstuk 1 wordt een algemene inleiding gegeven op de kenmerken en pathogenese van 
RA en de huidige kennis over de behandeling van deze ziekte. Daarbij wordt de cholinerge 
anti-inflammatoire pathway als therapeutische mogelijkheid voor de behandeling van RA 
geïntroduceerd met de α7nAChR als  specifiek target. Verder wordt in dit hoofdstuk een overzicht 
gegeven van de inhoud van dit proefschrift. Hoofdstuk 2 beschrijft uitgebreid de huidige 
kennis van de cholinerge anti-inflammatoire pathway en de nAChR met specifieke aandacht 
voor de α7nAChR en een transcriptie variant van α7nAChR; dup α7nAChR. Daarbij worden de 2 
meest voor de hand liggende manieren om de cholinerge pathway te manipuleren besproken: 
nervus vagus stimulatie (VNS) en farmacologische stimulatie van de α7nAChR met specifieke 
agonisten. Tevens worden de mogelijke onderliggende mechanismen bediscussieerd. 
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ROL VAN DE CHOLINERGE ANTI-INFLAMMATOIRE 
PATHWAY IN ARTRITIS 

Manipulatie van het zenuwstelsel zou een goede aanvulling kunnen zijn op de huidige 
therapieën voor RA patiënten. Op dit moment is VNS al een veelgebruikte therapie voor 
patiënten met refractaire epilepsie. Ook worden klinische trials gedaan met specifieke 
α7nAChR agonisten bij patiënten met schizofrenie en de ziekte van Alzheimer.

In hoofdstuk 3 hebben we de rol van de cholinerge anti-inflammatoire pathway onderzocht 
in collageen-geïnduceerde artritis (CIA) in muizen. We hebben enerzijds de cholinerge 
anti-inflammatoire pathway geremd door eenzijdige cervicale vagotomie en anderzijds 
de pathway gestimuleerd door nicotine toe te voegen aan het drinkwater of nicotine 
intraperitoneaal (IP) toe te dienen. Dit experiment bevestigde onze hypothese dat vagotomie 
leidt tot verergering en nicotine leidt tot vermindering van de artritis. Vervolgens hebben 
we specifiek de α7nAChR gestimuleerd door het intraperitoneaal toedienen van AR-R17779, 
een specifieke α7nAChR agonist. Behandeling met AR-R17779 leidde tot verbetering van 
de artritis, zowel klinisch als op histologisch niveau. Daarbij zorgde AR-R17779 voor het 
verminderen van botdestructie en afname van de expressie van het proinflammatoire 
cytokine TNFα, een eiwit dat een belangrijke rol speelt in het ontstaan en verdere ontwikkeling 
van artritis, lokaal in het synovium en in het serum. Vervolgens hebben we in hoofdstuk 4 
de endogene rol van α7nAChR onderzocht door artritis te induceren in α7nAChR deficiënte 
(α7nAChR-/-) and wild-type (WT) litermaat muizen. In de α7nAChR-/- muizen was de artritis, 
ziekte incidentie en synoviale ontsteking verergerd ten op zichte van de WT muizen, zowel 
in de acute fase als in de chronische fase. Bovendien hebben we in dit hoofdstuk laten zien 
dat cellen van de milt van α7nAChR-/- muizen meer TNFα produceren dan WT milt cellen. In 
hoofdstuk 5 hebben we 2 meer specifieke en selectieve agonisten van α7nAChR getest, die 
oraal konden worden toegediend, in hetzelfde ziektemodel. Behandeling met agonist CTI-
15311 in de concentratie 2 mg/kg was het meest effectief in de behandeling van artritis in 
muizen. 

EXPRESSIE VAN α7NACHR IN SYNOVIUM EN FIBROBLAST-
αCHTIGE SYNOVIOCYTEN  

Uit de experimenten beschreven in hoofdstuk 3-5 kunnen we concluderen dat de 
cholinerge anti-inflammatoire pathway een rol speelt in CIA in muizen en dat de α7nAChR 
een belangrijke rol speelt bij de regulering van deze pathway. Het uiteindelijke doel is om 
een nieuwe aanvullende therapie te ontwikkelen voor RA patiënten. Daarom hebben we 
in hoofdstuk 6 gebruik gemaakt van synovium en fibroblast-achtige synoviocyten (FLS), 
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die verkregen zijn door middel van artroscopie uit een ontstoken kniegewricht van RA 
patiënten. Met adenovirale “short hairpin” RNAs gericht tegen 807 transcripten hebben 
we ontdekt dat in FLS de α7nAChR een belangrijke rol speelt bij de productie van IL-8 en 
matrix metalloproteinasen. Vervolgens hebben we expressie van α7nAChR in het synovium 
en op FLS aangetoond met behulp van verschillende technieken. Bovendien hebben we 
expressie van dup α7nAChR, een expressie variant, aangetoond op FLS. Uiteindelijk hebben 
we aangetoond dat stimulatie van α7nAChR een remmend effect heeft op de productie 
van cytokinen door FLS. Dit onderzoek slaat een cruciale brug tussen de toepassing van 
α7nAChR agonisten in proefdiermodellen en het uiteindelijke doel: de behandeling van RA 
patiënten. 

In hoofdstuk 7 worden de bevindingen van de hoofdstukken 3 tot en met 6 samengevat 
en de therapeutische implicaties mede op basis van recente literatuur besproken. Er is nog 
uitgebreid aanvullend onderzoek nodig voordat de cholinerge anti-inflammatoire pathway 
als target kan worden gebruikt in de behandeling van RA maar de eerste stappen zijn 
gezet.
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