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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 



45

Stimulation of nAChR attenuates CIA

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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