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General introduction

Chapter 1



Adapted from FA Koopman, M.A. van Maanen, M.J. Vervoordeldonk and P.P. Tak, 

‘Balancing the autonomic nervous system to reduce inflammation in rheumatoid 

arthritis’, Journal of Internal Medicine 2017 (In press)
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rheumatoid arthritis

The most common form of chronic inflammatory arthritis, rheumatoid arthritis 

(RA), affects approximately 1% of the western world population 1. RA usually manifests 

itself between the age of 45 and 55 and clinical signs include painful, swollen and stiff 

joints and fatigue 2. The pain and swelling of joints associated with arthritis is caused 

by synovial inflammation, and persistence hereof leads to bone erosions, cartilage 

damage and finally joint deformities 3. The disease process does not only involve the 

joints, extra-articular manifestations are interstitial lung disease, polyneuropathy and 

pericarditis 4. Patients with RA have an increased risk of developing cardiovascular 

disease 5; the mortality rate of RA patients is 1.5-1.6 fold higher compared to the 

general population 6.

RA is classified according to the American College of Rheumatology (ACR)/

European League Against Rheumatism (EULAR) 2010 classification criteria, which 

includes the number of joints involved, presence of serum autoantibodies, elevated 

inflammatory serum markers and duration of symptoms 7. The autoantibodies IgM-

rheumatoid factor (IgM-RF) and/or anti-citrullinated protein antibodies (ACPAs) are 

occasionally also detected in apparently healthy individuals, and these individuals 

have a substantially increased risk of developing RA. Individuals with both types of 

autoantibodies have a ~30-40% risk of developing RA in two years’ time (Fig. 1) 8. 

Examples of other risk factors associated with the development of RA are specific 

genetic factors, smoking, obesity and a positive family history for RA (Fig. 1) 9, 10. 

Individuals at risk of RA who eventually develop arthritis, can retrospectively be 

classified as having ‘pre-RA’ 11. It is important to achieve a deeper understanding of 

the mechanisms that contribute to the development of clinically manifest disease, 

and to identify additional risk factors to improve the prediction and prevention of 

disease development 12.

The combination of early diagnosis and prompt and adequate therapeutic 

intervention aimed at disease remission is the hallmark of RA management 13.  Patients 

are initially treated with synthetic and if necessary, subsequently with biological 

disease-modifying antirheumatic drugs (sDMARDs and bDMARDs, respectively). RA 

treatment is often initiated with the sDMARD methotrexate, which may be combined 

with other sDMARDs, corticosteroids and/or analgesics. If disease activity cannot 

be controlled with this treatment strategy, the next indicated step is treatment with 

subcutaneous or intravenous bDMARDs 14. During the last 15 years, treatment with 

tumor necrosis factor (TNF) blocking agents, together with improved timing and 

dosing of conventional therapy, has significantly improved the outcome in a substantial 

part of RA patients 13. Other bDMARD treatment options are anti-interleukin (IL)-6 
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receptor antibodies (tocilizumab), anti-CD20 antibodies (rituximab) and interference 

with the interaction between antigen-presenting cells and T-cells (abatacept). Despite 

the broad range of medication available for RA, only a minority of patients reaches 

the treatment goal of remission or low disease activity 13, 15. In addition, patients may 

discontinue treatment because of side effects 16. Therefore there is still a clear need 

for development of new RA therapies. An exciting new approach could be to restore 

the balance in the autonomic nervous system (ANS).

cholinergic anti-inflammatory pathway in acute and chronic 

inflammation

Previous studies have shown that both the sympathetic nervous system (SNS) 

and parasympathetic nervous system (PNS) can sense inflammation and influence 

development and severity of inflammation in animals models 17. The detection of 

inflammation by sensory nerves in peripheral tissues may subsequently lead to activation 

of the brain. This principle has been shown first by studies of hyperthermia induced 

by intraperitoneal injection of IL-1, which could be abolished by subdiaphragmatic 

figure 1. risk factors for rheumatoid arthritis (ra) development; genetic factors, 
positive family history of RA, smoking, obesity and auto-antibodies (IgM-rheumatoid factor 
(IgM-RF) and anti-citrullinated protein antibodies (ACPA)) in the serum. Autonomic nervous 
system (ANS) imbalance is hypothesized in this thesis as an additional risk factor for RA 
development. 
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vagotomy. It was suggested that local tissue concentrations of cytokines may be 

sufficient to activate vagus afferent peripheral nerves without the requirement of 

increased systemic cytokine levels 18, 19. Stimulation of the afferent vagus nerve may 

subsequently induce IL-1β expression in the brain and activation of the hypothalamic-

pituitary-adrenal axis with an anti-inflammatory effect as a result (Fig. 2) 20, 21. The brain 

may also control peripheral inflammation by activation of the efferent vagus nerve 

(see below) 22. The afferent detection of inflammation, signaling to the brain and 

subsequent efferent response is called the ‘inflammatory reflex’, a term coined by 

Dr. Kevin Tracey (Fig. 2) 23, 24. During the last decade it has become clear that the efferent 

vagus nerve may play a role in suppression of inflammation. This was first shown in 

animal models of acute inflammation 25. Activation of the efferent vagus nerve resulted 

in reduced systemic production of pro-inflammatory cytokines, presumably due to 

binding of acetylcholine on the nicotinic acetylcholine receptor type 7 (α7nAChR) 26, 27. 

This mechanism has been referred to as the cholinergic anti-inflammatory pathway 

(CAP) (Fig. 2) 24. Of interest, vagus nerve stimulation (VNS) inhibits TNF levels in the 

model of lethal endotoxemia, but not in splenectomized animals 28, although there 

is no evidence of parasympathetic innervation of the spleen 17. The solution to this 

paradox may be found in non-neuronal acetylcholine production. Multiple cell types 

which are choline acetyltransferase positive (CHAT+); epithelial cells, endothelial cells, 

muscle fibers, and immune cells (such as lymphocytes and macrophages), are able to 

produce acetylcholine 29. The vagus nerve may connect to the sympathetic splenic 

nerve in the coeliac ganglion, leading to norepinephrine (NE) production in close 

proximity to CHAT+ T cells. NE production allows for acetylcholine production in the 

spleen by CHAT+ T cells after α/β-adrenergic receptor (α/β-AR) activation and results 

in lower production of pro-inflammatory cytokines after binding to the α7nAChR 30. 

However, others have challenged this view by showing that the vagus nerve was not 

directly connected to the splenic nerve 31, and suggested that splenic nerve activity is 

controlled from the greater splanchnic (sympathetic) nerves 32. The anti-inflammatory 

effect of stimulation of the efferent vagus nerve and the α7nAChR has also been shown 

in other animal models of acute inflammation, such as acute pancreatitis, sepsis and 

hemorrhagic shock 25, 27, 33, 34.

Stimulation of the CAP in vivo in animal models of RA (chronic inflammation) results 

in reduced clinical signs of arthritis, decreased synovial inflammation, reduction of 

serum cytokine levels, and protection against bone erosions 35. Stimulation of the 

α7nAChR with nicotine or AR-R17779 resulted in reduced clinical arthritis scores and 

decreased expression of TNF 36. Other studies confirmed these results using the 

α7nAChR agonist GTS-21 (also known as dimethoxybenzylidene anabaseine, DMBX-A) 
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or nicotine 36-39. Conversely, unilateral dissection of the vagus nerve resulted in a 

trend towards increased arthritis activity in animal models of arthritis which did not 

reach statistical significance, possibly due to the relatively small number of animals 

tested 36, 38. On the other hand, vagus nerve suspension, which stimulates the vagus 

nerve, leads to improvement of collagen-induced arthritis (CIA) 40. Consistent with 

the notion that the CAP inhibits inflammation, we found that α7nAChR-knockout 

mice had higher clinical arthritis scores and more joint destruction compared to wild 

type mice, as well as higher plasma levels of TNF and monocyte chemoattractant 

protein-1 (MCP-1) levels 41.

Further support for the hypothesis that stimulation of the CAP could have a 

beneficial effect on inflammation in humans came from ex vivo studies of whole 

blood taken from healthy individuals and RA patients. Treatment of these samples 

with a partial α7nAChR agonist resulted in reduction of TNF production upon 

lipopolysaccharide stimulation 42, 43. The expression of α7nAChR has also been 

demonstrated on fibroblast-like synoviocytes (FLS) from RA patients; in vitro 

stimulation of the receptor resulted in reduced production of cytokines, such as IL-6 

and IL-8 44, 45. It was also shown that knock-down of α7nAChR with an adenoviral short 

hairpin RNA library leads to increased production of IL-8 in FLS 44. Together these data 

show the anti-inflammatory effect of CAP activation ex vivo in human cells and in both 

acute and chronic animal models of inflammation.

autonomic nervous system imbalance in individuals at risk of 

developing ra and ra patients

Previous work has suggested an imbalance of the ANS in established RA 46, 47, which 

has also been observed in other immune-mediated inflammatory diseases (IMIDs), 

like systemic lupus erythematosus, psoriatic arthritis, systemic sclerosis, Sjögren’s 

syndrome, and chronic inflammatory bowel disease 46, 48-51. The ANS imbalance could 

be the result of chronic inflammation, but conversely it is also possible that changes 

in the ANS influence inflammation, disease development and severity. The ANS 

consists of the parasympathetic and sympathetic nervous system (PNS and SNS) 

and involuntarily controls a variety of processes in the body, including heart rate, 

respiration and digestion. The PNS and SNS work reciprocally, balancing these and 

other body functions. 

The autonomic balance can be measured using various methods; some evaluate 

the sympathetic and others the parasympathetic system or both. Examples of 

these methods are clinical cardiovascular reflex tests (heart rate or blood pressure), 

heart rate variability (HRV) in rest or after exposure to orthostasis, catecholamine 
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figure 2. schematic overview of the role of the autonomic nervous system in inflammation, 
specifically in rheumatoid arthritis (ra). The autonomic nervous system (ANS), consisting of 
the parasympathetic nervous system (PNS) and sympathetic nervous system (SNS), can detect and 
influence inflammation. The PNS consists mainly of the vagus nerve, where the afferent branch can 
detect peripheral inflammation and signals this information to the brain. This results for instance 
in activation of the hypothalamic-pituitary-adrenal (HPA) axis, which reduces inflammation. 
It may also be that the efferent branch of the vagus nerve is activated, resulting in decreased 
production of cytokines via activation of the alpha7 subunit of nicotinic acetylcholine receptors 
(α7nAChR) on macrophages, a mechanism termed the ‘cholinergic anti-inflammatory pathway’. 
The combination of sensing inflammation in peripheral tissues, signaling this information to the 
brain and subsequent neuronal efferent response is comprised under the term ‘inflammatory 
reflex’. Activation of the α7nAChR on macrophages can occur locally in the RA joint or in the 
spleen. Splenectomy abolishes the anti-inflammatory effect of efferent vagus nerve stimulation 
(VNS). The mechanism of α7nAChR-activation is complex, as the spleen is not innervated by 
the vagus nerve. The sympathetic fibers of the splenic nerve may get activated by VNS in the 
coeliac ganglion, leading to production of norepinephrine (NE) in the spleen. NE  binds to the 
α/β-adrenergic receptor (α/β-AR) on choline acetyltransferase positive (CHAT+) T cells. The CHAT+ 
T cells start to produce the anti-inflammatory parasympathetic neurotransmitter acetylcholine, 
which activates the α7nAChR and leads to reduced production of pro-inflammatory cytokines. In 
the joint activation of the α7nAChR on fibroblast-like synoviocytes (FLS) or other immune cells also 
reduces cytokine production. Activation of the sympathetic α/β-AR can result in either reduced 
or increased cytokine production depending on timing and local NE concentration. The balance 
of the ANS can be measured via assessment of heart rate variability (HRV), whereby in rest HRV is 
decreased if the parasympathetic influence on the heart is reduced. 
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measurement, assessment of baroreflex sensitivity, and intraneural recordings using 

microneurography techniques 52 (HRV is shown in Fig. 3). Most studies in established 

RA patients using these techniques found lower parasympathetic activity, while 

alterations in sympathetic function were found less frequently (Fig. 3) 52 .  Changes in 

ANS parameters in RA patients were associated with levels of inflammatory markers, 

such as C-reactive protein (CRP) concentrations, erythrocyte sedimentation rate 

(ESR) and disease activity scores evaluated in 28 joints (DAS28-CRP) in some studies, 

but not in all 52, 53. Dominant parasympathetic activity in RA patients as measured by 

HRV has been shown to predict a good response to anti-TNF therapy, suggesting 

that a balanced ANS may help to control inflammation in humans 54. The notion that 

inflammation may be influenced by the neurological system is supported by clinical 

observations. It has for instance been suggested, that hypnosis reduces the clinical 

signs of inflammation after tuberculin injection 55, presumably due to increased 

parasympathetic activity after hypnosis 56, 57. Furthermore, there are several case 

reports of hemiplegic patients that do not develop arthritis or lose arthritis activity 

on the affected side 58, 59. This has also been observed in systemic sclerosis, where 

typical skin lesions were reduced or absent in patients with hemiplegia 60. These 

observations might be explained in part by lack of use of the hemiplegic side, but also 

by changes in innervation of the joint or alterations in the autonomic nervous system. 

Large observational studies in healthy individuals have demonstrated that 

decreased parasympathetic activity, as measured by HRV, is correlated with 

increased inflammatory status 61-63. Several studies found that activation of the CAP 

just before disease onset is associated with delayed onset or prevention of arthritis 

in animal models of RA 36, 64-66, although one study failed to show this effect 67. On 

the other hand, a population based study in Sweden did not find an increased risk 

of RA development in patients who had undergone one-sided truncal or selective 

vagotomy for gastric ulcer disease 68. As the vagus nerve branches originating from 

the brainstem and distal thereof may be critical in the CAP, a more proximal vagotomy 

might have led to a different result. In addition to targeting the PNS, one could also 

target the SNS, although the potential outcome is currently less well understood. 

In an animal model of RA, depletion of catecholamines before onset of disease 

resulted in decreased arthritis severity, but high dose norepinephrine treatment on 

the other hand also reduced disease severity 17, 69, 70. Taken together, previous work has 

shown an association between ANS dysfunction and established immune-mediated 

inflammatory disease, but also in apparently healthy individuals. The role of ANS 

dysfunction in individuals at risk of developing RA needs to be further explored, as 

well as the influence of restoring ANS dysfunction on inflammation in established RA. 
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figure 3. Heart rate variability is an accepted method for establishing the balance of 
the autonomic nervous system. High parasympathetic nervous system activity gives a high 
variability of heart rate, while if parasympathetic activity is lowered variability of the heart 
rate will also lower. In rheumatoid arthritis (RA) patients the autonomic balance shifts away 
from the parasympathetic nervous system compared to healthy individuals. In this thesis we 
hypothesize that individuals at risk of RA development (possibly pre-RA patients, depending 
on arthritis development at a later time point) are also shifting away from the parasympathetic 
nervous system similar to RA patients.

outline of tHis tHesis

Part i – Preclinical

cholinergic anti-inflammatory pathway in animal models of chronic 

inflammation

Both the sympathetic and the parasympathetic nervous system have been shown to 

influence arthritis in RA animal models. An overview of literature is given in chapter 2. 

It describes the role of sympathetic interventions in arthritis models, which can have 

both pro- and anti-inflammatory effects, and parasympathetic interventions which 

point towards an anti-inflammatory role in arthritis. 

In chapter 3 the effect and function of two novel α7nAChR-agonists, PMP-311 and 

PMP-072,  was evaluated in the CIA mouse model. The agonists were given by oral 

gavage before or after onset of disease. Both compounds were characterized with 

receptor binding, electrophysiological, and pharmacokinetic studies. The effect on 

arthritis activity in the mice was evaluated by clinical and histological parameters. 

Continuous electrical stimulation of the vagus nerve in animal models of chronic 

inflammation is challenging, as this requires implantation of a vagus nerve stimulator 
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in the animal for a longer period, rather than to give a single electrical stimulation as 

done in an animal model of acute inflammation. chapter 4 describes the implantation 

of a VNS device in a CIA rat model. Daily electrical or sham VNS therapy was given 

to arthritic rats to evaluate the effect of VNS therapy on synovial inflammation and 

cytokine production. 

Non-obese diabetic (NOD) mice serve as an animal model for both type 1 diabetes 

(T1D) and Sjögren’s syndrome (SjS). SjS and T1D are chronic auto-immune diseases, 

which can currently only be treated symptomatically. In chapter 5  the influence of 

α7nAChR-agonists treatment to activate the CAP and one-sided vagotomy to inhibit 

the CAP was evaluated in the NOD mouse model. 

Part ii – clinical

cholinergic anti-inflammatory pathway in individuals at risk of ra 

development and ra patients

From preclinical studies comes the hypothesis that electrical activation of the vagus 

nerve could have an anti-inflammatory effect in RA patients. chapter 6 gives an 

overview of the literature leading up to this hypothesis and explores the option of 

VNS as new therapeutic option in RA patients. 

The parasympathetic nervous system is less active in RA patients, but it is not known if 

this change occurs before the onset of arthritis. The autonomic balance in individuals 

at risk of RA development is explored in chapter 7. This was evaluated by HRV and 

norepinephrine measurement in individuals at risk of RA development, RA patients 

and healthy subjects (Fig. 3). 

The effect of electrical VNS in RA patients was studied in chapter 8. A group of 

RA patients that had been treated with synthetic DMARDs only and were naïve 

of biological DMARDs, or stopped biological DMARDs for a different reason than 

treatment failure (traditional study group in RA phase 2 studies) and a group of RA 

patients who failed at least two different types of biological therapy were included in 

the study. The study was designed to evaluate whether daily short-term VNS therapy 

could improve signs and symptoms of RA patients and specifically if this effect was 

due to the inhibition of inflammation. 

The content of this thesis is discussed and summarized in chapter 9, with a glance 

towards future perspectives.  
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aBstract

The immunomodulatory effect of the autonomic nervous system has raised 

considerable interest over the last decades. Studying the influence on the immune 

system and role in inflammation of the sympathetic as well as the parasympathetic 

nervous system not only will increase our understanding of the mechanism of disease, 

but could also lead to the identification of potential new therapeutic targets for 

chronic immune-mediated inflammatory diseases, such as rheumatoid arthritis (RA).

An imbalanced autonomic nervous system, with a reduced parasympathetic 

and increased sympathetic tone, has been a consistent finding in RA patients. 

Studies in animal models of arthritis have shown that influencing the sympathetic 

(via α- and β-adrenergic receptors) and the parasympathetic (via the nicotinic 

acetylcholine receptor α7nAChR or by electrically stimulating the vagus nerve) 

nervous system can have a beneficial effect on inflammation markers and arthritis. 

The immunosuppressive effect of the parasympathetic nervous system appears less 

ambiguous than the immunomodulatory effect of the sympathetic nervous system, 

where activation can lead to increased or decreased inflammation depending on 

timing, doses and kind of adrenergic agent used. In this review we will discuss the 

current knowledge of the role of both the sympathetic (SNS) and parasympathetic 

nervous system (PNS) in inflammation with a special focus on the role in RA. In 

addition, potential antirheumatic strategies that could be developed by targeting 

these autonomic pathways are discussed.
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introDuction

Rheumatoid arthritis (RA) is a common, immune-mediated inflammatory 

disease affecting about 1% of the adult population worldwide. RA is characterized 

by inflammation of the synovium leading to progressive destruction of cartilage 

and bone 1, 2. Although its exact etiology currently remains unknown, advances 

in understanding the pathogenesis and underlying mechanisms have led to 

the development of new and more effective antirheumatic drugs. Despite these 

improvements, a significant number of RA patients do not respond to the current 

therapies, and a need for identification of new pathways involved in modulation of 

inflammation to develop new anti-inflammatory treatments still remains.

One such approach could be via manipulation of the autonomic nervous 

system. The nervous system is divided into the peripheral nervous system, with the 

sensory, somatic (voluntary) and autonomic (involuntary) sections, and the central 

nervous system. Classically, the autonomic nervous system is further divided into 

the sympathetic (SNS) and parasympathetic nervous system (PNS), which are in 

tight equilibrium. These systems typically act in opposition to each other, but are 

able to function in synergy, making it difficult to predict the effects of autonomic 

nervous system activation. In general, stimulation of the SNS brings the body in a 

state of raised activity and attention, usually called the ‘fight or flight’ response: 

heart rate and blood pressure increase, liver glycogen is converted into glucose 

and peristalsis of the gastrointestinal tract is temporarily inhibited. In contrast, 

stimulation of the PNS can be summarized as the ‘rest and digest’ response, as this 

returns the body functions back to normal: blood pressure lowers, heart rate slows 

down, gastrointestinal peristalsis is turned on again and the liver starts producing 

new glycogen 3. It has become apparent that the nervous system has multiple 

anatomical and physiological connections with the immune system. Through 

these pathways the nervous and immune systems have extensive communications 

using neurotransmitters, cytokines and endocrine hormones 4. Consequently, the 

nervous system is able to detect and regulate inflammation in peripheral tissues 

and is involved in maintaining immune homeostasis. An overview of the role of the 

autonomic nervous system in inflammation is shown in Figure 1. 

Several observations have supported the notion that there may be an interaction 

between the nervous system and inflammation in RA. For instance, it has been 

reported that hemiplegic patients who develop RA do not develop arthritis on 

their hemiplegic (denervated) side 5. This eventually led to the hypothesis that 

experimental modulation of the body’s neural pathways involved in regulating 
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figure 1. the role of the autonomic nerve system in rheumatoid arthritis. 
The autonomic nervous system is divided in the sympathetic (left) and parasympathetic (right) 
nervous system. Cell bodies of preganglionic sympathetic neurons are located in the central 
nervous system, between the first thoracic (Th1) and third lumbar (L3) spinal cord segments, from 
where its axon connects to the postganglionic neurons. Parasympathetic preganglionic neurons 
are found in the brainstem and the second through fourth sacral (S2-S4) spinal cord segments. 
The parasympathetic nervous system mainly consists of the vagus nerve, the tenth cranial nerve. 
The heart (a) is innervated by both the sympathetic and parasympathetic nervous system. 
Heart rate variability (HRV) is a technique to determine the balance of the autonomic nervous 
system. In rheumatoid arthritis patients, this balance can be altered compared to healthy 
individuals. This imbalance is caused by a dominant influence of the sympathetic nervous 
system instead of the parasympathetic nervous system, which under normal conditions, to a 
great extent determines HRV.
Both lymphoid organs (spleen and lymph nodes) (c) and joints (D) are innervated directly by the 
sympathetic nervous system, but no innervation of the vagus nerve (parasympathetic nervous 
system) has been found. Stimulating the vagus nerve and thereby reducing inflammation 
(a concept known as the cholinergic anti-inflammatory pathway) does, however, need the 
presence of the spleen. Fibers of the vagus nerve end in the celiac-superior mesenteric plexus 
(B), further innervation of the spleen via the splenic nerve has been found to contain only 
catecholaminergic fibers from the sympathetic nervous system. It is not known how the 
vagus nerve can signal via the spleen without direct innervation, but it is proposed that the 
catecholaminergic splenic nerve transmits the parasympathetic signal towards the spleen.
Inflammation is registered in the brain via the circulation, but also via the afferent vagus nerve 
(e). Subdiaphragmatic vagotomy inhibits signaling of inflammation towards the brain. As the 
joint is not innervated by the vagus nerve, most likely direct detection of joint inflammation is 
not possible. 
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inflammation could potentially lead to the development of new treatment options 

for different inflammatory diseases, including RA.

sYmPatHetic nerVous sYstem

functional anatomy of the sympathetic nervous system

The autonomic nervous system runs from the central nervous system to 

the peripheral organs through two different neurons: the preganglionic and the 

postganglionic neurons. The cell body of a preganglionic neuron is located in 

the central nervous system, between the first thoracic (Th1) and third lumbar (L3) 

spinal cord segments, from where its axon connects to the postganglionic neuron. 

Subsequently, the axon of the postganglionic neuron projects to the target organ 6.

All regions of the body receive sympathetic innervation. This enables the SNS, 

together with the hypothalamic-pituitary-adrenal (HPA) axis, to be a key peripheral 

regulator in maintaining internal homeostasis. Although discussion of the HPA axis 

is beyond the scope of this review, it must be mentioned that this axis and the SNS 

are involved in a mutual, positive feedback loop and activation of one system usually 

activates the other as well 7. When homeostasis is disturbed, both the HPA axis and 

the SNS become activated in order to restore the internal milieu.

Catecholamines, such as epinephrine (adrenaline), norepinephrine (noradrenaline, 

NE) and dopamine, are released by the adrenal gland or nerve tissue and act as 

sympathomimetic hormones or neurotransmitters. In response to a stimulus, most 

sympathetic, postganglionic neurons release NE, which subsequently activates 

adrenergic receptors (ARs) on the peripheral target tissue. There are two adrenergic 

receptor types (α- and β-AR) and both exhibit a different affinity for NE, depending on 

the receptor subtype (α1, α2, α3, β1 or β2) and the tissue where they are expressed 8. 

The effect of NE on the different receptors also depends on the receptors local 

concentration in the synaptic cleft: a high NE concentration (1–100 μmol/L) acts 

on both α- and β-ARs, but at low concentrations (≤0.1 μmol/L) NE predominantly 

stimulates α-ARs 9.

General role of sympathetic nervous system in inflammation

The regulatory function of the SNS includes monitoring and influencing immune 

homeostasis. During an immune response, peripherally secreted proinflammatory 

cytokines, such as interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-α, can signal 

to the brain in two ways: via the circulation 4 or through afferent fibres of the vagus 

nerve (also see Role of vagus nerve: cholinergic anti-inflammatory pathway’) 10, 11. This 
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can result in central activation of the SNS, which, in turn, stimulates catecholamine 

production in the different lymphoid organs via the efferent, sympathetic fibers 4, 7.

Both primary (bone marrow, thymus) and secondary (spleen, lymph nodes, 

mucosa-associated lymphoid tissue) lymphoid organs are innervated extensively 

by the SNS 7, 8, 12. Interestingly, the distribution and density of sympathetic nerves in 

lymphoid organs are not stable, but appear to change in response to alterations in the 

microenvironment, including immune activation and changes in cytokine release 12-14. 

The immune system is thereby capable of influencing the SNS and the innervation of 

lymphoid organs allows the SNS to influence the immune cells directly, via released 

NE which binds to ARs on these cells. 

Cells of the adaptive immune system primarily express the β2-subtype, whereas 

cells of the innate immune system appear to express not only β2-, but also α1- and 

α2-ARs 8, 12. Stimulation of these subtype receptors on macrophages can elicit different 

functional effects. Macrophages can be activated through α2-AR stimulation, while 

stimulation of the β2-AR has a suppressive effect on macrophage activity 12. For 

example, during late-stage sepsis β2-ARs were upregulated on rat liver Kupffer cells, 

a macrophage subset, leading to inhibition of Kupffer cell function and subsequent 

immunosuppression 15. Thus, not only the density of SNS fibers, but also the AR 

binding capacity on immune cells, is adaptive to environmental needs. In addition, 

immune function is regulated by peptide neurotransmitters that co-localize with NE, 

such as neuropeptide Y and adenosine triphosphate (ATP), as well, but their exact 

contribution to immune regulation remains to be unravelled 12.

The role of SNS activation in immune cell functioning is complex. In vitro and in 

vivo studies on the effects of NE, or different adrenergic agonists and antagonists 

on immune cells report dissimilar results 8, 12. In short, NE’s effects during an immune 

reaction appear to be dependent on which immune cells are present, the activation 

state of these cells, the type and number of ARs they express (see above), and the 

surrounding cytokine context. Most evidence points towards the fact that SNS activity 

is able to inhibit the development of a T helper (Th)1 immune response and shift the 

Th1/Th2 balance towards a Th2 immune response 7, 12. Besides influence on proliferation 

of immune cells and their cytokine production, the SNS also appears to be involved 

in regulation of leukocyte trafficking to sites of inflammation 16. The exact mechanism 

by which the SNS or adrenergic agents influence cell migration is as yet unknown, but 

this might be due to the sympathetic influence on vascular smooth muscle regulating 

the blood flow and thereby the lymphocyte delivery 8. It also has been shown that 
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stress leads to changes in expression of cell adhesion molecules on immune cells 17, 18, 

thereby possibly influencing cell migration from the blood to the site of inflammation.

sympathetic nervous system and arthritis

In general, RA patients have an autonomic imbalance with an overly active 

SNS and reduced PNS activity 19. Determining the heart rate variability with an 

electrocardiogram is an established technique to evaluate this autonomic balance. 

A low variability in heart rate reflects an increase in SNS activity and reduced PNS 

activity (Fig. 1A). In established RA it has been suggested that stress may aggravate 

disease activity. Minor stress (lasting from minutes to a few days with small intensity), 

that is, ’daily hassles’, may lead to a short rise of neurotransmitters and hormones, 

and could increase disease activity in RA patients 20. The role of the stress response 

is however far from clear. The Lewis rat, for instance, has a defective stress response 

system and is much more sensitive to the development of arthritis than F344 rats, 

which are characterized by a hyperactive SNS 21. 

β2-adrenergic receptor expression and function in rheumatoid 

arthritis

β2-ARs have been shown to have a role in the time-dependent, immune-

modulating effect of the SNS 22-24 and they are expressed on innate and adaptive 

immune cells of humans and rodents 7. Peripheral blood mononuclear cells (PBMCs), 

specifically monocytes, B cells and CD8+ T cells, from RA patients express lower levels 

of β2-ARs compared with healthy subjects 25 and the receptor density on RA synovial 

fluid lymphocytes is even less 26. RA PBMCs therefore also are less responsive to NE 

treatment compared with healthy subjects: upon NE administration in vitro they are 

less effective in suppressing T cell activation and proliferation, and the stimulated 

cytokine response was not decreased as much 25, 27. In active systemic and polyarticular 

juvenile RA there is a diminished cAMP production upon β2-AR stimulation, indicating 

a defective neuroimmune response 28. 

α-adrenergic receptor expression and function in rheumatoid arthritis

The role of α-AR subtypes in arthritis is less clear. As mentioned above, only cells 

from the innate immune system appear to express α-ARs 8, 12. Normally, α1-ARs are 

expressed only on natural killer cells, whereas α2-ARs are present on natural killer 

cells, monocytes and macrophages 12. However, in vitro studies showed that treating 

normal monocytes with β2-AR agonists can induce expression of the α1-AR subtype 29. 

On the contrary, in RA patients with high disease activity catecholamines mainly 
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mediate their effect through α1-ARs on PBMCs 30, 31, while showing a decreased density 

of β2-ARs 25, 31. Functional α1-ARs also appeared to be upregulated on leukocytes of 

juvenile idiopathic arthritis patients, while being absent on leukocytes from healthy 

donors, and stimulation of these receptors induced higher IL-6 levels 32. Furthermore, 

stimulation of α2-ARs can initiate proliferation of fibroblast-like synoviocytes (FLS) 

in the joint 12, 30, which will lead to increased production of cytokines, proteases 

and chemokines. Subsequently, more immune cells may be recruited to the joint 

eventually resulting in the cartilage destruction typically seen in RA. It has been 

suggested that α-ARs might become more relevant in a later stage of chronic 

inflammation, coinciding with decreased numbers of β-ARs. This observation has 

been called the β-to-α-adrenergic shift 30.

immunemodulatory effect of agents targeting the sympathetic 

nervous system in animal models of arthritis

Intervening with SNS activity may influence the inflammatory process seen in 

RA, either locally or systemically. To date, clinical testing of AR agents as a treatment 

option for RA patients has not been performed and our current knowledge is based 

on data obtained in animal models of arthritis. In the sections below, the results of 

these studies are discussed and in Table 1 the available experiments are summarized.

Time-dependent effect of adrenergic intervention

Studies with AR drugs in animal models of arthritis showed conflicting results: 

both exacerbating and ameliorating effects of AR agonists on arthritis severity 

were seen 22, 23, 33, 34. This might be due to the timing of drug administration and it 

is now well established that the SNS induces time-dependent, immunemodulating 

effects in arthritis models: prior to arthritis induction and in the asymptomatic 

phase, SNS activation has a proinflammatory effect, whereas, after onset of arthritis, 

SNS activation may inhibit inflammation 24, 30, 35. This was nicely shown in a collagen-

induced arthritis (CIA) mouse model in mice in which chemical sympathectomy 

(leading to a 75% reduction in NE production) was initiated by intra-peritoneal 

(i.p.) injections with 6-hydroxydopamine (6-OHDA) at different time points 35 

(Table 1). The transition phase from pro- to anti-inflammatory effects by the SNS 

is thought to lie between day 30 and day 55 after immunization in murine CIA 14, 35. 

It has been suggested that the early, proinflammatory effects are caused by SNS-

induced redistribution, migration, and chemotaxis of leukocytes towards the site 

of inflammation 30, 35. Interestingly, the influence of the SNS on CD4+CD25+ T cells 

seems to have a role in arthritis severity. SNS intact, splenectomized (to minimize 
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endogenous CD4+ T cells), recipient CIA mice received either CD4+CD25+ T cells 

from SNS intact CIA mice or from sympathectomized CIA mice. The CD4+CD25+ 

T cells that where influenced by an intact SNS promoted arthritis compared to the 

SNS deprived CD4+CD25+ T cells. Thus, it appears likely that the SNS has an effect 

on the FoxP3-subset of proinflammatory CD4+CD25+ T cells. The CD4+CD25+ T cells 

from the sympathectomized CIA mice also displayed a reduced cytokine response 36.

β2-Adrenergic receptor agonists or antagonists in experimental arthritis

To our knowledge, no studies on the effect of β1-agonists on experimental 

arthritis have been performed. β2-ARs presumably play an important role in the 

time-dependent, immune-modulating effect of the SNS. In studies that used the 

adjuvant-induced arthritis (AIA) model in rats, treatment with β2-AR agonists resulted 

in worsening of disease severity, when this was initiated prior to or at the time of 

adjuvant challenge 22, 24, while administration of β2-AR antagonists started prior to 

adjuvant challenge significantly reduced the severity of joint injury and delayed 

disease onset 22, 23. Furthermore, initiating β2-AR agonist treatment at or after onset 

of disease also led to a reduction in disease severity 24 (Table 1).

α-Adrenergic receptor agonists or antagonists in experimental arthritis

In vivo studies on the function of α-AR subtypes in experimental arthritis have 

shown opposing results. Blocking with a non-specific antagonist of α-AR (both α1- 

and/or α2-AR) has a different effect on disease severity depending on the time that the 

agent is given 23, 24. If administrated at disease onset it reduces the severity of disease, 

but aggravation of disease severity is observed when given prior to immunization 24. 

Specific blocking of the α1-AR with an antagonist prior to disease onset did not result 

in an effect on experimental arthritis 23, 33, but using a α2-AR antagonist does increase 

arthritis severity in experimental arthritis in Sprague-Dawley rats 33. The aggravation 

of arthritis when treated with a nonspecific α-AR antagonist, when given before 

immunization, might therefore be the result of an effect via the α2-AR 23, 24. 

Treatment with specific α2-AR agonists, given before disease onset, has a positive 

effect on arthritis 33. Nothing is known about the effect of specific α1-AR agonists on 

arthritis activity in animal models. 

sympathetic innervation of the spleen and joints in experimental 

and rheumatoid arthritis

Nervous innervation of the rodent and human spleen currently is believed to be 

primarily by SNS fibers, as no cholinergic fibers have been identified here so far 8, 37 

(Fig. 1C). In spleens of arthritic rats (AIA), the nerve density in white pulp distal to the hilus 
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is considerably reduced, while nerve density in the hilus and red pulp is increased 38. The 

red pulp, the site where activated immune cells reside and eventually exit the spleen 12, is 

normally sparsely innervated by sympathetic fibers, but a sympathectomy resulted in a 

compensatory sprouting of noradrenergic nerves in red pulp of arthritic, but not of non-

arthritic rats 38. The investigators suggested that this altered sympathetic innervation 

pattern in the red pulp was thought to reflect a regulated microenvironment, where 

migrated immune cells provide trophic support to the redistributed SNS fibers, which, 

in turn, could play a critical role in sustaining immune dysregulation seen in chronic 

inflammatory stages of arthritis 38. In addition, an overall reduction of sympathetic nerve 

fibers was found in the spleen of DBA/1 mice with early, symptomatic CIA compared 

with normal DBA/1 mice. Despite this reduction, the SNS was still able to stimulate 

interferon-γ and cytokine-induced neutrophil chemoattractant-1 (CXCL-1) secretion by 

splenic T cells via various neurotransmitter systems 14. This demonstrates that the SNS 

can still contribute to disease-aggravating effects in the early phase of arthritis despite 

reduced fiber density 14. As far as we are aware, there are no data on altered sympathetic 

innervation density of the spleen in RA patients.

Sympathetic innervation of the joint is decreased largely in experimental arthritis, 

as was shown during the symptomatic stages of disease in murine CIA 39. Similarly, the 

number of sympathetic nerve fibres in the joints of RA patients is reduced significantly, 

coinciding with an increased degree of inflammation, but also with significantly more 

substance P-positive nerve fibres and an augmented NE production by synovial cells 

(macrophages, B cells, fibroblasts, mast cells and granulocytes) 9, 40, 41. Moreover, 

in AIA rats, ankle joints that developed more severe arthritis were more densely 

innervated by substance P-containing, primary afferent neurons than were joints that 

developed less severe arthritis (knees; 42). Infusion of substance P into these knees 

did increase arthritis severity suggesting that this neuropeptide also may contribute 

to inflammation in RA 9, 42. This implies a diminished influence of the SNS on and more 

involvement of sensory inputs in established joint inflammation.

In longstanding RA, a marked loss of sympathic nerve fibers can be found 9. After 

reduction of sympathetic innervation in the inflamed joint, the synovial tissue itself 

has a role in producing NE 9, 41. The concentration of NE in synovial tissue is in the 

α-adrenergic region 10-9 to 10-8 mol/L, which is known to mainly have an activating 

effect on the α-ARs 9. Moreover, in patients with RA, who markedly lose sympathetic 

nerve fibres, the density of catecholamine producing cells was higher than in patients 

with OA, who do not lose sympathetic innervation. Blockade of catecholamine 

storage into vesicles by reserpine caused a very strong and specific inhibition of 
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table 1. Overview of studies describing the role of the sympathetic nervous system using 
adrenergic receptor drug intervention in experimental animal models of rheumatoid 
arthritis (Continued)

effect on sns intervention
arthritis 

model
timepoint start 

intervention effect on arthritis authors

sinGle interVentions

Catecholamine 
depletion

ADMX AIA (Sprague-
Dawley rats)

Prior to 
immunization

Decreased severity 22

Systemic 
sympathectomy 

(6-OHDA)

CIA (DBA/1 
mice)

Prior to 
immunization

Reduced severity 35

Systemic
sympathectomy 

(6-OHDA)

CIA (DBA/1 
mice)

After disease 
onset, during 
active disease

Increased severity 35

Reserpine AIA (Sprague-
Dawley rats)

Prior to 
immunization

Reduced severity + 
delayed onset

23

Reserpine AIA (Sprague-
Dawley rats)

At disease onset Reduced severity 23

Reserpine 
(i.a. injection)

CIA (DBA/1 
mice)

After disease 
onset, during 
active disease

Reduced severity in 
injected joint

40

α1-AR antagonist Prazosin AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 23, 33

α2-AR agonist Clonidine AIA (Sprague-
Dawley rats)

Prior to 
immunization

Reduced severity 33

NE (high dose) AIA (Sprague-
Dawley rats)

Prior to 
immunization

Reduced severity 33

α2-AR antagonist Yohimbine AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 23

Yohimbine AIA (Sprague-
Dawley rats)

Prior to 
immunization

Increased severity 33

α-AR antagonist Phentolamine AIA (Lewis rats) At time of 
immunization

Increased severity 24

AIA (Lewis rats) At disease onset Reduced severity 24

Phenoxybenzamine AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 23

β1-AR antagonist Metoprolol AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 23

β2-AR agonist Terbutaline AIA (Lewis rats) At time of 
immunization

Increased severity 24

AIA (Lewis rats) At disease onset Reduced severity 24

Salbutamol CIA (DBA/1 
mice)

After disease 
onset, during 
active arthritis

Reduced severity 34

AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 33
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TNF-α mRNA and TNF-α protein from cells of patients with OA and RA 40. In addition, 

the effect of cytoplasmic catecholamine increase was tested in vivo in CIA in mice. 

It was found that local treatment with reserpine markedly reduced inflammation 

without causing systemic side effects in the animals 40. This indicates that when 

sympathic nerve fibers are lost in inflamed tissue sympathetic cells can take over. 

These findings demonstrate that peripheral cells start producing catecholamines 

table 1. Overview of studies describing the role of the sympathetic nervous system using 
adrenergic receptor drug intervention in experimental animal models of rheumatoid 
arthritis (Continued)

effect on sns intervention
arthritis 

model
timepoint start 

intervention effect on arthritis authors

β2-AR antagonists Butoxamine or ICI 
118,551

AIA (Sprague-
Dawley rats)

Prior to 
immunization 

Reduced severity 
+ delayed onset of 

disease

23

Butoxamine AIA (Sprague-
Dawley rats)

At disease onset Reduced severity 23

β1/β2-AR agonist Isoproterenol AIA (Sprague-
Dawley rats)

Prior to 
immunization

No effect 33

β-AR antagonist Propanolol AIA (Sprague-
Dawley rats)

Prior to 
immunization

Reduced severity 23

comBineD interVentions

α- and β-AR 
agonists + α1-AR 
antagonist

NE and prazosin AIA (Lewis rats) At disease onset Reduced severity 
(NE effect)

33

α- and β-AR 
agonists + α2-AR 
antagonist

NE and yohimbine AIA (Lewis rats) At disease onset Increased severity 
(combined effect)

33

α- and β-AR 
agonists + β1-
antagonist

NE and 
metopropolol

AIA (Lewis rats) At disease onset Reduced severity 
(NE effect)

33

α- and β-AR 
agonists + β2-AR 
antagonist

NE and 
butoxamine

AIA (Lewis rats) At disease onset Reduced severity 
(NE effect)

33

Catecholamine 
depletion + 
administration 
(α-AR and β-AR 
agonists)

ADMX and NE AIA (Sprague-
Dawley rats)

Prior to 
immunization

Increased severity 
compared with 

ADMX

22

Catecholamine 
depletion + β2-AR 
agonist

ADMX and 
salbutamol

AIA (Sprague-
Dawley rats)

Prior to 
immunization

Increased severity 
compared with 

ADMX

22

6-OHDA = 6-hydroxydopamine; AIA = adjuvant-induced arthritis; AR = adrenergic receptor; CIA = collagen-
induced arthritis; i.a. = intra-articular;  NE = norepinephrine; SNS = sympathetic nervous system.
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during chronic inflammation, and the increase of cytoplasmic catecholamines has 

strong anti-inflammatory effects in vitro and in vivo. Therefore, modulation of 

catecholamine-producing cells could be used as a new therapeutic target in arthritis. 

ParasYmPatHetic nerVous sYstem

functional anatomy of the parasympathetic nervous system

As mentioned in the introduction, activity of the PNS results in the rest and digest 

effect, enabling the body to restore its energy supplies. Parasympathetic, preganglionic 

neurons are found in the brainstem and the second through fourth sacral (S2-S4) spinal 

cord segments (Fig. 1). The postganglionic neurons reside in parasympathetic ganglia 

on or near the target organs, in contrast to the sympathetic ganglia, which are located 

at greater distance from the target organs 6. The PNS consists mainly (75%) of the 

vagus nerve, the tenth cranial nerve 3, which is the largest nerve and owes its name to 

the wandering course it runs along the body 43. The efferent fibres of the vagus nerve 

originate mainly in the dorsal motor nucleus of the vagus and the nucleus ambiguous 

in the medulla oblongata (brainstem). From there, they pass through the neck and 

thorax to the abdomen, meanwhile branching off fibres to various organs, including 

the heart, lungs, gastrointestinal tract and pancreas 43, 44.

Acetylcholine (ACh) is the main parasympathetic, postganglionic neurotransmitter, 

but it is also released in all preganglionic, both parasympathetic and sympathetic, 

neurons. The enzyme choline acetyltransferase (ChAT) synthesizes ACh from 

choline and acetyl-CoA, and acetylcholinesterase (AChE) can degrade it into the 

inactive metabolites choline and acetate. ACh can bind to two types of receptors, 

the muscarinic (mAChR) and the nicotinic (nAChR) receptors, which are both widely 

expressed in neuronal as well as nonneuronal cells and can consist of different 

subunits. Many different nicotinic (α1-α10 and β1-β4) and muscarinic (M1-M5) subunits 

have been identified, leading to a wide variety of possible receptors with different 

physiological functions 45-47. In the context of rheumatoid and experimental arthritis 

not much is known about the role of various nicotinic (α1-α6, α8-α10) and muscarinic 

(M1-M5) receptors. Therefore, in this review we will focus specifically on the α7 

nicotinic acetylcholine receptor (α7nAChR).

The nonneuronal cells that can produce ACh, for example, epithelial, 

endothelial, mesothelial, muscle, and immune cells, also possess all functional 

components of the cholinergic system 48 and the cholinergic signaling in these 

cells is comparable to regular neurotransmission 49. Furthermore, it has been 



40

suggested that dysfunction in these non-neuronal cholinergic systems might be 

involved in the pathogenesis of several chronic diseases, such as colitis ulcerosa, 

cystic fibrosis and psoriasis 49.

General role of parasympathetic nervous system in inflammation

How exactly the PNS and, in particular, the vagus nerve are involved in the immune 

system is still under investigation. A summarizing review from 2007 that covered 

20 years of neuroanatomical research on the autonomic innervation of the immune 

system stated that there is no neuroanatomical evidence for parasympathetic or 

vagal nerve innervation of any immune organs 8, 47 (Fig. 1C). This conclusion was based 

on numerous studies that reported negative results for retrograde tracing from the 

immune organs to vagal brainstem nuclei, combined with absence of ACh, vesicular 

ACh transporter-labeled fibers and/or ACh metabolizing enzymes, such as ChAT and 

AChE, in the immune organs. In addition, studies using electrical field stimulation of 

spleen slices indicated that sympathetic, but not cholinergic, nerve fibers innervate 

the spleen 14. On the other hand, there was local ACh expression, but this could 

theoretically be explained by release from splenic immune cells. In spite of the 

apparent absence of direct vagal nerve innervation, however, there is evidence that 

the spleen receives not only sympathetic signals, but also parasympathetic input 50. 

Recent work has shown that the vagus nerve may inhibit TNF-α production by splenic 

macrophages via a signal from the celiac-superior mesenteric plexus projecting in the 

splenic nerve, which is comprised principally of catecholaminergic fibers (Fig. 1B) (see 

section ‘Route of the cholinergic anti-inflammatory pathway) 51.

role of vagus nerve: cholinergic anti-inflammatory pathway

Whether directly innervating immune organs or not, it has been widely 

acknowledged that the PNS, through the vagus nerve, plays an important role in 

regulation of inflammation. Stimulation of peripheral, afferent vagus nerve fibers 

by endotoxin or cytokines can  activate the HPA axis and SNS centrally, resulting in 

peripheral release of anti-inflammatory glucocorticoids and NE 7, 52-56. In addition, 

it has been shown that efferent vagus nerve fibers are involved in inflammatory 

modulation, by performing bilateral cervical vagotomy in a rat model of experimental 

sepsis 57. Subsequent electrical stimulation of the peripheral part of the vagus nerve 

significantly decreased serum TNF-α levels and prevented development of shock 

compared with vagotomized rats that did not receive electrical stimulation. This 

peripheral vagus nerve stimulation (VNS) in the vagotomized animals was not followed 

by enhanced glucocorticoid production, indicating that the suppressed TNF-α 
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production could not be attributed to activation of the HPA-axis, but was achieved 

merely through the efferent vagus nerve 57. This has been confirmed in subsequent 

studies, where VNS significantly attenuated TNF-α synthesis and improved clinical 

outcome in experimental models of hemorrhagic shock 58, 59 and ischemia-reperfusion 

injury 58, 59, and blocked leukocyte migration by inhibiting endothelial cell activation, 

a key regulator of leukocyte trafficking during inflammation, in the carrageenan air 

pouch rat model 60. This anti-inflammatory influence of the efferent vagus nerve is 

now well known as the cholinergic anti-inflammatory pathway 61. 

the α7 nicotinic acetylcholine receptor

In a first attempt to determine how the efferent vagus nerve establishes its anti-

inflammatory effect, in vitro experiments studying the cytokine release by primary 

human macrophages showed that ACh dose-dependently inhibited release of 

TNF-α, IL-1β and IL-6 after 4 and 20 h of LPS stimulation primarily through nAChRs; 

production of the anti-inflammatory cytokine IL-10 was unaffected 57. Nicotinic 

AChRs, which are integral membrane proteins belonging to the ligand-gated, ion 

channel superfamily, are further subdivided into muscle-type nicotinic receptors, 

found at the neuromuscular junction, and neuronal-type nicotinic receptors. 

In humans, 17 different subunits have been identified (α1-10, β1-4, γ, δ, ε) and five 

transmembrane subunits are assembled around a central pore to form a homo- or 

heteromeric nAChR 46. Subsequent research led to the identification of the neuronal-

type α7 nACh receptor subtype (α7nAChR) as the essential regulator of the anti-

inflammatory effect of Ach 62. Additional in vitro studies using human monocytes, 

PBMCs and whole blood showed that nicotine and the α7nAChR selective partial 

agonist GTS-21 dose-dependently inhibited the release of TNF-α and IL-1β after LPS 

stimulation, with GTS-21 being more potent than nicotine 62-64.

The α7nAChR consists of five α7 subunits that assemble to form a ligand-binding, 

homopentameric ion channel 65. The receptor is found not only on neurons and 

macrophages, but also is expressed widely on other nonneuronal cells, including 

immune cells, such as monocytes, T and B lymphocytes, dendritic cells 66, and RA 

FLS 67-69. In addition to this classical variant of the α7 receptor, the human genome 

contains an alternative, partial duplication of the α7 subunit gene, called the dupα7 

or ‘cholinergic receptor family with sequence similarity to α7’ 70. The main difference 

between this and the classical α7 is that this dupα7 subunit lacks binding sites 

for nicotine or other α7 agonists/antagonists and, to date, the role of the dupα7 

remains unclear. In fact, although it is transcribed in different cells, including human 
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leukocytes 70 and FLS 67, it is not clear whether this transcript is ever translated into 

a functional protein and eventually can form a functional receptor 66, 70. It is possible 

that the dupα7 has a regulatory role, intervening or contributing to the function of 

the classical α7nAChR and therefore might provide new pharmacological options 67.

Several in vivo studies confirmed the importance of the α7nAChR in the 

cholinergic anti-inflammatory pathway. Receptor activation by specific agonists 

effectively attenuated immune responses and ameliorated disease severity in 

different experimental settings, including animal models for sepsis 71, 72, pancreatitis 73, 

ischemia-reperfusion injury 74, postoperative ileus 75, acute lung injury 72, and, as 

discussed in more detail below, CIA 76, 77. Moreover, in α7-subunit-deficient mice, 

VNS failed to reduce serum TNF-α levels during endotoxemia 62.

route of the cholinergic anti-inflammatory pathway

Not only the α7nAChR is essential in the cholinergic anti-inflammatory pathway, 

the spleen is thought to play an important role as well in the regulation of systemic 

inflammation by the efferent vagus nerve, since electrical VNS failed to diminish 

serum TNF-α levels in splenectomized mice treated with endotoxin 78. As mentioned 

earlier, there is no convincing evidence that the spleen is actually innervated by 

the vagus nerve (Fig. 1C). In this light, a further study on unraveling the road of 

the cholinergic anti-inflammatory pathway revealed that the nerve fibers found in 

apposition to the TNF-α secreting macrophages in the spleen are catecholaminergic 

and not cholinergic 51. These catecholaminergic nerves proved to be required for 

functional inhibition of TNF-α production by VNS. It is thought that the vagus nerve 

functionally communicates with the splenic nerve at the level of the celiac and 

superior mesenteric ganglia which may lead to secretion of catecholamines, such 

as NE, by the splenic nerve 51. NE has been shown to have a direct, inhibitory effect 

on TNF-α secretion by splenic macrophages by acting on ARs 79, 80. In addition, there 

is a direct inhibitory effect of ACh on TNF-α secretion by macrophages through 

activation of the α7nAChR 62. As the spleen contains and releases ACh upon splenic 

nerve stimulation 81, 82, ACh is most likely produced by immune cells present in the 

spleen, which (also) attenuates cytokine production by signaling through α7nAChR 

on TNF-α-producing cells 51.

Interestingly, it was shown recently that GTS-21 can reduce serum TNF-α levels 

in both normal and splenectomized animals using an animal model of hemorrhagic 

shock 83. It is, therefore, conceivable that the cholinergic anti-inflammatory 

pathway consists of two separate arms: (i) the inhibitory effect of ACh produced by 
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nonneuronal cells on cytokine production by immune cells at the site of inflammation 

through α7nAChR activation and (ii) the immunosuppressive effect of the efferent 

vagus nerve by communicating with the splenic nerve via the celiac and superior 

mesenteric ganglia, and the subsequent stimulation of both α7nAChRs and ARs in 

the spleen.

Parasympathetic nervous system in experimental and rheumatoid 

arthritis

We have described recently the role of the cholinergic anti-inflammatory pathway 

in murine CIA 77. Systemic treatment with nicotine or the α7nAChR specific agonist 

AR-R17779 significantly ameliorated arthritis activity, whereas unilateral cervical 

vagotomy exacerbated the disease. The effect of AR-R17779 appeared more potent 

than that of nicotine, pointing to an important role of the α7nAChR in mediating 

the anti-inflammatory effect. Moreover, AR-R17779 hardly crosses the blood-brain 

barrier, indicating that these effects are achieved by stimulation of peripheral 

α7nAChRs. We also tested the pharmacological and functional profile of two novel 

compounds, CTI-15311 and CTI-15072*, with different effects on ion channel activity 

and investigated their role in modulating CIA (unpublished results, van Maanen et 

al). Although both compounds bound to α7nAChR with high affinity, CTI-15311 acted 

like a classical agonist of ion channel activity, whereas CTI-15072 did not produce an 

electrical current, suggesting it can act as an ion channel antagonist. Despite not 

being able to induce significant levels of ion channel activity, CTI-15072 could still 

improve arthritis, albeit to a lesser extent than CTI-15311. Moreover, CTI-15072 was 

clearly distinct from typical competitive antagonists, since it was able to synergize 

with the positive allosteric α7nAChR-modulator PNU-120596 to induce detectable ion 

channel current, suggesting that it is a selective desensitizer of α7nAChR. These data 

provide direct evidence that the α7nAChR on immune cells does not require typical 

ion channel activation to exert its anti-inflammatory effects. Moreover, CTI-15072 

only showed 6% brain penetration, indicating that the anti-inflammatory effect on 

experimental arthritis via the α7nAChR can be observed despite limited penetration 

of the central nervous system.

In subsequent experiments, it was demonstrated that clinical arthritis scores and 

synovial inflammation were increased markedly in α7nAChR-deficient mice compared 

with their wild-type littermates in both the acute and chronic phase of the disease 84. 

* CTI-15311 and CTI-15072 are called PMP-311 and PMP-072 in chapter 3.
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These data suggest that the α7nAChR, and thereby the cholinergic anti-inflammatory 

pathway, is involved in the regulation of arthritis activity in experimental arthritis. 

More evidence pointing towards a role for the α7nAChR in arthritis was obtained 

from experiments using whole blood from RA patients, who exhibited suppressed 

vagus nerve activity 85. Upon stimulation, inflammatory cells from these whole blood 

cultures produced less TNF-α as compared with healthy controls, but the addition of 

cholinergic agonists to the stimulated whole blood cultures still suppressed cytokine 

production significantly, implying that targeting the α7nAChR could indeed be a new 

treatment option in these patients 85.

Presence of the α7 nicotinic acetylcholine receptor in the joint

To date, there is no explicit evidence of vagal innervation of the joints (Fig. 1D). 

However, we and others have shown that the α7nAChR is expressed in synovial tissue 

and on RA FLS. In vitro stimulation of the receptor (with ACh or α7nAChR agonists) 

suppressed TNF-α- and IL-1β-induced production of IL-6 and IL-8 by RA FLS 67, 68. 

Furthermore, the presence of a nonneuronal cholinergic system in human synovial 

tissue was described recently. Synovial biopsies from RA and OA patients showed 

expression of ChAT in both mononuclear-like cells as well as FLS, indicating that ACh 

can be produced locally by these cells 86. This local ACh production might be important 

in the regulation of joint inflammation, thereby contributing to the cholinergic anti-

inflammatory pathway. Whether the release of nonneuronal ACh is triggered by 

neuronally released ACh or if the nonneuronal cholinergic system in synovial tissue 

acts independently from cholinergic nerves remains to be investigated further 87.

The regulation of immune function is certainly not bound to be exerted by ACh 

alone, but a potentiating effect of other endogenous cholinergic agonists may 

be conducive. One such agonist is SLURP-1 (secreted mammalian Ly6⁄urokinase 

plasminogen-type activator receptor-related protein-1), which is produced by both 

lymphocytes and macrophages, and has been shown to potentiate ACh-mediated 

α7nAChR activation 88.

DYsreGul ation of autonomic nerVous sYstem 
in rHeumatoiD artHritis

As discussed, both the SNS and PNS, but also the HPA axis, influence immune 

homeostasis. Inflammatory mediators signal to the brain via the circulation or via 

afferent fibers of the vagus nerve, thereby activating the SNS and/or PNS (Fig. 1E). 

Efferent SNS and vagal nerve fibers then induce local catecholamine and ACh 
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production by neurons or nonneuronal cells. The final effects are difficult to predict, 

as there are many different signaling molecules and receptors involved depending 

on the disease phase.

The autonomic dysfunction in RA patients is characterized by an increased overall 

sympathetic tone and decreased activity of the vagus nerve. This indicates that 

the normal equilibrium, where the SNS and PNS act oppositely and have contrary 

effects, is in imbalance and this disturbance might contribute to the induction and/

or persistence of the disease 19, 89-93. When immune homeostasis is disturbed, both the 

SNS and HPA axis are activated  to restore this. In RA patients, however, inadequately 

low levels of cortisol were seen in relationship to inflammation and controlled 

physiological stress 94. These findings led to the assumption that the HPA axis and 

SNS have been uncoupled in these patients, resulting in a strong proinflammatory 

situation 30, 94. Other changes also take place, for example, density of sympathetic 

nerve fibers in arthritic patients are decreased 14, while SNS fibers in the spleen 

redistribute towards the red pulp where the immune cells reside, suggesting there is 

an altered sympathetic-to-immune system signaling in RA.

Simultaneously, low tone of the vagus nerve means low activity of the cholinergic 

anti-inflammatory pathway, which can also lead to higher cytokine levels, thereby 

contributing to this proinflammatory status. Of note, surgical unilateral vagotomy for 

gastric disease in humans had no effect on the risk of developing RA, but vagotomy 

at a different anatomical level might have resulted in a different result 95. When 

considering the parasympathetic-to-immune system signaling, our data show that 

the cholinergic anti-inflammatory pathway contributes to control of disease activity 

in experimental arthritis, since interruption of this pathway can lead to aggravation 

of arthritis. Our findings support and extend the pioneering work by KJ Tracey, 

suggesting that tonic activity of the vagus nerve is essential to maintain immune 

homeostasis 61. Impairment of this activity could lead to unrestrained cytokine 

responses and damage to the host.

It is unknown whether the dysregulation of the autonomic nervous system is 

initiated by an increase in SNS activity (for example, stress) followed by decrease in 

vagus nerve activity, or if it is the other way around. Regardless, based on experimental 

results stated above, it seems likely that the autonomic imbalance observed in 

experimental arthritis and RA patients is, at least partially, responsible for sustaining 

the inflammatory status. Further insight into this autonomic dysregulation in RA is 

essential to determine how and to what extend it contributes to the development, 

persistence, and exacerbation of arthritis.
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Potential clinical imPlications for moDulation 
of tHe nerVe sYstem in inflammatorY Diseases

The immuneregulatory potential of the SNS has led to the proposition of 

new anti-inflammatory therapeutic approaches for RA. Based on animal models 

discussed above, it can be envisaged that intervening with SNS activity can influence 

inflammation in RA. Until now, no clinical testing of AR agents as a treatment option 

for RA patients has been performed. Since data targeting AR receptors obtained from 

animal models are somewhat variable, it is difficult to draw definitive conclusions as 

to which treatment would be beneficial in arthritis patients. 

The PNS can exert its anti-inflammatory effects via the vagal cholinergic anti-

inflammatory pathway in which the neurotransmitter acetylcholine plays an 

important role. The discovery of the cholinergic anti-inflammatory pathway has 

paved the way for new therapeutic strategies for inflammation-mediated diseases like 

RA. The two major treatment options are pharmacological intervention or electric 

stimulation of the vagus nerve (VNS). The cholinergic anti-inflammatory pathway 

can be stimulated by pharmacologic activation of the nAChRs. The observation that 

specific α7nAChR agonists diminish disease in several animal models of inflammation, 

including animal models for arthritis 76, 77 and experimental colitis 96, suggests that 

therapeutic agents that can modify cholinergic signaling might be beneficial in 

humans. Nicotine, a potent α7nAChRα7nAChR agonist, has been used extensively to 

examine the cholinergic anti-inflammatory pathway in animal models. However, the 

therapeutic value of nicotine is limited, because of its lack of specificity and toxicity. 

To avoid side effects caused by nicotine, more specific nAChR agonists have been 

designed. The most extensively characterized nAChR specific agonist is GTS-21, an 

α7nAChR agonist that also affects α4β2 nAChR. GTS-21 is well tolerated in healthy 

volunteers as well as in patients with schizophrenia and Alzheimer’s disease 97. In 

addition, there is evidence indicating that centrally acting cholinergic drugs used 

in treatment of Alzheimer’s patients can modulate peripheral immune responses, 

which make this group of drugs interesting to explore in inflammatory disorders 98.

A novel anti-inflammatory strategy also could be developed by means of optimal VNS 

generated by a special device. VNS has recently been shown to inhibit development of 

CIA in rats using a constant voltage stimulus (5 V, 2 ms, 1 Hz) starting at day 10 after the 

second immunization 99. Vagus nerve stimulation already is used in patients with drug 

resistant epilepsy and depression. The left vagus nerve is stimulated via an implantable 

electrode. Vagus nerve stimulation had beneficial effects in both disorders without 

major side effects 97. A recent study investigating in more detail the effect of VNS on 
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the immune system in 11 patients with refractory epilepsy demonstrated that VNS 

causes a rebalancing of the immune system compared with a control group 100. The 

effects of VNS on pro- and anti-inflammatory cytokines in peripheral blood observed 

in this study in combination with the results found in the rat model of arthritis suggest 

that VNS could be a promising strategy in the treatment of RA patients.

Overall, data obtained from a large number of in vitro and in vivo studies imply 

that therapeutic agents targeting the PNS via the cholinergic anti-inflammatory 

pathway or targeting the SNS via AR receptors can be an important future treatment 

option in a variety of conditions. However, further preclinical and clinical studies are 

needed to further explore the potential and safety of these approaches in patients 

with inflammatory disorders. 
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aBstract

introduction. The cholinergic anti-inflammatory pathway can downregulate 

inflammation via the release of acetylcholine (ACh) by the vagus nerve. This 

neurotransmitter binds to the α7 subunit of nicotinic acetylcholine receptors 

(α7nAChR), expressed on macrophages and other immune cells. We tested the 

pharmacological and functional profile of two novel compounds, PMP-311 and PMP-072 

and investigated their role in modulating collagen-induced arthritis (CIA) in mice.

methods. Both compounds were characterized with binding, electrophysiological, and 

pharmacokinetic studies. For in vivo efficacy studies in the CIA model the compounds 

were administered daily by oral gavage from day 20 till sacrifice at 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. Treatment with PMP-311 was effective in preventing disease onset, reducing 

clinical signs of arthritis, and reducing synovial inflammation and bone destruction. 

PMP-072 also showed a trend in arthritis reduction at all concentrations tested. The 

data showed that while both compounds bind to α7nAChR with high affinity, PMP-311 

acts like a classical agonist of ion channel activity, and PMP-072 can actually act as an ion 

channel antagonist. Moreover, PMP-072 was clearly distinct from typical competitive 

antagonists, since it was able to act as a silent agonist. It synergizes with the allosteric 

modulator PNU-120596, and subsequently activates desensitized α7nAChR. However, 

PMP-072 was less efficacious than PMP-311 at both channel activation and desensitization, 

suggesting that both conducting and non-conducting states maybe of importance in 

driving an anti-inflammatory response. Finally, we found that the anti-arthritic effect 

can be observed despite limited penetration of the central nervous system.

conclusions. These data provide direct evidence that the α7nAChR in immune cells 

does not require typical ion channel activation to exert its antiinflammatory effects. 

Marjolein A. van Maanen1, Roger L. Papke2, Frieda A. Koopman1, Jessica Koepke1,3, 

Lisette Bevaart1,3, Roger Clark4, Diana Lamppu4, Daniel Elbaum5, Gregory J. LaRosa4, 
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Amsterdam, The Netherlands; 2Department of Pharmacology and Therapeutics, University of Florida College 
of Medicine, Gainesville, Florida, United States of America; 3Arthrogen BV, Amsterdam, The Netherlands; 
4Cornerstone Therapeutics, Inc., Cary, North Caroline, United States of America; 5DEC Associates, LLC, 
Newton, Massachusetts, United States of America
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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 anti-inflammatory pathway” 4, 5. 

The key mediator of the cholinergic anti-inflammatory pathway, acetylcholine 

(ACh), may inhibit pro-inflammatory 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 pro-

inflammatory cytokine release 4. Another strategy for activating the cholinergic anti-

inflammatory pathway is by vagus nerve stimulation (VNS) using an electrical device. 

Activation of the cholinergic anti-inflammatory 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 anti-inflammatory 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 14. 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 15, 16. 
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The members of the nAChR family form as homopentameric or 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 to exert its anti-inflammatory effects. Silent agonists, agents 

which convert α7 receptors to allosteric modulator sensitive desensitized states 

without appreciable ion channel activation 17 are a recently described class of agents 

that may be useful to investigate this hypothesis.  Previous studies, have reported 

that the silent agonist NS6740 18 is in fact more effective at decreasing a microglia 

proinflammatory response than were α7 agonists more effective at ion channel 

activation. In the present study, we describe the binding profile, biological properties, 

and pharmacological effects of two novel α7nAChR selective small molecules (PMP-311 

and PMP-072, Fig. 1) which vary in their ability to activate the α7 ion channel in the 

presence and absence of the positive allosteric modulator (PAM) PNU-120596, such 

that PMP-072 only produces significant channel activation when receptors have been 

modified with the PAM.

material s anD metHoDs

chemicals

Experimental compounds PMP-311 and PMP-072 were synthesized by Cornerstone 

Therapeutics, Inc. (Cary, NC) and provided as a hydrochloride or fumerate salt, 

respectively. The compounds are synthesized as previously described 19, 20 and 

depicted in Figure 1. 

Binding studies with the rat α7nAChR

Binding studies with rat α7nAChR were 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 

NaHCO
3
, 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% NaN
3
) 

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 
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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 

Figure 1

A

B

(S)-2-(2-((Pyridin-3-yloxy)methyl)piperazin-1-yl)oxazolo[4,5-b]pyridine

(R)-N-(4-methoxyphenyl)-2-((pyridin-3-yloxy)methyl)piperazine-1-carboxamide

PMP-072

PMP-311

figure 1. Chemical structures of (A) PMP-311; (S)-2-(2-((Pyridin-3-yloxy)methyl)piperazin-1-
yl)oxazolo[4,5-b]pyridine and (B) PMP-072; (R)-N-(4-methoxyphenyl)-2-((pyridin-3-yloxy)
methyl)piperazine-1-carboxamide
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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 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:
background (NSB) subtracted:

% inh ¼ 1� ðsample % events � NSB % eventsÞ
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 ¼ Bottom þ ðTop� BottomÞ
1þ 10ðLogIC50�XÞ � Hillslope

Figure 1. Chemical structures of (A) PMP-311; (S)-2-(2-((Pyridin-3-yloxy)methyl)piperazin-1-yl)oxazolo[4,5-b]pyridine and (B) PMP-072; (R)-N-(4-
methoxyphenyl)-2-((pyridin-3-yloxy)methyl)piperazine-1-carboxamide.

doi:10.1371/journal.pone.0116227.g001

Two Novel α7 nAChR Ligands in Murine Collagen-Induced Arthritis

PLOS ONE | DOI:10.1371/journal.pone.0116227 January 24, 2015 4 / 20

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:

background (NSB) subtracted:

% inh ¼ 1� ðsample % events � NSB % eventsÞ
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 ¼ Bottom þ ðTop� BottomÞ
1þ 10ðLogIC50�XÞ � Hillslope

Figure 1. Chemical structures of (A) PMP-311; (S)-2-(2-((Pyridin-3-yloxy)methyl)piperazin-1-yl)oxazolo[4,5-b]pyridine and (B) PMP-072; (R)-N-(4-
methoxyphenyl)-2-((pyridin-3-yloxy)methyl)piperazine-1-carboxamide.

doi:10.1371/journal.pone.0116227.g001
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with the 'Top' parameter constrained at 100% and the 'Bottom' parameter 

constrained at 0%.  Ki values were calculated from IC
50

 values using the Cheng-Prusoff 

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

Ki ¼ IC50

1þ ½BTx�
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 PMP-311 and PMP-072 in in vitro radioli-
gand receptor binding assays with 52 different receptors, channels, and transporters. The spe-
cific 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 re-
sults 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 PMP-311 and PMP-072. Individ-
ual and mean values are presented in the results section. The IC50 values (concentration caus-
ing 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). PMP-311 or PMP-072 were formulated
in phosphate buffered saline (PBS), pH 7.4, as a clear solution and 1 mg/kg was administered
by bolus intravenous (IV) injection or 5 mg/kg 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 plas-
ma 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 con-
centration levels 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 un-
known 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 concentra-
tion, Tmax: time to maximum concentration, T1/2: 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 usingWinNonlin (Pharsight, St. Louis, MO).

cDNA clones and preparation of RNA
Human nAChR receptor clones were obtained from Dr. Jon Lindstrom (University of Pennsyl-
vania, Philadelphia, PA). The RIC-3 clone was obtained from Dr. Millet Treinin (Hebrew Uni-
versity, 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 de-
scribed [21]. Stage 5 oocytes were isolated and injected with 50 μl (5–20 ng) of each subunit

Two Novel α7 nAChR Ligands in Murine Collagen-Induced Arthritis
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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 PMP-311 and PMP-072 

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  PMP-311 and PMP-072. Individual and mean 

values are presented in the results section. The IC
50

 values (concentration causing a 

half-maximal inhibition of control specific binding) and Hill coefficients (nH) were 

determined by non-linear regression as described above.
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Pharmacokinetics

Pharmacokinetic studies were carried out at Cerep using non-cannulated, non-

fasted CD1 mice (Charles River Laboratories, Wilmington, MA). PMP-311 or PMP-072 

were formulated in phosphate buffered saline (PBS), pH 7.4, as a clear solution and 

1 mg/kg was administered by bolus intravenous (IV) injection or 5 mg/kg 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 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 (C
max

: maximum concentration, T
max

: time to maximum concentration, T
l/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 21. 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 22. 
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electrophysiology

Experiments were conducted using OpusXpress6000A (Molecular Devices, 

Union City, CA) as described before 23. ACh applications were 12 seconds in duration. 

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, unless otherwise indicated. 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 21, since peak currents 

inaccurately report the agonist concentration dependence of α7nAChR-mediated 

responses 24. 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, 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 25. 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, plotted using 

Kaleidagraph 3.52 (Synergy Software, Reading, PA), and curves were generated from 

the Hill equation:

cRNAs. Recordings were conducted 2–5 days after injection. RNA coding for human α7
nAChR was routinely co-injected with the cDNA for human RIC-3, an accessory protein that
improves and accelerates α7 nAChR expression without affecting the pharmacological proper-
ties of the receptors [22].

Electrophysiology
Experiments were conducted using OpusXpress6000A (Molecular Devices, Union City, CA) as
described before [23]. ACh applications were 12 seconds in duration.

Experimental protocols and data analysis
Each oocyte received two initial control applications of 300 μM ACh, followed by the experi-
mental drug application, and subsequent control application of 300 μM ACh, unless otherwise
indicated. Responses to experimental drug applications were determined relative to the preced-
ing ACh control responses in order to normalize the data, compensating for the varying levels
of channel expression among the oocytes. Responses for α7 nAChR were calculated as net
charge [21], since peak currents inaccurately report the agonist concentration dependence of
α7 nAChR-mediated responses [24]. For experiments measuring the effects of ACh and the ex-
perimental compounds on allosterically modulated receptors, following the acquisition of base-
line 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, 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 [25]. For all experiments, means and standard error of the mean (SEM) were calculat-
ed from the normalized responses of at least four oocytes for each experimental concentration,
plotted using Kaleidagraph 3.52 (Synergy Software, Reading, PA), and curves were generated
from the Hill equation:

Response ¼ IMax½agonist�n
½agonist�n þ ðEC 50Þn

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 proce-
dures except in the case of the ACh concentration-response curves. Because ACh is our refer-
ence full agonist, those data were normalized to the observed ACh maximum, and the Imax of
the curve fits were constrained to equal 1.

Animals and ethics
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. The approval number of the studies is DSK101014 and
DSK100689.

Induction and assessment of collagen-induced arthritis
Collagen-induced arthritis was induced and evaluated as previously described [26–28]. The
severity of arthritis was assessed using an established semiquantitative scoring system (0–4; 0 =
normal, 1 = swelling in 1 joint, 2 = swelling in>1 joint, 3 = swelling in the entire paw, and
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where Imax denotes the maximal response for a particular agonist/subunit 

combination, and n represents the Hill coefficient. Imax, n, and the EC
50

 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 and ethics

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 
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were fed ad libitum. The Institutional Animal Care and Use Committee of the 

Academic Medical Center approved all experiments. The approval number of the 

studies is DSK101014 and DSK100689.

induction and assessment of collagen-induced arthritis

Collagen-induced arthritis was induced and evaluated as previously described 13, 26, 27. 

The severity of arthritis was assessed using an established semiquantitative scoring 

system (0-4; 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, 26, 27. The cumulative score for all 

4 paws of each mouse was used to represent overall disease severity and progression. 

Hind paw ankle joint thickness was measured using a caliper. 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 PMP-311 (5 mg/kg; n = 15) or 

PMP-072 (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 anti-inflammatory effects of different dosages of the α7nAChR-specific 

agonists. PMP-311 (2 or 10 mg/kg; n = 15) and PMP-072 (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 JK) 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 
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independent observers (MAvM and MJV) assessed the tissue for the degree of synovitis 

by microscopic evaluation, under blinded conditions, as described previously 13, 26, 27. 

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. 

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). 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 PMP-311 and PMP-072 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, Fig. 2A). PMP-311 has some affinity 

for α4β2nAChR (cytosine binding to rat brain membranes; Ki = 30 nM). Both PMP-311 

and PMP-072 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 evaluated by testing for 

competition in radioligand binding assays with 52 pharmacologically important 

receptors, channels, and transporters. PMP-311 shows very little interaction with 

the panel of targets, with the exception of the human serotonin transporter (72% 

inhibition at 10 μM). PMP-072 also does 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).
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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 21. Application of 3 μM PMP-311 to Xenopus oocytes elicited a typical inward 

current (Fig. 2D), indicative of α7nAChR agonist activity. The maximum responses to 

PMP-311 were about 85% compared to ACh with an EC
50

 of about 200 nM (Fig. 2B). 

Compound PMP-072 did not appear to be an agonist of the α7nAChR ion channel 

activity in the Xenopus oocyte membrane current assay (Fig. 2C) under control 

conditions, but by virtue of its binding to α7nAChR it could act as an antagonist of 

ACh-stimulated α7nAChR channel activity, with an IC
50

 of 20-50 nM (Fig. 2E).

Both compounds were also tested for potential effects on α4β2nAChR. As 

observed in the competitive binding assays PMP-311 does interact with α4β2nAChR; 

in the ion channel assays it was shown to be a potent inhibitor of α4β2nAChR with an 

IC
50

 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 (C
max

) 

were 2.5 μM (787 ng/ml) at 15 min and 0.94 μM (324 ng/ml) at 30 min for PMP-311 

and PMP-072, 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  PMP-311 and 76% for PMP-072. Moreover, both compounds had 

comparable relatively short plasma half-lives in mice. Brain penetration was measured 

30 minutes after intravenous administration of the compounds. PMP-311 showed 44% 

brain penetration whereas PMP-072 only showed 6% of brain penetration. 

table 1. Binding affinities of PMP-311 and PMP-072 for α7nAChR,  α4β2nAChR and α1β1nAChR

nachr PmP-311 PmP-072

α7nAChR 1 0.9 ± 0.2 nM 6.9 ± 1.4 nM

α4β2nAChR2 30 nM ≥100,000 nM

α1β1nAChR3 >100,000 nM >100,000 nM

1 a-btx binding to rat PC12 cell membranes
2 cytisine-binding to rat brain membranes
3 a-btx binding to TE671 cell membranes
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figure 2. compound activity of PmP-311 and PmP-072 on α7nachr  a. Competitive 
binding assay showed that PMP-311 and PMP-072 displaced the α7nAChR-specific agonist 
α-bungarotoxin from binding to PC12 cells. B. PMP-311 showed a dose-dependent activation of 
α7nAChR with a maximum about 85% of ACh c. PMP-072 does not show to be an agonist of 
α7nAChR ion channel activity. D. Voltage-clamp electrophysiological techniques revealed that 
application of PMP-311 (3 μM) to Xenopus oocytes expressing human α7nAChR elicited a typical 
inward current. e. When PMP-072  was co-applied with 60 μM ACh to Xenopus oocytes voltage-
clamped at 60 mV there was a concentration dependent decrease in the responses compared 
to ACh applied alone suggesting that with this experimental approach PMP-072 an antagonist of 
ACh-evoked α7nAChR channel activation. In panels B & E each point represents the average of 
at least four cells (±SEM). Data were normalized to control responses to 300 μM ACh obtained 
prior to the application of PMP-311 (panel B) or 60 μM ACh applied without PMP-072 (panel E).
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stimulation of the α7nachr ameliorates arthritis activity and 

reduces disease incidence

Mice were treated with PMP-311 or PMP-072 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 PMP-311 

resulted in an amelioration of clinical signs of arthritis when clinical scores of all 

treated animals, with and without arthritis, are included in the figure (Fig. 3A). The 

AUC was decreased by 51% (P < 0.05) in mice treated with PMP-311 compared to 

control mice (Fig. 2B). This effect was accompanied by a decrease in paw swelling 

in the mice treated with PMP-311 showing a decrease of 39% compared to saline-

treated mice (P < 0.05) (Fig. 3C-D). Moreover, treatment with PMP-311 resulted in 

reduced disease incidence and delayed onset of disease (P < 0.05) (Fig. 3E). As six 

out of 15 animals did not develop arthritis the reduction in clinical score at a dose of 

5 mg/kg is mainly caused by the animals not developing arthritis. PMP-072 did not 

significantly ameliorate arthritis activity but a trend towards reduced incidence of 

disease was seen (Fig. 3A-E).

PmP-311 treatment reduces bone degradation and synovial 

inflammation in knee joints

To examine the effects of α7nAChR-specific ligands PMP-311 (5 mg/kg) and  

PMP-072 (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 PMP-311 showed a significant reduction in joint destruction 

table 2. Compound pharmacokinetics in mice 

PmP-311 PmP-072

C
max

787 ng/ml (2.5 μM) 324 ng/ml (0.94 μM)

T
max

15 min 30 min

5 mg/kg oral T
1/2

98 min 104 min

AUC 34033 min ng/mL 35259 min ng/mL

%F 50% 76%

T
1/2

 19 min 39 min

1 mg/kg iV Cl 72 mL/min/kg 103 mL/min/kg

Vd 1936 mL/kg 5833 mL/kg

Brain penetration* 44% 6%

* relative to plasma level 30 min after administration of 1 mg/kg IV
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figure 3. treatment with PmP-311 resulted in an amelioration of clinical signs of arthritis. 
Arthritis was induced in mice by immunization with type II collagen, and mice were treated 
with PMP-311 (n = 15, 5 mg/kg), PMP-072 (n = 17, 5 mg/kg), or saline (n = 15) by oral gavage from 
day 20 until day 34. a. Clinical score; Mice treated with PMP-311 showed a decrease in arthritis 
scores compared to saline-treated mice. B. Area under the curve (AUC) of the clinical score 
(day 20 to day 34) was decreased in PMP-311-treated mice versus control mice. c. Caliper score; 
Mice treated with PMP-311 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 PMP-311-
treated mice compared with saline-treated mice. e. Disease incidence; PMP-311 reduced the 
incidence and delayed the onset of arthritis. * P < 0.05. compared to the control group.

compared with saline-treated mice (P < 0.01), whereas PMP-072 did not reduce 

bone degradation (Fig. 4A). Similarly, there was a significant reduction of synovial 

inflammation, assessed by HE staining of knee joints, in mice treated with PMP-311 

(P < 0.05) (Fig. 4B). 



69

3

t
w

o
 n

o
v

el α
7n

A
C

h
R

 lig
A

n
d

s in
 C

iA
C

h
a

p
t

er

Dose-response study of the effects of PmP-311 and PmP-072 on 

arthritis scores and paw swelling

Having shown proof of concept that PMP-311 treatment results in decreased 

arthritis activity, we next performed an independent dose-response study in mice 

with CIA. We tested the effects of PMP-311 in 1 lower and 1 higher dosage than 

used in study 1: 2 mg/kg and 10 mg/kg. Because PMP-072 showed a trend towards 

amelioration of clinical arthritis but was less potent in the receptor studies, 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 PMP-311 (a reduction of 49% in clinical score compared to saline (P < 0.05) 

(Fig. 5A)). Arthritis scores were also significantly lower after treatment with PMP-311 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) (Fig. 5A). In the study where PMP-311 was administered 
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figure 4. inhibition of bone degradation and reduction of synovial inflammation in 
murine collagen-induced arthritis by PmP-311 (n = 15, 5 mg/kg). a. Semiquantitative scores 
of joint destruction. Joint destruction was decreased in mice treated with PMP-311. ** P < 0.01 
compared to saline-treated mice B. Semiquantitative scores for synovial inflammation, 
assessed by hematoxylin and eosin staining of the knee joints, showed a decrease of synovitis 
in PMP-311-treated mice. * P < 0.05 compared to the control group. 
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at a dose of 2 mg/kg, there is a clear reduction of clinical score in the arthritic mice 

(p = 0.032). This decrease was mainly due to a decrease in inflammation since 14 out 

of 15 mice developed arthritis. These results suggest that all dosages were in the 

therapeutic range. The most pronounced effect of treatment on paw swelling was 

observed after low dose treatment (Fig. 5B). Of importance, treatment with PMP-311 

2 mg/kg also resulted in a significant reduction in joint destruction (Fig. 6A) and 

synovial inflammation (Fig. 6B) compared with saline-treated mice (P < 0.01). 

We also confirmed a trend towards improvement after treatment with 5 mg/kg 

PMP-072. Of importance, there was a reduction of 48% in arthritis scores compared 

to saline-treated mice after treatment with 10 mg/kg PMP-072 (P < 0.05), but there 

was no improvement with the higher dosage of 20 mg/kg (Fig. 5A). The beneficial 

effect of 10 mg/kg PMP-072 was also shown by a decrease in paw swelling (P < 0.05) 

(Fig. 5B). In line with these clinical effects, PMP-072 10 mg/kg treatment resulted in 

significantly lower scores for synovitis and a trend towards reduced joint destruction 
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figure 5. Dose-response study of PmP-311 and PmP-072 on clinical arthritis and paw 
swelling in murine collagen-induced arthritis. Mice were treated daily with PMP-311 (2, 5, 
10 mg/kg, n = 15), PMP-072 (5, 10, 20 mg/kg, n = 15) or saline (n = 15) by oral gavage from day 
20 until day 34. Percentages of areas under the curve (AUC) are shown. a. AUC of the clinical 
score  was decreased more pronounced in PMP-311-treated mice versus control mice than in 
mice treated with PMP-072. B. Paw swelling was decreased in mice treated with PMP-311 at 
doses of 2 and 5 mg/kg and in mice treated with PMP-072 at 10 mg/kg. * P < 0.05 and ** P  < 0.01 
compared to saline treated mice. 
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compared to saline-treated mice (Fig. 6A-B). The dosages needed to achieve a 

clinical effect were higher for PMP-072 compared to PMP-311, 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 PmP-311 and PmP-072 on α7nachr primed with the 

positive allosteric modulator Pnu-120596

PNU-120596 is an α7nAChR-selective type 2 PAM 28, 29 that among other effects can 

convert desensitized receptors into a conducting state and impede the reversion 

of receptors back to the PAM insensitive desensitized state(s). 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, 
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figure 6. inhibition of bone degradation and reduction of synovial inflammation in murine 
collagen-induced arthritis at different doses of PmP-311 (n = 15) and PmP-072 (n = 15) given 
by oral gavage from day 20 until day 34. a. Semiquantitative scores for radiographic joint 
destruction of the knee joints. Joint destruction was significantly decreased in mice treated 
with PMP-311 2 mg/kg and 10 mg/kg compared to the control group. 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 PMP-311 2 mg/kg and PMP-072 10 mg/kg. 
* P < 0.05 and ** P < 0.01 versus saline-treated mice. 
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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 applied at a high concentration persists for more than 15 minutes 25. 

The enhancement of ACh evoked responses by PNU-120596 priming is shown in 

Fig. 7A. ACh-evoked responses are increased both in amplitude and duration, since 
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figure 7. Differential effects of PmP-311 and PmP-072 on human α7 nachr in the resting 
state and following priming with the positive allosteric modulator Pnu-120596. a. Initial 
responses to applications of 60 μM ACh (indicated by the bars) were obtained and then the 
α7-expressing cells were given a priming application of 300 μM PNU-120596 for 60 s (indicated 
by the bars over the third trace). No ion channel current was stimulated 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 
too large to record under voltage-clamp conditions. B. Initial responses of α7nAChR-expressing 
cells to applications of 60 μM ACh and 1 μM PMP-311 before and after priming with PNU-120596  
(third trace). c. Initial responses of α7nAChR-expressing cells to applications of 60 μM ACh and 
10 μM PMP-072 before and after priming with PNU-120596 (third trace). 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. In each panel five sequential 
210 intervals of data are shown which were separated by 30s of additional wash (not shown).  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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desensitized states are destabilized and conversions to novel conduction states 

occur 30, 31. As shown in Fig. 7B, responses of PNU-120596 primed cells to PMP-311, 

which under normal conditions functions as an apparent α7nAChR agonist, are 

similar to the responses of primed cells to ACh. In contrast (Fig. 7C), PMP-072, 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 PMP-072 is able to inhibit ACh-evoked responses in 

co-application experiments, it may not be a true antagonist, but rather, an α7 nAChR-

selective silent agonist 17, 32. 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 33. As shown in Fig. 7D, 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.

Discussion

The identification of α7nAChR as a potential therapeutic target for several 

diseases, including RA 34, has stimulated the development of α7nAChR-selective 

drugs 35. The present study investigated the pharmacological properties of 2 novel 

α7nAChR-specific compounds (PMP-311 and PMP-072) with high oral bioavailability in 

the mouse. In addition, we tested their therapeutic potential in the CIA model of RA. 

Both compounds reduced the clinical arthritis score in CIA by reducing the 

inflammation and preventing onset of disease. The dosages needed to induce 

improvement of arthritis are higher for PMP-072, which is expected based on 

differences in binding to the α7nAChR. In spite of its relatively high affinity for the 

α7nAChR, PMP-072 produced negligible ion channel activation. Molecules like 

PMP-072 are examples of silent agonists 17, which are compounds with low ion channel 

efficacy, but can still be single transducers and channel activators in combination with 

positive allosteric modulator, such as PNU-120596. 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 low efficacy of PMP-072 

to stimulate ion channel current would be consistent with a lack of anti-inflammatory 

activity. However, PMP-072 had an anti-inflammatory effect in CIA at concentrations 

of 10 mg/kg, consistent with the hypothesis that α7nAChR ion channel activity may 
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not always be required for α7-mediated signal transduction that leads to down 

modulation of inflammation, although we cannot eliminate the possibility that it has 

some unknown off-target activity. Even under the most optimal conditions the steady 

state P
open

 of α7 nAChR is very low (less than 10-6, 31), 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, 36-39. The pathways shown 

to be potentially activated by α7nAChR include Jak-STAT and NFκB 36-39, Toll receptor-

mediated signaling 40, Bac-Bcl 41, HMGB1-TNF 39, phospholipase C/IP3 42, and the Ras/

Raf-1/MEK1/ERK pathway 36, 43. 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 40, 42. 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 anti-inflammatory cholinergic 

effects may be intrinsically different from the ion-channel forms of α7nAChR that are 

expressed in neurons 44. Future studies will have to be performed to elucidate the 

exact mechanism of action of PMP-311 and PMP-072.

We hypothesize that, although PMP-072 is functionally an antagonist of α7nAChR 

ACh-evoked ion channel activation, it is nonetheless an agonist for ion channel-

independent signal transduction. Another silent agonist, NS-6740 has been shown to 

reduce LPS-induced TNF release in microglia 18, but it was unable to improve memory 

retention in a cognitive mouse model 45. The α7nAChR-selective partial agonist GTS-21 

(DMXB-A) 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, 46-48. 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 25. 

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 PMP-072 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 PMP-311 and PMP-072. Binding studies showed 

that PMP-311 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 in Xenopus oocytes confirmed that 
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when PMP-311 binds to α7nAChR, it functions as a conventional agonist, whereas 

its binding to other nAChR subtypes does not produce ion channel activation. 

Specifically, PMP-311 acted as an antagonist of the α4β2nAChR (IC
50

 ≈ 20 nM, data not 

shown). PMP-072 had a lower affinity for rat α7nAChR than PMP-311, but it was more 

selective than PMP-311 in binding to α7nAChR relative to α4β2nAChR. PMP-311 showed 

the ability to inhibit the serotonin transporter with 72% at a concentration of 10 μM. 

Inhibition of the serotonin transporter will increase serotonin availability, which could 

potentially lower inflammation 49, however levels of 10 μM were not reached in the 

animal studies. Of note, the previously described α7-selective agonist AR-R17779 

also showed an anti-inflammatory effect in CIA 13; the fact that AR-R17779 selectively 

activates α7nAChR without significant antagonism of α4β2nAChR 50, suggests that 

α4β2nAChR antagonist activity of PMP-311 is not required for its efficacy in treating of 

CIA. This notion is supported by the anti-inflammatory effect of PMP-072 described 

here, since it is less effective in binding to α4β2nAChR than PMP-311. Finally, PMP-072 

exhibited markedly lower brain penetration than PMP-311. 

conclusions

Collectively, the results of this study confirm and extend previous work showing 

that α7nAChR ligands may reduce arthritis activity, prevent onset of disease and 

protect against joint destruction in the CIA model of RA. Of importance, we provide 

direct evidence that α7nAChR agonists may exert their anti-inflammatory effect 

independent of ion channel activation.
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aBstract

introduction. The inflammatory reflex is a physiological mechanism through which the 

nervous system maintains immunologic homeostasis by modulating innate and adaptive 

immunity. We postulated that the reflex might be harnessed therapeutically to reduce 

pathological levels of inflammation in rheumatoid arthritis by activating its prototypical 

efferent arm, termed the cholinergic anti-inflammatory pathway. To explore this, we 

determined whether electrical neurostimulation of the cholinergic anti-inflammatory 

pathway reduced disease severity in the collagen-induced arthritis model.

methods. Rats implanted with vagus nerve cuff electrodes had collagen-induced arthritis 

induced and were followed for 15 days. Animals underwent active or sham electrical 

stimulation once daily from day 9 through the conclusion of the study. Joint swelling, 

histology, and levels of cytokines and bone metabolism mediators were assessed.

results. Compared with sham treatment, active neurostimulation of the cholinergic 

anti-inflammatory pathway resulted in a 52% reduction in ankle diameter (p = 0.02), 

a 57% reduction in ankle diameter (area under curve; p = 0.02) and 46% reduction 

overall histological arthritis score (p = 0.01) with significant improvements in 

inflammation, pannus formation, cartilage destruction, and bone erosion (p = 0.02), 

accompanied by numerical reductions in systemic cytokine levels, not reaching 

statistical significance. Bone erosion improvement was associated with a decrease in 

serum levels of receptor activator of NF-κB ligand (RANKL) from 132±13 to 6±2 pg/mL 

(mean±SEM, p = 0.01). 

conclusions. The severity of collagen-induced arthritis is reduced by neurostimulation 

of the cholinergic anti-inflammatory pathway delivered using an implanted electrical 

vagus nerve stimulation cuff electrode, and supports the rationale for testing this 

approach in human inflammatory disorders.
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introDuction

Rheumatoid arthritis (RA) is a chronic inflammatory disease, characterized by 

swollen and tender joints and progressive destruction of cartilage and bone, leading 

to significant morbidity and increased mortality. RA is currently treated with targeted 

biological and oral drugs, which have greatly improved disease outcome, however 

there remains a need for additional and better treatment options. The recently 

discovered inflammatory reflex, an evolutionarily conserved reflex neural circuit that 

modulates innate and adaptive immunity 1, has enabled the development of a new 

therapeutic paradigm.

In the inflammatory reflex, mediators of inflammation are sensed by the peripheral 

and central nervous system and are reflexively down regulated via the prototypical 

efferent arm, termed the ‘cholinergic anti-inflammatory pathway’ (CAP). CAP signaling 

is initiated in brainstem nuclei of the vagus nerve, and continues through the efferent 

vagus to synapses in the celiac and other peripheral ganglia. From the celiac ganglion, 

functional signals continue through the splenic nerve to synapse-like junctions with 

a subset of splenic CD4+CD44highCD62low acetylcholine-producing T cells which 

signal to adjacent splenic macrophages bearing the alpha 7 nicotinic acetylcholine 

receptor (α7nAChR) 2, 3. Macrophages respond to T cell cholinergic signaling by 

reducing cytokine release in response to Toll Like Receptor (TLR)-mediated local 

proinflammatory signals, thereby completing the reflex loop. We have postulated 

that although this reflex normally serves to maintain an appropriate level of response 

to infection and injury, it might be harnessed therapeutically to reduce pathological 

levels of inflammation by activating the CAP using electrical neurostimulation of the 

vagus nerve (NCAP) 1, 4.

We have previously proposed the use of implantable medical devices to deliver 

NCAP therapeutically for RA 5. Studies using the rodent collagen-induced arthritis 

(CIA) model have demonstrated reduced disease in response to small molecule 

α7nAChR agonists and worsened disease after vagotomy or targeted disruption 

of the α7nAChR gene 6, 7. The current experiments show for the first time that the 

severity of CIA can be reduced by NCAP delivered using an implanted electrical vagus 

nerve stimulation (VNS) cuff electrode, analogous to those now in clinical use for 

drug-resistant epilepsy 8.
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ethics statement

The study was approved by Bolder BioPATH’s Institutional Animal Care and Use 

Committee. Animal care including room, cage and equipment sanitation conformed 

to the guidelines cited in the Guide for the Care and Use of Laboratory Animals 9 and 

the applicable standard operating procedures of Bolder BioPATH.

animals 

Female Lewis rats (177-199 grams, 45 days old) were obtained from Charles River 

Laboratories, Inc., (Wilmington, MA, USA) and the study was conducted at Bolder 

BioPATH (Boulder, CO, USA). Animals were housed in a laboratory environment 

with temperatures ranging between 67-76°F and relative humidity between 30-70%. 

Automatic timers provided 12 hours of light and 12 hours of dark. Animals were 

allowed access ad libitum to Harlan Teklad Rodent Chow (Denver, CO, USA) and 

fresh municipal tap water.

study design 

Rats were divided into four groups (Table 1): 1) lead surgically implanted, CIA 

induced, active NCAP-treated (CIA/NCAP (n = 9)); 2) lead surgically implanted, CIA 

induced, sham-NCAP treated (CIA/Sham NCAP (n = 12)); 3) lead surgically implanted, 

no CIA induced, active NCAP-treated (Control/NCAP (n = 4)); 4) no lead implanted, 

no CIA induced (Control/No implant (n = 4)). 

surgical implantation of vagus nerve stimulation electrodes

The rats in the three implanted groups (CIA/NCAP, CIA/Sham, Control/NCAP) 

were anesthetized with isoflurane and secured in supine position. A ventral midline 

cervical incision was made between the mandible and sternum, and the mandibular 

salivary glands were bluntly separated and retracted laterally. The left carotid sheath 

was isolated between the sternomastoid and sternohyoid muscles. A custom-built 

table 1. Treatment Groups

lead implanted cia induction stimulation Delivery

CIA/NCAP + Active Active

CIA/Sham NCAP + Active Sham

Control/NCAP + Sham Active

Control/No implant - Sham N/A
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bipolar cuff electrode (Evergreen, Minneapolis, MN, USA) (Fig. 1A) with a silastic 

coated platinum wire lead, was secured about the outside of the entire carotid 

sheath containing the vagus nerve (Fig. 1B) and gently tightened manually with a 

belt. The lead was anchored to the left sternomastoid, providing slack in the wire to 

the cuff to prevent displacement. The rat was then turned to a prone position and a 

dorsal midline incision was made between the scapulae. A subcutaneous tunnel was 

created and the distal end of the electrode pulled through and tunneled beneath the 

skin of the back. The lead was secured to the trapezius, the distal end was left in place 

figure 1. ncaP delivery system. a. Schematic drawing of the percutaneous vagus nerve cuff 
electrode. B. Surgical implantation of the lead in the neck of a supine animal is shown. The 
slotted belt (asterisk) is wound around the entire carotid sheath (small arrow) containing the 
vagus nerve, bringing the electrode pair in close apposition to and in proper orientation on 
the nerve, allowing effective induction of vagus depolarization. The distal portion of the lead 
(large arrow) is tunneled subcutaneously to the back, and externalized between the scapulae. 
c. Following surgical healing, the distal end of the lead is externalized and protected under 
a jacket with a Velcro closure. The distal lead is intermittently connected using alligator clips 
to an external pulse generator for daily active or sham NCAP delivery. D. The waveform of 
one cycle of the charge-balanced biphasic pulse delivered by the pulse generator is illustrated 
schematically. Rats were stimulated once daily for 60 seconds from study day 9 to 15 with a 
pulse waveform amplitude (PA) of 3mA, pulsewidth (PW) of 200 microseconds, pulse frequency 
of 10Hz, and a 50 microsecond inter-pulse interval (IPI). 
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subcutaneously, and the surgical wound closed. After recovery, the implanted rats 

were fitted with Velcro jackets used to protect the electrodes and were acclimated 

to the jackets for approximately 6 days (Fig. 1C). Acclimation and recovery were 

complete when the rate of body weight increase paralleled that of non-implanted 

rats (Control/No implant group). After acclimation, the distal ends of electrodes 

were exteriorized from beneath the skin on day 0, while the animals were under 

anesthesia for CIA induction injections. The leads remained externalized and under 

the protective jacket through day 16, and were connected intermittently by alligator 

clips to an external pulse generator for delivery of daily active or sham stimulation. 

neurostimulation

A custom-built external pulse generator (SetPoint Medical, Valencia, CA, USA) 

delivered charge-balanced biphasic pulses (Fig. 1D) using a bipolar current source 

capacitively isolated with >1uF ceramic capacitors on both electrode outputs. 

Conscious rats in active stimulation groups (CIA/NCAP, Control/NCAP) were 

stimulated once daily from day 9 to day 15 for 60 seconds with a pulse waveform 

amplitude of 3mA, 200 microsecond pulsewidth, a 50 microsecond inter-pulse 

interval, with a pulse frequency of 10Hz. Rats in the CIA/Sham NCAP group were 

manipulated similarly, but received sham stimulation (output current of 0 mA). Visual 

confirmation of successful electrical stimulation was provided through the pulse 

generator software and noted following each stimulation.

induction of arthritis and assessment of disease activity

CIA/NCAP and CIA/Sham NCAP groups received injections of Freund’s 

Incomplete Adjuvant (Difco, Detroit, MI) containing 2 mg/mL bovine type II collagen 

(Elastin Products, Owensville, Missouri) at the base of the tail and 2 sites on the back 

on days 0 and 6.  Clinically apparent disease onset typically occurs at day 10 10, 11. The 

Control/NCAP and Control/No Implant groups were sham-injected with saline.

Caliper measurements of ankle diameter (Digitrix II micrometer; Fowler & NSK, 

Newton, MA, USA) were taken daily from day 9 until end of study at day 16. Disease 

activity was quantified using the group mean ankle joint diameter on each study day. 

Percent reduction in ankle diameter relative to arthritis controls (CIA/Sham NCAP) 

was calculated. Total area under the curve (AUC) was calculated for ankle diameter 

over time using the formula: 

pulse interval, with a pulse frequency of 10Hz. Rats in the CIA/Sham NCAP group were 

manipulated similarly, but received sham stimulation (output current of 0 mA). Visual 

confirmation of successful electrical stimulation was provided through the pulse generator 

software and noted following each stimulation. 

 

Induction of arthritis and assessment of disease activity 

CIA/NCAP and CIA/Sham NCAP groups received injections of Freund’s Incomplete Adjuvant 

(Difco, Detroit, MI) containing 2 mg/mL bovine type II collagen (Elastin Products, Owensville, 

Missouri) at the base of the tail and 2 sites on the back on days 0 and 6.  Clinically apparent 

disease onset typically occurs at day 10 10, 11. The Control/NCAP and Control/No Implant groups 

were sham-injected with saline. 

 Caliper measurements of ankle diameter (Digitrix II micrometer; Fowler & NSK, Newton, 

MA, USA) were taken daily from day 9 until end of study at day 16. Disease activity was 

quantified using the group mean ankle joint diameter on each study day. Percent reduction in 

ankle diameter relative to arthritis controls (CIA/Sham NCAP) was calculated. Total area under 

the curve (AUC) was calculated for ankle diameter over time using the formula:  
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Histology

Hind paws were transected at the level of the medial and lateral malleolus, and 

fixed in formalin. Decalcified joints were cut in half longitudinally (ankles) or in the 

frontal plane (knees), processed, sectioned, and stained with Toluidine Blue. A board 

certified veterinary pathologist who was blinded to treatment groups examined 

tissues microscopically. Joints were histologically scored (0 = normal; 5 = severe 

disease) for inflammation, cartilage damage, pannus formation, and bone resorption 

according to criteria shown in Table 2.

table 2. Histopathology scoring criteria* 

score inflammation Pannus formation cartilage Damage Bone resorption

0 None Present None Present None Present None Present

1 Minimal infiltration 
in periarticular 
tissue

Minimal infiltration 
of pannus in 
cartilage and 
subchondral bone

Minimal to mild loss of 
Toluidine Blue staining 
no chondrocyte loss or 
collagen disruption

Small areas of resorption, 
rare osteoclasts 
 

2 Mild infiltration Mild infiltration 
(<¼ of tibia at 
edges)

Mild loss of Toluidine 
Blue staining focal 
chondrocyte loss and 
collagen damage

More numerous areas of 
resorption, osteoclasts 
<¼ of tibia at edges is 
resorbed

3 Moderate 
infiltration with 
moderate edema

Moderate 
infiltration (¼ to ⅓ 
of tibia affected, 
smaller tarsals 
affected)

Moderate loss of Toluidine 
Blue staining with mid 
zone chondrocyte loss 
and collagen damage

Obvious resorption of 
medullary trabecular 
and cortical bone w/o 
full thickness defects 
in cortex, loss of some 
medullary trabeculae

4 Marked infiltration 
with marked 
edema

Marked 
infiltration (½-¾ 
of tibia affected, 
destruction of 
smaller tarsals)

Marked loss of Toluidine 
Blue staining with deep 
zone chondrocyte loss 
and collagen damage

Full thickness defects in 
cortical bone, marked 
loss of medullary bone, 
numerous osteoclasts, 
½-¾ of tibia affected, 
destruction of smaller 
tarsals

5 Severe infiltration 
with severe edema

Severe infiltration 
(>¾ of tibia 
affected, severe 
distortion of overall 
architecture) 

Severe diffuse loss 
of Toluidine Blue 
staining with multifocal 
severe (to tide mark) 
chondrocyte loss and/or 
collagen disruption 

Full thickness defects in 
cortical bone, marked 
loss of medullary bone, 
numerous osteoclasts, 
>¾ of tibia affected

*Adapted from reference 10
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assessment of mediators of inflammation and bone metabolism

Animals were deeply anesthetized for terminal blood draw prior to being 

euthanized. Cytokines (Interleukin (IL)-1α, IL-1β, IL-2, IL-6, Interferon (IFN)-γ and tumor 

necrosis factor (TNF)), receptor activator of nuclear factor kappa-B ligand (RANKL), 

osteoprotegerin (OPG), osteoclast-derived tartrate-resistant acid phosphatase form 

5b (TRAP-5b), C-terminal peptide fragment of type I collagen (CTX-1), osteocalcin, 

and procollagen type 1 N-terminal propeptide (P1NP)) were assessed in serum from 

the day 16 terminal bleed. Analysis of cytokines was performed by multi-analyte array 

(QAR-CYT-3 Quantibody array; Raybiotech, Norcross, GA, USA). RANKL and OPG were 

measured using ELISA (Cusabio, Wuhan, P.R. China). TRAP-5b and CTX-1 were measured 

using solid phase immunofixed enzyme activity assay and competitive binding enzyme-

immunoassay (Immuno Diagnostic Systems, Bolden, UK), respectively. Osteocalcin 

and P1NP were measured using ELISA (Immuno Diagnostic Systems, Bolden, UK). All 

assays were performed according to manufacturer’s instructions. Samples that fell 

below the lower limit of detection (LLD) were assigned a value of the LLD for that assay. 

statistical analysis

Differences between treatment group means in ankle diameter and AUC 

ankle diameter were analyzed by ANOVA with Holm-Sidak correction for multiple 

comparisons. Differences between CIA treatment group means in histological score, 

cytokine levels, and bone metabolism markers were analyzed with a Student’s t-test.  

Significance for all tests was set at p<0.05. All statistical tests were performed using 

Prism 6.0 software (GraphPad software, San Diego, CA, USA). 

results

ncaP reduces clinical signs of joint inflammation

CIA/NCAP, CIA/Sham NCAP, and Control/Implant groups were treated with active 

or sham electrical stimulation of the vagus nerve, once daily for 60 seconds. Treatment 

began at day 9, three days after the second CIA immunization and one day prior to 

the typical onset of clinical disease in this model, and continued through day 15, 

with euthanasia on day 16. Beginning at day 12, ankle swelling, as assessed by caliper 

measurement, was significantly reduced in the group receiving active NCAP treatment 

(CIA/NCAP) when compared to sham NCAP-treated controls (CIA/Sham NCAP). There 

was no effect of the implant alone (Control/Implant) on ankle diameter in the absence 

of CIA induction (Fig. 2A). At day 16 the mean difference in ankle diameter between CIA/

NCAP and CIA/Sham NCAP was 0.72±0.26 mm, corresponding to a 52% reduction in 
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swelling. The AUC of the ankle diameter from day 9 to 16 was also significantly reduced 

in the CIA/NCAP compared with CIA/Sham NCAP groups (48.62±0.74 mm*Day versus 

50.83±0.51 mm*Day, respectively, a reduction of 57%, p = 0.02, Fig. 2B). 

Study Day
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figure 2. ncaP reduces clinical signs of joint inflammation. Rats were placed into four 
treatment groups, three of which received vagus nerve lead implants, with a fourth group of 
unimplanted controls. The three implanted groups had CIA induction or sham CIA induction, 
and active versus sham electrical neurostimulation on study days 9-15 as outlined in Table 1 
(Control/No Implant n = 4; Control/NCAP n = 4; CIA/NCAP n = 9; CIA/Sham NCAP n = 12). Ankle 
diameter over time is shown as mean+SE (a), and AUC of ankle diameter over Day 9-16 is shown 
as mean+SE (B), *p≤0.05 ANOVA versus CIA/Sham NCAP.

ncaP reduces histological measures of joint damage

At day 16, joints were assessed histologically in a blinded manner for presence 

of inflammation, pannus formation, cartilage damage, and bone resorption using 

a semi-quantitative scoring system (Table 2). Each of these parameters was graded 

between 0-5, and a composite score summed score was calculated. A 46% reduction 

in the composite score was observed (4.1±0.9 versus 7.6±0.9 in CIA/NCAP and CIA/

Sham NCAP, respectively, p = 0.01, Fig. 3A), and there were significant reductions in 

inflammation (2.2±0.4 versus 3.5±0.4), pannus formation (0.6±0.2 versus 1.2±0.2), 

cartilage damage (0.8±0.2 versus 1.8±0.2), and bone resorption (0.4±0.2 versus 1.1±0.2), 

mean±SE, p = 0.01, 0.01, 0.01, 0.02 respectively (Fig. 3B). No effects on joint histology 

were seen in the animals implanted in the absence of CIA induction (Control/No Implant 

and Control/Implant composite scores were 0.0 and 0.0, respectively). Figures 3C-D 

illustrate typical histological appearance of joint inflammation and damage in CIA/

Sham NCAP group and reductions induced by active treatment in the CIA/NCAP group. 

Similar effects were seen in the histological scores of the knee joint (data not shown).  
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ncaP effects on systemic cytokine production

To assess whether NCAP-induced improvements in ankle swelling and 

histological joint inflammation were accompanied by reductions in systemic 

pro-inflammatory cytokine production, IL-1α, IL-1β, IL-2, IL-6, IFN-γ and TNF 

were measured in serum at day 16. When CIA/NCAP and CIA/Sham groups were 

compared there was no between-group difference in IL-1α. In contrast, IL-1β, IL-2, 

IL-6, IFN-γ and TNF were reduced by 37%, 48%, 54%, 40%, and 37%, however none 

of these reductions in individual mediator levels reached statistical significance 

(Fig. 4). 

figure 3. ncaP reduces histological measures of joint damage. a-B. Ankle joints were 
harvested on study day 16, stained with Toluidine Blue, and scored on a scale of 0-5 for 
inflammation, pannus formation, cartilage damage and bone resorption (a), with a composite 
summated score of 0-20 (B). Data are shown as mean+SE score. *p≤0.05 t-test versus CIA/
Sham NCAP. c-D. Representative 50X photomicrographs of ankle joints are shown which have 
the approximate mean summed score as that of the entire treatment group. Ankle from CIA/
Sham NCAP group (c) demonstrates marked inflammation and synovitis (s) and mild cartilage 
damage (large arrow) and bone resorption (small arrow). Ankle from CIA/NCAP group (D) 
demonstrates mild inflammation and synovitis (s) and minimal cartilage damage (large arrow) 
and minimal bone resorption (small arrow).

S

S

S

 A
nk

le
 C

om
po

si
te

 H
is

to
lo

gy
 S

co
re

 (0
-2

0)

CIA/Sham NCAP CIA/NCAP
0

2

4

6

8

10

*

 A
nk

le
 H

is
to

lo
gy

 S
co

re
 (0

-5
)

Infla
mmati

on

Pan
nus

Cart
ila

ge

Dam
ag

e Bone 

Res
orptio

n
0

1

2

3

4

5
CIA/Sham NCAP
CIA/NCAP

*
**

*

A B

C D

a B



91

4

N
C

A
P A

m
elio

r
A

tes D
ise

A
se iN

 C
iA

 
C

h
a

p
t

er

ncaP effects on mediators of bone metabolism

Juxta-articular, peri-articular, and systemic bone loss occur in both RA and 

in the rat CIA model, driven primarily by direct increases in the pro-resorptive 

mediator RANKL and secondarily by increases in IL-1 and TNF, which can increase 

resorption both directly, as well as secondarily by inducing RANKL production 12. 

To determine whether the observed reductions in histological bone erosions were 

accompanied by changes in systemic mediators of bone metabolism, RANKL and 

its decoy receptor/antagonist OPG, as well as bone resorption markers TRAP-5b 

and CTX-1, and bone formation markers osteocalcin and P1NP were measured 

at day 16. 

Serum levels of RANKL were reduced from 132±13 to 6±2 picograms/mL, OPG 

increased from 18±4 to 44±10 picograms/mL, and OPG/RANKL ratio increased from 

0.1±0.1 to 6.8±1.3 in the CIA/Sham versus CIA/NCAP groups, respectively (p = 0.01, 

0.02, 0.01), indicating a marked NCAP-induced reduction in propensity toward 

bone resorption at day 16 (Fig. 5A-C). There were no treatment-induced changes 

in the bone formation markers osteocalcin and P1NP (Fig. 5D-E). Interestingly, 

despite the greatly reduced levels of RANKL, and the markedly elevated OPG/

RANK ligand ratio, which would be expected to drive diminished bone resorption, 

systemic markers typically indicative of resorption were either not changed (CTX-1), 

or were increased (TRAP-5b) in the CIA/NCAP group, compared to CIA/Sham NCAP 

(Fig. 5F-G). 

figure 4.  ncaP effect on circulating cytokines. Study day 16 serum was assayed for IL-1α, 
IL-1β, IL-2, IL-6, IFN-γ and TNF. Data are shown as mean+SE level, t-test p = NS for all individual 
cytokine comparisons between CIA/NCAP and CIA/Sham NCAP.
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G

F

figure 5. ncaP effect on mediators of bone metabolism. Study day 16 serum was assayed 
for RANKL (a), and OPG (B), and the ratio of OPG/RANKL group means calculated (c). Data 
are shown as mean+SE level, *p≤0.05, t-test versus CIA/Sham NCAP. Osteocalcin (D), P1NP (e), 
TRAP-5b (f) and CTX-1 (G) data are shown as mean+SE level, *p≤0.05 t-test versus CIA/Sham 
NCAP.
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Discussion

Activation of the CAP by neurostimulation or pharmacologic means reduces 

inflammation through a variety of mechanisms. As noted above, the release of 

chemokines, cytokines, and other mediators of inflammation from monocytes and 

macrophages during their response to local and systemic pro-inflammatory signals 

is inhibited. In addition, CAP activation reduces neutrophil CD11b expression 13, and 

diminishes neutrophil trafficking to sites of inflammation in skin, joint and gut 13-15. 

Further, subdiaphragmatic vagotomy increases and pharmacologic CAP agonists 

decrease in vitro T cell proliferation and secretion of IFN-γ, TNF, and IL-6 16. In vitro 

culture of naïve T cells with nicotine enhances the effect of cell activation-induced 

expression of FoxP3, and nicotine treatment markedly increases the influx of 

CD4+CD25+FoxP3+ T regulatory cells (Treg) into the gut in rodent oxalazone-

induced colitis 17.  In rodent hapten-induced colitis, disease severity is worsened by 

subdiaphragmatic vagotomy, correlated with reductions in FoxP3+ Tregs. Over time 

the pro-inflammatory effect of vagotomy wanes, accompanied by recovery of Treg 

numbers 18, 19. Finally, effects on B cells have also recently been demonstrated. In 

response to VNS or cholinergic agonists, splenic marginal zone B cells exhibit reduced 

trafficking to the splenic red pulp and peri-follicular areas during their maturation 

process. This migratory arrest is driven by changes in CD11b, and is associated with 

reduced secretion of antibodies 20. These inhibitory effects on mononuclear cell 

mediator release, neutrophil trafficking, and T and B cell function may be contributing 

to the improvements in CIA disease measures we have observed. 

Our use of electrical neurostimulation to elicit CAP activation in CIA is supported 

by several prior studies. Because of the critical role of the α7nAChR and its expression 

within the fibroblast-like synoviocytes of inflamed human synovium 21, 22 we previously 

studied the course of CIA in mice with targeted disruption of the receptor gene 7. 

When compared to wild type littermates, knockout animals had a faster onset, 

greater incidence, and worsened severity of disease; increased radiographic 

evidence of bone destruction, increased histological joint inflammation, elevated 

in vitro release of Th1 cytokines from cultured splenocytes and increased systemic 

levels of Monocyte Chemotactic Peptide (MCP)-1 and TNF. Conversely, the course 

and severity of murine CIA was ameliorated by systemic treatment with the selective 

α7nAChR agonist AR-R17779 6. Rats that underwent indirect vagus nerve stimulation 

by surgically suspending the nerve against the sternocleidomastoid muscle prior 

to CIA induction had significant improvements in paw volume, clinical arthritis 

score, radiographic assessment of bone erosions, histological evidence of erosions 
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and inflammation, and reduced serum TNF levels 23. The present study reveals 

that successful treatment delivery can be accomplished using a simple surgically 

implanted cuffed nerve electrode system analogous to those used in many other 

clinical applications in humans.  

The ‘dosing paradigm’ chosen for the study (pulse amplitude, frequency and pulse 

width stimulation parameters) was guided by prior experience in rodent endotoxemia 

and other acute injury models 1, generally recognized conditions necessary for 

efficient vagus nerve depolarization 24, 25, and published clinical experience in vagus 

nerve stimulation for epilepsy and other conditions 26. One remarkable aspect of 

NCAP delivery is that relatively brief periods of nerve stimulation results in a prolonged 

biological effect. Mice given a 60 second stimulation had reductions in LPS-induced 

systemic TNF production for up to 48 hours 27. Similar prolonged protective effects 

have been seen in preliminary studies in a normal canine model (Levine, unpublished 

data), and in a rat model of indomethacin-induced enteropathy 28. We chose the 

1-minute daily dosing paradigm for this study based on these data. The mechanism 

of this prolonged effect is not yet well understood. Interestingly, human peripheral 

blood mononuclear cells differentiated to a macrophage-like phenotype by in 

vitro culture with GM-CSF released reduced levels of TNF for up to 48 hours after a 

60 minute period of culture in acetylcholine 27, indicating that the prolonged effect 

may be due to changes in the function of monocytes and other hematopoietic cells 

rather than in the nervous system. 

NCAP treatment reduced bone erosions, in association with marked reductions 

in systemic RANKL, the major regulator of osteoclast maturation, function, and 

survival 29, and concomitant increases in the RANKL antagonist OPG. IL-1 and TNF 

are well known inducers of RANKL, and antagonism of these cytokines reduces 

bone loss in CIA 30, 31.  Direct RANKL antagonism causes reduction in bone loss 

in the absence of effects on local or systemic inflammation, in both CIA 31 and in 

human RA 32.  We did not observe effects of NCAP on the bone formation markers 

P1NP and osteocalcin, consistent with the more limited effect of anti-inflammatory 

treatments on systemic measures of osteoblast function 12. However we also did 

not observe a reduction in systemic CTX-1, a marker of bone resorption, and saw an 

increase in the resorption marker TRAP-5b. Previous detailed studies of the kinetics 

of TRAP-5b in rat CIA have shown up to 3-fold day to day differences in circulating 

levels during the first 14 days after disease onset 33. It is therefore possible that the 

absence of reductions in these resorption markers, which is typically observed, may 

be related to the relatively short duration of the experiment and single time point 

of sampling.  However, the mechanism of effects in this neurostimulation treatment 
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model may be more complex. It has recently been demonstrated that the skeleton 

is functionally innervated by vagus neurons in mice, and that subdiaphragmatic 

vagotomy or targeted disruption of the α2 N-acetylcholine receptor (α2NAChR) 

results in reduced bone mass on micro-CT, and in vitro exposure to nicotine 

induces apoptosis of osteoclasts which bear the α2NAChR 34. The authors postulate 

a CNS-controlled bone regulatory system analogous to the inflammatory reflex. 

Given this complexity, elucidation of the precise mechanism responsible for NCAP-

induced RANKL inhibition and reduction in articular bone loss we observed, will 

require further studies of marker kinetics, cytometry, and histology in both CIA and 

ovariectomy models.

The study has some limitations. Although there was good rationale for the 

stimulation delivery parameters chosen, the human diseases and animal models used 

to inform these decisions are different in pathogenesis than CIA, and it is possible 

that with higher stimulation levels, or more frequent delivery, even greater efficacy 

might have been observed. The lead system used required extended maintenance 

of percutaneously-externalized leads, which were not possible to keep sterile, and 

were not physically robust enough to last more than approximately 4-5 weeks 

without breakage, requiring us to limit the planned length of the overall experiment 

to approximately 3 weeks. Given the constant movement of the leads and the lack of 

sterility, we cannot exclude the possibility that low grade subcutaneous inflammation 

may have been partially responsible for the large degree of between-animal variability 

seen in serum cytokine levels in both treatment and control groups, perhaps limiting 

our ability to detect statistically significant treatment-related differences. In addition, 

the potential activation of pressoreceptors or musculature in the artery by the 

electrodes wrapped around the carotid-bundle  may have contributed indeterminate  

effects.  Availability of more advanced lead prototypes that are small enough to be 

placed directly on the vagus nerve, and not around the entire carotid sheath, and a 

fully implantable pulse generator, similar to those used in humans, will solve these 

problems in the future. Finally, as noted, the short duration of the experiment, and 

availability of only an end-of-study blood sample limited the ability to fully understand 

the kinetics of the bone turnover markers.

conclusions

Prior studies of electrical neurostimulation were mainly done in models driven 

by tissue injury or alterations in innate immune response. This is the first study 

to demonstrate that electrical neurostimulation using an implanted vagus nerve 
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stimulation cuff electrode can activate the cholinergic anti-inflammatory pathway 

and significantly reduce activity in a widely accepted and utilized preclinical 

autoimmune disease model. This study supports the rationale for  testing this 

approach in human immune-mediated inflammatory disorders, such as the recently 

started pilot studies in inflammatory post-operative ileus (NCT 01572155), Crohn’s 

disease (NCT 01569503), and RA (NCT 01552941), and research on the development of 

bioelectronic medicines 35. Success in these and subsequent studies may eventually 

lead to novel alternative therapeutic options for patients suffering from RA and other 

inflammatory disorders. 
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aBstract

objective. Activation of the cholinergic anti-inflammatory pathway (CAP) has been 

shown to reduce inflammation in animal models, while abrogation of the pathway 

increases inflammation. We investigated whether modulation of CAP influences 

inflammation in the non-obese diabetic (NOD) mouse model for Sjögren’s syndrome 

and type 1 diabetes.

methods. The alpha-7 nicotinic acetylcholine receptor (α7nAChR) was stimulated 

with AR-R17779 or nicotine in NOD mice. In a second study, unilateral cervical 

vagotomy was performed. Alpha-7nAChR expression, focus scores, and salivary flow 

were evaluated in salivary glands (SG) and insulitis score in the pancreas. Cytokines 

were measured in serum and SG.

results. Alpha-7nAChR was expressed on myoepithelial cells in SG. Monocyte 

chemotactic protein-1 levels were reduced in SG after AR-R17779 treatment and tumour 

necrosis factor production was increased in the SG of the vagotomy group compared to 

controls. Focus score and salivary flow were unaffected. NOD mice developed diabetes 

more rapidly after vagotomy, but at completion of the study there were no statistically 

significant differences in number of mice that developed diabetes or in insulitis scores.

conclusion. Intervention of the CAP in NOD mice leads to minimal changes in 

inflammatory cytokines, but did not affect overall inflammation and function of SG 

or development of diabetes. 

Frieda A. Koopman1, Jelle L. Vosters1, Nienke Roescher1, Niels Broekstra1,  

Paul P. Tak1,2,3,4, Margriet J. Vervoordeldonk1

1Amsterdam Rheumatology and immunology Center | Department of Clinical Immunology & Rheumatology, 
Academic Medical Center/University of Amsterdam, Amsterdam, the Netherlands
2University of Cambridge, Cambridge, United Kingdom
3Ghent University, Ghent, Belgium
4GlaxoSmithKline, Stevenage, United Kingdom
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introDuction 

The so-called cholinergic anti-inflammatory pathway (CAP) has been studied in 

the last decade as a pathway that can ameliorate disease by reducing inflammation 1. 

Activation of the CAP can be achieved by stimulation of the main branch of the 

parasympathetic system, the vagus nerve. After activation of the vagus nerve, there 

is non-neuronal production of the parasympathetic neurotransmitter, acetylcholine 

(Ach), by memory T cells in the spleen 2. Binding of Ach to the α7 subunit of the 

nicotinic acetylcholine receptor (α7nAChR) is key to the induction of the anti-

inflammatory response 3. Selective activation of the α7nAChR leads to the reduction 

of inflammation in different animal models, including the collagen-induced arthritis 

(CIA) mouse model, sepsis, acute pancreatitis, post-operative ileus and acute 

respiratory distress syndrome 4-10, but may aggravate inflammation in a colitis mouse 

model 11. The protective effect of the vagus nerve can be abrogated by unilateral 

cervical vagotomy, which may result in aggravation of disease in different animal 

models, although data have not been consistent 7, 10, 12. We have recently shown that 

the severity of CIA in rats is reduced by neurostimulation of the vagus nerve using an 

implanted electrical cuff electrode 13.

Sjögren’s syndrome (SjS) is a chronic inflammatory disease characterized by 

immune cell infiltration of the salivary glands (sialadenitis) and lacrimal glands 14, 15. 

The patient experiences dry eyes, dry mouth and general fatigue as a result of the 

inflammatory process. Currently, the disease cannot be treated effectively, and for 

patients, mainly symptom-relieving therapies are available 16.

The non-obese diabetic (NOD) mouse model can be used to study both SjS 

and type I diabetes (T1D). The mice spontaneously develop SjS features, such as 

lymphocytic infiltrates in the salivary glands, autoantibodies in the serum, and 

reduction of salivary gland function 17. The salivary gland is innervated by both 

the sympathetic and parasympathetic nervous system. Furthermore, these mice 

develop insulin-dependent diabetes mellitus due to infiltration of pancreatic islets 

with immune cells leading to destruction of insulin-producing beta cells 18, 19. In the 

pancreas, α7nAChR has been shown to be present at the mRNA level, and insulin-

producing islets are innervated by both sympathetic and parasympathetic fibers 20, 21. 

The parasympathetic fibers innervate both alpha and beta cells, while sympathetic 

fibers innervate only alpha cells. Alpha cells produce glucagon and beta cells produce 

insulin, and in the NOD mouse, beta cells are lost due the infiltration of leukocytes 

into the islets leading to the development of type 1 diabetes 19. 
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Nicotine treatment may reduce diabetes incidence and cytokine production 

in the pancreas in the NOD mouse model 22. Moreover, one report has suggested 

that smoking could decrease submandibular salivary gland sialadenitis in SjS, 

suggesting a role of the CAP in this disease 23. To investigate whether targeting 

the CAP in the NOD mouse model will reduce infiltration of immune cells in both 

the salivary gland and the pancreas islets, we stimulated the α7nAChR with either 

a specific or a non-specific agonist. Furthermore, the tonic inhibitory effect of the 

vagus nerve on inflammation was abrogated by performing a left-sided unilateral 

cervical vagotomy. 

material anD metHoDs

animal experiments

Female NOD mice (001976 NOD/ShiLtJ; Charles River, Calco, Italy) were obtained 

at 6 weeks of age and housed under specific pathogen-free conditions in the animal 

facility of the Academic Medical Center, University of Amsterdam. The animals 

had access to food and water ad libitum. From week 12 of age, the blood glucose 

levels were measured weekly with an Ascensia Contour meter (Bayer HealthCare, 

Mijdrecht, The Netherlands). A subcutaneous injection of long-acting humulin N 

(1-3 U per mouse, every 24 h; Eli Lilly, Houten, the Netherlands) was administered to 

mice with blood glucose levels ≥ 250 mg/dL. The animal studies were approved by 

the Institutional Animal Care and Use Committee of the Academic Medical Center, 

Amsterdam, the Netherlands. The approval numbers of the studies are DRI-101576 

and DRI-102614. 

study design

In two mouse studies, the role of the vagus nerve and α7nAChR was evaluated in 

the NOD mouse model. In the first study, NOD mice were injected intraperitoneally 

(i.p.) twice daily with a specific α7nAChR agonist AR-R17779 (AR group, n = 10, 5 mg/kg, 

Critical Therapeutics Inc, Lexington, MA, USA), and the non-specific α7nAChR agonist 

nicotine (nicotine group, n = 10, 0.4 mg/kg, Sigma-Aldrich, Zwijndrecht, The 

Netherlands) or saline (saline group, n = 10) for a total duration of 4 weeks starting 

at 10 weeks of age. The mice were sacrificed at an age of 14 weeks; two mice in 

the AR group died of unknown cause before the end of the study, and one mouse 

erroneously received two active treatment injections instead of saline. These three 

animals were not included in the analysis. 
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In the second study, mice were subjected to a left-sided unilateral cervical 

vagotomy (n = 11) or sham (n = 11) operation at 12 weeks of age to abrogate the 

inhibitory effect of the vagus nerve. Mice were anesthetized with isoflurane (2.5% 

in O
2
; 2 liters/minute) and the left vagus nerve was exposed with a ventral cervical 

midline incision. The vagus nerve was ligated with 4-0 silk sutures and divided in 

the vagotomy group, while in the sham group the vagus nerve was touched but left 

intact. Mice were sacrificed at 20 week of age, but 6 died  before the end of the study 

as a result of diabetes (2/6 in the sham group and 4/6 in the vagotomy group). Of 

these six, 2/6 diabetic mice died just after saliva collection. The saliva production data 

of these mice were included in the analysis and figure, but other data from those that 

died before the experiment ended were not included in the analysis. Submandibular 

salivary glands, pancreas and spleen were collected and used for further analysis. 

Balb/c mice (n = 6), which were kept in the animal facility as sentinel mice, were 

sacrificed at 14 weeks of age to evaluate α7nAChR expression in the salivary glands 

in comparison with the NOD mice of the first experiment, which were also 14 weeks 

of age.  

saliva and serum collection

To evaluate salivary gland function, stimulated whole saliva was collected at the 

day of sacrifice in both studies as described before 17. Saliva secretion was stimulated in 

anesthetized mice (ketamine 1 ml/kg and xylazine 0.7 ml/kg intramuscular injection, 

Eurovet Animal Health, Bladel, The Netherlands) using subcutaneous pilocarpine 

injection (0.5 mg/kg, Sigma, Zwijndrecht, The Netherlands). Saliva was collected in 

a preweighed microcentrifuge tube by placing a hematocrit tube in the oral cavity 

for 20 min. Saliva volume is expressed as μl/20 min*gram body weight. Serum was 

collected by heart puncture for cytokine measurement. 

cytokine measurement 

Cytokine levels (interleukin(IL)-6, tumour necrosis factor (TNF), monocyte 

chemotactic protein (MCP)-1, interferon (IFN)-γ, IL-12 and IL-10) were measured 

in serum and isolated protein from salivary glands with a cytometric bead array 

(BD Biosciences, San Jose, CA, USA) performed according to the manufacturer’s 

instructions. Protein was isolated by homogenizing approximately one-third of the 

salivary glands overnight at 4°C in HEPES lysis buffer and protease inhibitor cocktail 

(Roche, Almere, The Netherlands). Total protein concentration was determined with 

a BCA protein assay kit (Lifescience Technologies, Rijswijk, The Netherlands). 
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Histological assessment of inflammation

One-third of the cross section of salivary glands and pancreas were used and 

fixed in 10% buffered formalin for 24 h and then embedded in paraffin. Serial sections 

(5 μm) were cut and stained with hematoxylin and eosin. Two independent observers 

assessed the severity of inflammation in these tissues. Inflammation in the salivary 

glands was determined by focus score: one focus was defined as an aggregate of 50 

or more lympohocytes and the focus score as the total number of foci divided by 

the number of tissue fields seen on a 10x magnification 24. Insulitis in the pancreas 

was determined by the number and severity of aggregate formation around islets of 

Langerhans. An aggregate in the pancreas was defined by 20 or more lymphocytes. 

Insulitis was scored on a scale of 0-3, where 0 = no aggregate formation around an 

islet; 1 = peri-insulitis; 2 = infiltration of immune cells in the islet, but intact histology 

of the islet and 3 = infiltration of immune cells in the islet with destruction of islet 

organisation (adapted from 25; see Fig. 3D-E). Mean insulitis score for both studies was 

calculated by dividing the total score by the number of islets scored 26. 

immunohistochemistry 

Paraffin-embedded sections of salivary glands were stained for α7nAChR and 

actin. Sections were dewaxed with xylene and rehydrated in a gradient of ethanol, 

followed by blocking endogenous peroxidise activity using 30% hydrogen peroxidase 

in 0.1% sodium azide in PBS. After heat-induced citrate antigen retrieval, the sections 

were stained overnight with rabbit polyclonal anti-α7nAChR (2 μg/ml, ab23832, 

Abcam, Cambridge, UK) and mouse monoclonal anti-human smooth muscle actin 

(1ug/ml, M0851 clone 1A4, Dako, Heverlee, Belgium) in PBS containing 1% bovine 

serum albumin (BSA). Goat anti-rabbit HRP (dilution 1:200, P0448, Dako) and goat 

anti-mouse HRP (dilution 1:200, HAF007, R&D systems, Abingdon, UK) were used as 

secondary antibodies. Peroxidase activity was revealed using an aminoethylcarbazole 

substrate kit (SK-4200, Vector Laboratories, Peterborough, UK) and subsequently 

the sections were counterstained with Mayer’s hematoxylin solution (Sigma). Alpha-

7nAChR expression was assessed by two blinded observers for intensity of the staining 

on a 4-point scale (0 = no cellular positivity, 1 = faint cellular positivity, 2 = moderate 

cellular positivity and 3 = strong cellular positivity). 

Paraffin-embedded sections of pancreas were stained for glucagon. Heat-induced 

antigen retrieval was used for glucagon staining using Tris/EDTA buffer. This was 

followed by one hour incubation with the primary antibody for glucagon (Thermo 

Scientific, Waltham, MA, USA). Detection was performed using the BrightVision Plus kit 

according to the manufacturer’s instructions (Immunologic, Duiven, The Netherlands). 
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statistical analysis

Data are presented as mean with standard error of the mean (SEM) in the figures 

and as median with interquartile range in the table. Differences in the first study were 

analyzed with the Kruskall-Wallis test if the data were not normally distributed and 

with an analysis of variance (ANOVA) if the data were normally distributed. In the 

second study, differences were analyzed with the Mann-Whitney U test if the data 

were not normally distributed and with the Student’s t-test if normally distributed. 

Diabetes incidence was plotted as a Kaplan-Meier survival curve, and differences were 

evaluated using a log-rank test. P-values <0.05 were considered statistically significant.

results

α7nachr expression in the murine salivary gland 

Immunohistochemical analysis was performed to examine expression of α7nAChR 

in the salivary gland of the NOD mouse (Fig. 1A-B). Myoepithelial cells that surround 

the acini and intercalated ducts abundantly expressed the α7nAChR. To confirm that 

α7nAChR expression was present on myoepithelial cells, actin immunohistochemical 

staining was performed 27. This staining overlapped with α7nAChR-staining (Fig. 1C). 

No detectable staining was present in the salivary gland using  isotype control for 

either antibody (data not shown). Alpha-7nAChR expression was similar in all NOD 

treatment groups in the first study at 14 weeks of age (Fig. 1D). Alpha-7nAChR 

expression in salivary glands was similar in non-treated Balb/c mice of the same age, 

indicating that the presence of the α7nAChR in salivary glands is not specific for NOD 

mice (data not shown). The presence of α7nAChR in the salivary glands suggests that 

targeting the α7nAChR with an agonist could be therapeutically beneficial in SjS. 

focus score and salivary flow are not significantly altered after 

α7nachr stimulation or vagotomy

To determine whether α7nAChR agonist treatment has a beneficial effect on the 

SjS-like phenotype in NOD mice, the focus score in the salivary gland and the salivary 

flow rate were determined. No significant difference in focus score in the AR- and 

nicotine-treated mice compared to saline-treated mice was found (Fig. 2A). There was 

no statistically significant difference in salivary flow rate between the three groups, 

but the animals treated with the specific α7nAChR-agonist AR-R17779 showed a more 

uniform volume of saliva production after stimulation (standard deviation (SD) 1.4), 

while the saline- and nicotine-treated mice showed a more heterogeneous pattern 

(SD 2.5 and SD 2.6), and some mice did not produce any saliva after stimulation 
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figure 1. alpha-7 nicotinic acetylcholine receptor (α7nachr) expression in submandibular 
gland.  a. α7nAChR staining at 40 x magnification showing positive staining on myoepithelial 
cells surrounding ducts. B. α7nAChR positive staining on myoepithelial cells at 10x magnification. 
c. Smooth muscle actin staining showing overlapping staining as α7nAChR staining in Figure 1B 
of myoepithelial cells (10x magnification). D. Intensity of α7nAChR expression in submandibular 
gland of NOD mice at 14 weeks of age. Data presented as mean with SEM. 

(Fig. 2B). Measured cytokines were numerically lower in the AR group in the serum, 

but there were no statistically significant differences between the three groups. In 

the salivary glands, MCP-1 levels were significantly lower in the AR group (p = 0.023) 

compared to the saline group. No other cytokines were significantly changed in the 

salivary glands between the saline, AR, and nicotine groups (Table 1). In the second 

experiment we evaluated whether loss of the inhibitory effect of the vagus nerve on 

a

c

B

D



109

5

EffEc
t o

f c
A

P o
n

 siA
lA

d
En

itis o
r

 d
iA

b
E

tEs in
 n

o
d

 m
o

u
sE m

o
d

El
C

h
a

p
t

er

figure 2. no change in focus score (fs) and salivary flow rate (sfr) after α7nachr agonist 
treatment or after unilateral cervical vagotomy. a. FS was similar after α7nAChR-agonist, 
AR-R17779 and nicotine, treatment in NOD mice at 14 weeks of age compared to saline-treated 
NOD mice. B. SFR after pilocarpine administration was measured in all treated groups. NOD 
mice treated with AR-R17779 have a high SFR, but not significantly higher than saline- or nicotine-
treated animals. c. NOD mice were subjected to vagotomy or sham operation at 12 weeks of 
age, and this did not result in a different FS between the two groups at 20 weeks of age. D. No 
change in SFR 8 weeks after vagotomy or sham operation. Data presented as mean with SEM.

inflammation would aggravate disease in NOD mice. The vagus nerve was cut distal 

from the direct parasympathetic innervation of the salivary glands by the chorda 

tympani 28 to influence the systemic inhibitory effect (CAP) of the vagus nerve via 

the spleen 2. The focus score in the salivary glands was not increased in the vagotomy 

group compared to the sham-treated group, and there was also no difference in 

salivary flow rate between the two groups (Fig. 2C-D). Cytokine levels in the serum 

were not significantly different between the vagotomy and the sham-treated NOD 

mice; however, in the salivary glands, TNF production was significantly higher in the 

a

c

B

D
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vagotomy group (p = 0.042, Table 1). Overall, targeting the CAP, either by α7nAChR 

stimulation or unilateral vagotomy, did not lead to a clear-cut change in immunological 

parameters or signs and symptoms of the SjS-like phenotype in NOD-mice. 

Delayed diabetes development and increased insulitis after vagotomy

Clinical diabetes development can be observed in NOD mice starting from 

12-14 weeks of age; however, variation is seen depending on the environment 19. In 

the first study, none of the mice developed clinical diabetes before the endpoint of 

the study at 14 weeks. Pancreas infiltration of immune cells and aggregate formation 

was already present in the majority of the mice at this age. No difference was found 

in the severity of insulitis between treatment groups in this study (Fig. 3A). In the 

second study, clinical diabetes development defined by high blood glucose levels 

(>250 mg/dl) started at 13 weeks of age in the vagotomy group. At 15 weeks of age, 

36% of the animals had diabetes in the vagotomy group and 9% in the sham group, 

but this difference was not statistically significant. At 20 weeks of age, the same 

number of animals in both groups had developed diabetes (Fig. 3B). Insulitis seemed 

more severe in the vagotomy group as there were less stage 0 islets and more stage 

3 infiltrated islets in this group (Fig. 3C). Representative images of the stainings are 

shown in figure 3D and 3E. Evaluation of the mean insulitis score showed, however, 

no statistically significant difference between these two groups (Fig. 3F). The 

production of insulin measured in the serum at the end of study two was on average 

not different between the two groups and not related to the grade of insulitis (data 

not shown). 

Discussion

We explored the effect of the CAP on the inflammatory process in the salivary 

gland and islet cells in the pancreas of NOD mice. The activation of the pathway with 

a specific α7nAChR agonist, AR-R17779, did on average not result in improvement of 

the focus score and salivary flow rate and did not result in changes in cytokine profile 

except for an isolated decrease in MCP-1 levels in the salivary gland. Similarly, there was 

no difference in mean insulitis scores in the pancreas in mice that had been treated 

with either AR or nicotine compared to those that received saline. Blockade of the 

possible inflammation limiting control of the vagus nerve by unilateral vagotomy did 

not show an effect on outcome in terms of insulitis score and development of diabetes 

at 20 weeks although onset of diabetes in NOD mice started earlier in the vagotomy 

group compared to the sham group (week 13 compared to week 15, respectively). 
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figure 3. clinical diabetes development and insulitis scores in noD mice subjected to 
unilateral vagotomy or sham operation. a. No differences in mean insulitis score between 
the saline and α7nAChR treatment groups in NOD mice at 14 weeks of age.  B. At 15 weeks of 
age, 36% of the animals had clinical diabetes in the vagotomy group and 9 % of the sham group. 
At 20 weeks of age (end of study), the same amount of animals had clinical diabetes. c. Insulitis 
score specified per predefined stage for the sham and vagotomy group. D-e: Stage 0 infiltrated 
islet in pancreas NOD mouse, glucagon staining (islet alpha cells) and Stage 3 infiltrated 
islet in pancreas NOD mouse, glucagon staining (islet alpha cells). f. no differences in mean 
insulitis score comparing the sham and vagotomy group in NOD mice at 20 weeks of age. Data 
presented as mean with SEM.
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Furthermore, there was no change in salivary inflammation or saliva production after 

unilateral vagotomy compared to the sham-treated group; however, TNF production 

was increased in the salivary gland  in the vagotomy group, which is in line with the CAP. 

Despite no clear-cut effect of α7nAChR on signs and symptoms of SjS-like disease 

in the NOD model, the α7nAChR was clearly expressed in the salivary glands of NOD 

mice, mainly on myoepithelial cells. The presence of other nicotinic and muscarinic 

receptors in the murine submandibular salivary gland was described before on the 

mRNA level 29, but this is the first report of α7nAChR in the salivary gland of mice. The 

exocrine function of the salivary gland is regulated by the autonomic nervous system; 

parasympathetic and sympathetic nerve fibers are found throughout the glands in 

close proximity to acinar cells and myoepithelial cells 30. Parasympathetic stimulation 

of the salivary glands generally leads to increased saliva excretion 28, but also stimulates 

contraction of the myoepithelial cells to enhance saliva expulsion 30. Denervation 

of the salivary gland at an early stage after birth leads to underdevelopment of 

myoepithelial cells in the rat 31. While the α7nAChR, expressed on myoepithelial 

cells, appears to have a  functional role in saliva excretion under normal conditions 

and might have an effect in SjS in terms of stimulation of expulsion of remaining 

saliva, our results do not support a disease-modifying effect of stimulation of the 

α7nAChR based on inhibition of inflammation with subsequent sparing of saliva 

production. Consistent with this notion, there was no clear increase in severity of 

SjS-like disease after unilateral vagotomy, although we did observe an increase in TNF 

production after vagotomy. This increase is in line with literature showing increased 

TNF production after unilateral vagotomy 4. It should be noted however that the role 

of TNF is unclear in the pathogenesis of SjS 15. 

The pancreas is innervated by the parasympathetic nervous system via the vagus 

nerve and has a functional role in the induction of insulin production 20, but there 

are no data available of the effect of vagus nerve inhibition on diabetes severity or 

development in animal models of diabetes. It has been shown that α7nAChR activation 

with nicotine delays clinical diabetes development and reduces inflammation in the 

NOD mouse model 22. In our study, in which we treated mice with α7nAChR agonists 

only for 4 weeks, we did not observe this effect. Unilateral vagotomy to evaluate the 

effect of the CAP was performed in an acute pancreatitis mouse model, which did 

lead to increased inflammation 9. In our study, a trend towards an increased insulitis 

in the pancreas and a higher diabetes incidence was observed in the vagotomy group 

around 15 weeks of age, but not at the end of the study in the more chronic phase of 

the disease. Overall, no effect of vagotomy was seen on diabetes parameters.  
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A possible explanation for the lack of efficacy of α7nAChR-agonist treatment and 

vagotomy could be the limited duration of treatment, as sialadenitis and diabetes 

develop slowly over time 17, 19. In another study, delayed onset and a reduction in 

diabetes incidence in the NOD mouse model were observed after daily nicotine 

treatment for a period of 14 weeks at the same concentration used in our study, 

whereas we treated for only 4 weeks 22. It should also be noted that the mice in our 

study were only 14 weeks of age at the end of the study, which is still an early stage 

of diabetes development. Therefore, we cannot exclude the possibility that more 

prolonged treatment period would have resulted in a beneficial effect on clinical 

diabetes and sialadenitis. In the vagotomy study, we choose a longer follow-up 

period, to be able to look at the full development of  clinical diabetes and sialadenitis. 

However, no significant differences were seen at the end of the study. Overall, timing 

could have played a role in the outcome of the studies. 

In conclusion, we have shown that stimulation of the α7nAChR or unilateral 

vagotomy does not affect SjS-like disease in the NOD mouse model. Of interest, 

diabetes development started at an earlier age after unilateral cervical vagotomy, 

suggesting possible immunomodulation by the vagus nerve, but at the end of the 

study the same number of NOD mice had developed diabetes and their mean insulitis 

scores were similar. 
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aBstract 

There has been marked improvement in the treatment of rheumatoid arthritis 

(RA), but most patients do not achieve disease remission. Therefore, there is still a 

need for new treatments. By screening an adenoviral short hairpin RNA library, we 

discovered that knockdown of the nicotinic acetylcholine receptor type 7 (α7nAChR) 

in RA fibroblast-like synoviocytes results in an increased production of mediators of 

inflammation and degradation. The α7nAChR is intimately involved in the cholinergic 

anti-inflammatory pathway (CAP). This led us to study the effects of α7nAChR activation 

in an animal model of RA,  and we could  show that this resulted in reduced arthritis 

activity. Accordingly, stimulation of the CAP by vagus nerve stimulation improved 

experimental arthritis. Conversely, we found aggravation of arthritis activity after 

unilateral cervical vagotomy as well as in α7nAChR-knockout mice. Together, these 

data provided the basis for exploration of vagus nerve stimulation in RA patients as a 

novel anti-inflammatory approach.
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introDuction

Rheumatoid arthritis (RA) is a chronic autoimmune disease, which is characterised 

by pain, swelling and stiffness of joints, due to synovial inflammation. During 

active disease, the joints are limited in motion and function, and persistence of 

synovial inflammation leads to the development of bone erosions and, finally, joint 

deformities 1. The signs and symptoms of this condition can be reduced by treatment 

with synthetic and biological disease-modifying antirheumatic drugs (sDMARDs and 

bDMARDs, respectively). Treatment of RA is usually initiated with methotrexate, a 

sDMARD, and can be combined with corticosteroids and other sDMARDs. Biological 

DMARDs are indicated if there is insufficient response to the initial sDMARD treatment 

or if there are unfavorable prognostic factors present, such as very active disease, 

early joint damage or presence of (high levels) of autoantibodies, immunoglobulin M 

(IgM) rheumatoid factor (RF), and/or anti-citrullinated protein antibodies (ACPAs) 2. 

Despite the fact that there are many types of DMARDs available, there are still 

many RA patients who do not improve sufficiently. Besides the lack of response to 

therapy as a reason for discontinuation of treatment, there are also patients who 

discontinue medication because of side effects, or because they do not want to take 

chronic medication. As a result, the need for the development of new therapeutic 

strategies remains.

cholinergic anti-inflammatory pathway

Inflammation in peripheral tissues, as observed in RA, can be detected by the 

afferent vagus nerve and this information is signaled towards the brain. Peripheral 

administration of the pro-inflammatory mediators lipopolysaccharide (LPS) 

or interleukin-1-beta (IL1-beta) in rats normally elicits fever, but after bilateral 

subdiaphragmatic vagotomy the fever response is abated 3, 4. Later, there was 

the surprising finding that the vagus nerve could not only sense inflammation 

but could also influence it. Activation of the vagus nerve, which is a part of the 

parasympathetic nervous system, was found to dampen inflammatory processes. 

Rats with carrageenan-induced hind paw edema (acute inflammation model) were 

injected intracerebroventricularly (i.c.v) with a very low dose (noneffective if given 

systemically 3) of the anti-inflammatory drug CNI-1493 and there was a significant 

decrease in paw edema. The anti-inflammatory mechanism of action of i.c.v. CNI-1493 

was, at the time, unknown, but after bilateral cervical vagotomy the drug was no 

longer able to reduce paw edema. In combination with the finding that i.c.v. injection 

of CNI-1493, but not saline, could increase efferent vagus nerve activity, this led to 
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the conclusion that activation of the vagus nerve by i.c.v. CNI-1493 treatment had 

an anti-inflammatory effect 5. These were the first indications that efferent vagus 

nerve activation could inhibit inflammation in an animal model. The combination 

of sensing peripheral inflammation by the afferent vagus nerve and the subsequent 

anti-inflammatory response of the efferent vagus nerve is currently known as the 

cholinergic anti-inflammatory pathway (CAP) 6.  

The CAP can also be activated by electrical vagus nerve stimulation (VNS) 

or stimulation of the nicotinic acetylcholine receptor type 7 (α7nAChR) 7, 8. The 

parasympathetic neurotransmitter acetylcholine is the anti-inflammatory mediator 

of the CAP, which activates the α7nAChR. Acetylcholine can be produced by the 

vagus nerve, but it can also be produced by nonneuronal cells, for instance, in 

the spleen. Several studies have shown that the spleen is essential for the anti-

inflammatory effect of the vagus nerve, because after splenectomy VNS is no 

longer capable of reducing inflammation 9-12. After VNS, the anti-inflammatory reflex 

appears to travel through the sympathetic splenic nerve towards the spleen. The 

splenic nerve produces norepinephrine, which triggers choline acetyltransferase-

positive (CHAT+) T cells in the spleen to produce acetylcholine (Fig. 1) 13, 14. CHAT-

positive cells are also found in the synovium of the RA joint 15, 16, which suggests 

that acetylcholine can also be produced locally in the joint. Joints are not known 

to be innervated by the vagus nerve, but there appear to be sympathetic fibers in 

the RA synovium 17. It is, therefore, conceivable that norepinephrine-producing 

sympathetic fibers in the joint activate CHAT+ T cells to produce acetylcholine, but 

this has not been studied yet. 

caP in experimental arthritis

In the past decade, the anti-inflammatory effect of the vagus nerve has been 

shown in animal models for sepsis, acute pancreatitis, colitis, post-operative 

ileus, and acute respiratory distress syndrome 6, 18-21. We were the first to show the 

effect of activation of the α7nAChR using the specific agonist AR-R17779 and the 

non-specific agonist nicotine in an animal model of RA, and demonstrated that 

this approach resulted in reduced clinical signs of arthritis, synovial inflammation, 

serum cytokine levels and bone erosions 22. These results have been confirmed by 

others using the partially specific agonist GTS-21 23 and nicotine 24.  Conversely, we 

found a higher incidence of arthritis and more severe arthritis in mice lacking the 

α7nAChR 25. The α7nAChR is present not only on many immune cell types, such as 

monocytes, macrophages, T lymphocytes, B lymphocytes, and dendritic cells 26, 

but also on fibroblast-like synoviocytes (FLSs) in the RA synovium 27, 28. FLSs of RA 
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patients pretreated with acetylcholine, nicotine or AR-R17779 (α7nAChR activation) 

reduced the production of IL-6 and IL-8 significantly 27-29, indicating that acetylcholine 

could also have an anti-inflammatory effect in the RA synovium. Besides FLSs, 

macrophages and monocytes also produce less pro-inflammatory cytokines after 

α7nAChR activation 6, 30. Thus, human biology studies were in line with the results 

obtained in animal models of RA, supporting the notion that stimulation of the CAP 

could have a beneficial effect in RA.

Stimulation of the CAP by electrical VNS is challenging in the experimental 

arthritis model, because daily electrical stimulation is needed for a prolonged period 

rather than single electrical stimulation in the acute mouse models. As an alternative 

figure 1. Electrical stimulation of the parasympathetic vagus nerve leads to activation of 
the sympathetic splenic nerve which produces norepinephrine in close proximity to choline 
acetyltransferase positive (CHAT+) T-cells. The CHAT+ T-cells are able to produce the anti-
inflammatory mediator acetylcholine, which can bind to the nicotinergic acetylcholine receptor 
type 7 (α7nAChR) and reduces cytokine production. This results in reduced inflammation in 
the joints. 
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approach, vagus suspension to the sternocleidomastoid muscle was performed, 

leading to activation of the vagus nerve as a result of head movement, after arthritis 

induction. This led to reduced arthritis activity, decreased serum levels of tumor 

necrosis factor (TNF), and protection against bone destruction associated with a 

decrease in the number of osteoclasts after 3 months of follow-up 31. When we applied 

electrical stimulation of the vagus nerve for 60 s a day using an implanted vagus 

nerve stimulator in the collagen-induced arthritis model of RA in rats, we observed 

amelioration of arthritis and decreased histological signs of synovial inflammation 

as well as cartilage damage after 7 days of stimulation 32. Taken together, activation 

of the CAP has a consistent anti-inflammatory effect in experimental models of RA.

effect of nicotine containing substances in ra patients

As discussed above, nicotine can stimulate the CAP through activation of the 

α7nAChR.  However, despite cigarette smoking being a well-defined risk factor 

for the development of RA 33-35, a beneficial effect of nicotine on experimental 

arthritis and an anti-inflammatory effect on RA FLS are observed 22, 24, 27, 28. How can 

we reconcile these data? First, it is important to note that, obviously, smoking of 

cigarettes results in exposure to many other compounds in addition to nicotine. In 

particular, in RA patients who have a specific genetic background, being positive for 

the shared epitope, smoking of cigarettes is associated with the development of 

ACPAs 35. Indeed, several studies have shown that RA patients who smoke cigarettes 

have higher disease activity compared to nonsmokers 36-38, although not all data are 

conclusive 39-41. The response to therapy in RA patients who are current smokers is 

lower in most of the longitudinal cohort studies 38, 42-45. If the negative effect of smoking 

of cigarettes is related to inhaling compounds other than nicotine, then lessons may 

be learned from the use of nicotine-containing ‘snuff’ (smokeless tobacco) in RA 

patients. Interestingly, there was lower disease activity in RA patients who used snuff 

compared to those who never smoke and previous smokers 46. Consistent with our 

hypothesis that substances in smoked tobacco other than nicotine are associated 

with increased risk of active RA in shared epitope-positive subjects, the use of snuff 

is not associated with the development of RA 33, 47. Obviously, RA patients who are 

current smokers should be advised to stop, also because of the increased risk of 

cardiovascular disease and cancer associated with smoking 48, 49. The use of snuff 

is also not harmless, because it contains carcinogenic substances and users have 

a higher risk of developing oral cancer and cardiovascular disease 46. However, the 

observations described above do support the notion that stimulation of the CAP may 

result in a beneficial effect on RA.
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activity of the parasympathetic nervous system in ra

The vagus nerve, the main component of the parasympathetic nervous system, 

is most active when the body is in a resting state, and at that time it has a dominant 

influence on breathing, heart rate and digestion. In a more active ‘flight’ state the 

sympathetic nervous system becomes dominant in controlling these basic body 

functions. The balance in the autonomic nervous system can be measured by 

measuring heart rate variability (HRV) 50. Individuals with a normal HRV are able to 

respond adequately to changes in blood pressure and breathing, and have therefore 

a well-functioning autonomic nervous system. Various observational studies have 

demonstrated that RA patients have lower vagus nerve tone shown by reduced HRV 

compared to age-matched controls 51-53. This phenomenon has also been observed 

in other autoimmune diseases, such as systemic lupus erythematosus 51, ankylosing 

spondylitis 54 and chronic inflammatory bowel diseases 55. Parasympathetic activity 

can be increased by different types of exercise, like cardiac training 56, yoga 57  

meditation 58, daily 5 minute diaphragmatic breathing 59 and possibly acupuncture 60. 

One study showed that low parasympathetic and high sympathetic activity in RA 

patients predicts a poor therapeutic response to anti-TNF therapy compared to 

RA patients with a more balanced autonomic nervous system 61. Taken together, 

these data show that chronic inflammatory diseases are associated with reduced 

parasympathetic and increased sympathetic activity. The autonomic balance could 

potentially be restored by electrical stimulation of the vagus nerve.

Vns in patients with depression or epilepsy

VNS therapy has been approved as a treatment for epilepsy in Europe in 1994 

and in the US in 1997 62; in the US, VNS has also been approved for the treatment of 

depression 63. VNS can be performed after neurosurgical implantation of a vagus 

nerve stimulator; in 2012, 100.000 vagus nerve stimulators had been implanted 64. 

The device consists of two parts: a pulse generator and a lead with electrodes. The 

pulse generator contains the battery and the stimulation system, and is positioned 

subcutaneously below the left clavicle on the pectoral muscle. It is connected to 

the left vagus nerve in the neck via the lead, with three helices at the end: one 

positive electrode, one negative electrode and an anchor tether. The three helices 

are placed around the vagus nerve to deliver the electrical pulse of the pulse 

generator (Fig. 2A-B). During surgery, the vagus nerve is electrically stimulated 

to test the impedance and functionality of the device, which can be accompanied 

by bradycardia and short-lasting asystole, which is a rare adverse event occurring 

in about 0.1% of patients; it has only been reported as a consequence of the first 
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stimulation during surgery and resolves when stimulation is stopped 65. Adverse 

events after implantation include infections of the operated area (3-6% of patients) 

and vocal cord paresis (< 1% of patients) 65.  After implantation, VNS therapy can be 

initiated starting at a low dosage of stimulation with an output current of 0.25 mA. 

The dosage is increased slowly with steps of 0.25 mA to a maximum output current 

of 3.5 mA, because toleration to the stimulation is built up with use of the VNS 

device. However, the final maximum tolerated dosage of the patient can be lower 

figure 2. Vagus nerve stimulation (Vns) from surgery to stimulation settings. 
a. Implantation of the three helices around the left vagus nerve containing a positive electrode, 
negative electrode and an anchor tether. The electrodes are connected to the lead, which is 
attached to the pulse generator. B. Marks of the implantation 6 months after the operation. 
There are two incisions made to implant the VNS device. The first horizontal incision is made 
in the neck to implant the helices around the vagus nerve, the lead is tunneled under the skin 
and connected to the pulse generator located below the left clavicle on the pectoral muscle, 
which requires the second horizontal incision. c. With a wand above the pulse generator 
and a read-out handheld computer, the settings of the pulse generator can be changed or 
stimulations can be evaluated. D. Example of stimulation settings on the handheld computer. 

a B

c D
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than 3.5 mA. Other stimulation conditions that can be selected are pulse width 

(130-1000 μsec), frequency (10-30 Hz) and duration of stimulation (7-60 s). The 

VNS settings can be changed with an external programmer and information 

about performed stimulations (compliance) can be retrieved (Fig. 2C-D). During 

electrical stimulation, > 10% of patients report hoarseness, sore throat, shortness 

of breath, and coughing, but in general the stimulation is well tolerated and these 

symptoms do not require adjustments of VNS device settings 65. Patients normally 

only experience side effects if the VNS device is activated. Epilepsy patients receive 

stimulation several times per hour (standard setting is 30 s on/5 minutes off) and 

have the option to give an additional stimulation with a magnet activation to 

prevent an upcoming seizure 66. 

early experience with Vns in ra patients

In 2011, we initiated an open pilot study on safety and efficacy of VNS in RA 

patients. The hypothesis based on preclinical studies is that VNS will have a beneficial 

effect on clinical signs and symptoms of RA. Patients were eligible for inclusion in 

the study if they were diagnosed with RA > 6 months ago according to the American 

College of Rheumatology (ACR)/The European League Against Rheumatism (EULAR) 

2010 criteria and presented with active disease, defined by the presence of at least 

four swollen joints and C-reactive protein (CRP) levels ≥7 mg/L. Patients needed to 

be on stable methotrexate treatment for at least 3 months and were not allowed to 

have failed bDMARD treatment. Exclusion criteria of the study were mainly general 

contraindications for VNS therapy (Table 1).

At the time of study initiation, we expected that it would be difficult to include 

RA patients in a study evaluating a new therapy requiring surgery. However, an 

overwhelming number of patients responded and wanted to participate in the clinical 

trial: we received around 1000 responses after publication of an article in a national 

newspaper in the Netherlands. Many patients indicated that they were interested in 

participation in the study as they preferred a minor surgical procedure over chronic 

drug therapy. They also liked the concept of restoring the natural balance in the body 

and the feeling of having more control over their disease themselves. Three of these 

patients fulfilled all inclusion and exclusion criteria, had sufficiently active disease (at 

least 4 swollen joints and CRP ≥ 7 mg/L), and were included in the pilot study at the 

Academic Medical Center (AMC) in Amsterdam. Other patients were included in the 

following centres: University Clinical Hospital, Mostar; Clinical Hospital Center Sestre 

Milosrdnice, Zagreb; and Sarajevo University Clinical Center, Sarajevo. In total, eight 

patients were included. 
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The design of the study is depicted in figure 3. Two weeks after implantation of the 

VNS device, VNS was initiated at 0.5 mA once daily (QD), and this was increased upon 

toleration by the patient up to a maximum of 2.00 mA during weekly visits. Patients 

triggered the 60-s stimulation themselves by moving a strong magnet across the pulse 

generator. In the first week at day 0, patients received their first stimulation and responses 

were evaluated 1, 2, 4, 24 hours and 4 days after stimulation. Daily home stimulation was 

initiated at day 7, and until day 21 stimulation intensity (output current) was increased 

upon toleration by the patient. At day 28, we evaluated the clinical response according 

to the EULAR criteria 67; if the patient did not fulfill the response criteria, stimulation 

frequency was increased from QD to four times daily (QID). Stimulations were continued 

until day 42 (primary endpoint) and discontinued from day 42 until day 56 for 14 days. 

At day 56, stimulation was started again at the previously set stimulation level (mA) and 

frequency (QD or QID) until day 84. After day 84, patients were enrolled in an extension 

study, during which they continued VNS therapy. The primary endpoint of the study was 

the change in DAS28(CRP) at day 42 from baseline. Fulfillment of the ACR20 response 

criteria was one of the secondary endpoints 68. There were no serious adverse events 

table 1. In- and exclusion criteria of the vagus nerve stimulation study in rheumatoid arthritis 
(RA). The exclusion criteria of the study are based on recommendations of CyberonicsTM for 
use of a Vagus Nerve Stimulation device. 

inclusion criteria

Rheumatoid arthritis of a duration of at least 6 months duration as defined by the ACR/EULAR 
classification criteria

Active disease, defined by at least four swollen joints and CRP > 7 mg/L 

Active disease, despite treatment with methotrexate at a stable dose for at least 3 months

Previous failure to respond to bDMARD therapy is not allowed, but discontinuation of bDMARD for a 
different reason is allowed

exclusion criteria

Known history of cardiac rhythm disturbances, atrioventricular block > first degree, or cardiac 
conduction pathway abnormalities

Significant pharyngeal dysfunction or swallowing difficulties

Preexisting clinically significant vocal cord damage or hoarseness

Asthma or chronic obstructive pulmonary disease not controlled by medication, or any other disease 
causing significant dyspnea

Previously implanted electrically active medical devices

History of recurrent vaso-vagal syncope episodes

History of obstructive sleep apnea

Active peptic ulcer disease
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in the first eight patients; there were 21 adverse events in seven patients, which were all 

mild or moderate. Examples of adverse events were dry throat, hoarseness, dyspnea, 

numbness of skin on neck under the jaw, and tingling in the scar area 69. The clinical data 

in a larger group of patients are currently being analyzed. 

advantages and disadvantages of Vns therapy of ra: could there 

be a place in the treatment of ra?

As described above, there is over 15 years of safety information available about 

VNS therapy in epilepsy and depression patients. The consistent preclinical data in 

experimental models of arthritis and the wide experience with the implantation of the 

device and known side effects of VNS therapy paved the way to initiate an exploratory 

clinical trial RA patients and for patients to participate. With side effects occurring 

primarily during stimulation and a frequency of stimulation much lower compared to that 

used in epilepsy, the burden of stimulation in RA was expected to be low. Stimulation was 

tolerated better every week and became part of the patients’ daily routine. A downside 

of this approach is that it requires ~1-hour surgery, which entails certain risks during and 

after the operation as described above in ‘VNS in patients’. It should also be noted that 

complete removal of the VNS system is challenging, because of the formation of fibrosis 

around the helices attached to the vagus nerve. As not all patients will respond to therapy, 

it is important for patients to consider the risk of placement and possible removal of 

the VNS device. It is, however not necessary to have the VNS device removed if the 

therapy failed, as it can also be deactivated. It is also worth mentioning that, when a VNS 

device has been implanted, magnetic resonance imaging (MRI) can only be performed 

figure 3. overview of set-up of the open pilot study to evaluate the safety and initial 
efficacy of Vns therapy in ra patients. 
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on some areas of the body with specific settings. Areas that can be imaged include the 

knee joints, ankles, and the head, but MRI of the chest is not possible when the device 

is in place as there is a risk of overheating the lead. This can also occur with the use of 

therapeutic diathermy. MRI and diathermy restrictions are lifted after complete removal 

of the VNS device, including the three helices around the vagus nerve 70. The positioning 

of VNS therapy in the treatment of RA will obviously depend on its effectiveness which 

is currently unknown. If effective, many RA patients may prefer this approach as it is 

appealing based on the concept of restoration of the natural balance in the body without 

the need for long term immunosuppressive treatment associated with possible side 

effects. It is conceivable that VNS therapy would be more cost-effective than bDMARD 

therapy. The CyberonicsTM (Houston, Texas) VNS device used in our clinical trial currently 

costs around € 9500 71 and there are of course additional costs for surgery. The VNS 

pulse generator (battery) has a life-span of around 7-10 years in epilepsy treatment, 

but because of the lower frequency of stimulation it may have a longer life-span in RA 

patients. RA therapy with bDMARD currently costs around € 15,000 per patient per 

year 72. If VNS therapy can prevent the need for bDMARD treatment, it starts to be cost-

effective after around 1-1.5 year. Taken together, VNS therapy has the potential to be a 

low-cost therapy compared to bDMARD therapy for RA patients if the therapy has a 

long-term beneficial effect.

summary and future directions 

Innovative therapies have been developed for the treatment of RA over the last 

decade, which have greatly improved disease outcome 73. However, many patients 

continue to be unresponsive to current treatment; therefore, there remains a need to 

develop new therapies. We have shown in experimental models of RA that stimulation 

of the vagus nerve or activation of the CAP consistently has an anti-inflammatory effect, 

leading to amelioration of arthritis, reduction in serum cytokine levels, and protection 

against joint destruction. Electrical VNS therapy has been applied in epilepsy and 

depression patients for > 15 years. The preclinical studies and the experience with VNS in 

other indications have paved the way for an experimental clinical trial using this approach 

in RA patients, which is currently ongoing. If successful, the advantage of this approach 

could be that it is a safe, and well-tolerated therapy, appealing to patients as it aims to 

restore the natural balance by targeting an intrinsic anti-inflammatory pathway. VNS 

therapy should not lead to immunosuppression and can therefore be combined with 

both sDMARDs and bDMARDs, nor does it have the problem of causing development of 

anti-drug antibodies. The long life-span (7-10 years) of the VNS pulse generator will make 

this approach cost-effective, if there is a prolonged therapeutic effect. 
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aBstract 

Background. Heart rate variability (HRV) is a validated method to establish autonomic 

nervous system (ANS) activity. Rheumatoid arthritis (RA) is accompanied by ANS 

imbalance. We hypothesized that ANS dysfunction may precede the development of 

RA, which would suggest that it plays a role in its etiopathogenesis.

methods. First, we assessed HRV parameters in supine (resting) and upright (active) 

position in healthy subjects (HS, n = 20), individuals at risk of developing arthritis (AR 

subjects, n = 50) and RA patients (RA, n = 20). Next, we measured resting heart rate 

(RHR), a parasympathetic HRV parameter, in an independent prospective cohort 

of AR subjects (n = 45). We also evaluated expression levels of the parasympathetic 

nicotinic acetylcholine receptor type 7 (α7nAChR) on circulating monocytes. 

findings. Both AR subjects (68 beats per minute (bpm), interquartile range (IQR) 

68-73) and RA patients (68 bpm, IQR 62-76) had a significantly higher RHR compared 

to HS (60 bpm, IQR 56-63). RHR was significantly higher at baseline in individuals 

who subsequently developed arthritis. Expression levels of α7nAChR were lower in 

AR subjects with RHR ≥ 70 bpm compared to those with RHR <70 bpm, consistent 

with reduced activity of the parasympathetic cholinergic anti-inflammatory pathway.

interpretation. These data support the notion that autonomic dysfunction precedes 

the development of RA. 

F.A.Koopman1, M.W.Tang1, J.Vermeij1, M.J. de Hair1,2, I.Y. Choi1, 

M.J.Vervoordeldonk1, D.M.Gerlag1*, J.M.Karemaker3, P.P.Tak1†

1Amsterdam Rheumatology and Immunology Center | Department of Clinical Immunology & Rheumatology, 
Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands 
2Department of Rheumatology & Clinical Immunology, University Medical Center Utrecht
3Department of Physiology, Academic Medical Center, University of Amsterdam, Amsterdam, 
the Netherlands
*Current affiliation: GlaxoSmithKline, Cambridge, United Kingdom
†Current affiliation also: University of Cambridge, Cambridge, United Kingdom; University of Ghent; 
and GlaxoSmithKline, Stevenage, United Kingdom
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introDuction

Autonomic imbalance, defined by increased heart rate (HR) and decreased 

heart rate variability (HRV), is associated with increased morbidity and mortality in 

patients with various diseases 1. Autonomic imbalance has been demonstrated in 

autoimmune diseases like rheumatoid arthritis (RA), systemic lupus erythematosus, 

ankylosing spondylitis and inflammatory bowel disease 2-4, where it has traditionally 

been considered a result of chronic inflammation. In RA, a prototypic immune-

mediated inflammatory disease, several studies demonstrated reduced activity of 

the parasympathetic nervous system (PNS), whereas others found an overactive 

sympathetic nervous system in RA patients 5, 6. HRV measurements were also shown 

to predict response to biological treatment in RA patients 7. These observations 

are relevant because activation of the PNS via stimulation of the vagus nerve and 

the nicotinic acetylcholine receptor type 7 (α7nAChR) can reduce inflammation, 

which has been termed the cholinergic anti-inflammatory pathway 8, 9. In addition 

to measurement of HRV, assessment of sympathetic nervous system (SNS)-related 

hormones, such as epinephrine and norepinephrine, is informative about autonomic 

dysfunction 10, 11. 

We postulated that autonomic dysfunction may precede the development of 

RA, which would suggest that it plays a role in the etiopathogenesis of this disease. 

Previous studies in healthy individuals have shown that decreased HRV parameters 

are associated with development of disease, such as hypertension and diabetes, as an 

independent risk factor 12. Individuals at risk of developing autoantibody positive RA 

can be identified by detection of the autoantibodies IgM-rheumatoid factor (IgM-RF) 

and anti-citrullinated protein antibodies (ACPA); the risk of developing arthritis is 

further increased by smoking, overweight and genetic factors 13, 14. Not all identified 

individuals will develop RA, but the presence of multiple serum autoantibodies 

increases the risk of developing RA in two years up to ~40% 15. Identification of 

additional risk factors is necessary to provide insight into pathogenic mechanisms 

contributing to the development of clinically manifest disease, and might also lead 

to development of preventive strategies.

To evaluate whether autonomic dysfunction might contribute to the development 

of RA rather than being the result of chronic inflammation, we measured HRV as well 

as plasma levels of (nor)epinephrine, and the expression of α7nAChR on peripheral 

blood monocytes in individuals at risk of developing RA, healthy subjects and RA 

patients. In a validation cohort, we examined the relationship between heart rate at 

baseline and development of RA after follow up.
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material s & metHoDs 

study subjects

RA patients (n = 20), healthy subjects (HS, n = 20) and individuals at risk of 

developing RA (AR subjects, n = 50) were included in a prospective observational 

study (study cohort). A sample size calculation was performed, whereby 18 subjects 

in the RA and HS group would have 80% power to detect a difference in mean 

high frequency (HF) of 14.6 assuming a standard deviation (SD) of 15 16 using a two 

group t-test with 0.05 two-sided significance level. We expected a smaller difference 

between HS and AR subjects, and RA and AR subjects, and have therefore included 

more AR subjects. AR subjects were defined as being positive for IgM-RF, ACPA or 

both, having either arthralgia, or a positive family history for RA (phase (c) + (d) or (c) 

+ (a), but without any evidence of arthritis upon standardized physical examination 

according to European League Against Rheumatism (EULAR) recommendations 17, 18. 

RA patients were classified according to the 2010 American College of Rheumatology 

and EULAR classification criteria 19 and had arthritis in at least one joint, despite a 

stable dose of methotrexate and in some patients prednisone (n = 4, median dose 

6.25 mg per day, interquartile range (IQR) 5-9.4 mg per day) for at least one month. 

HS were negative for IgM-RF and ACPA. Individuals with a history of cardiovascular 

or neurological disease, diabetes, anti-hypertensive treatment, active infection or 

use of antibiotics in the 7 days preceding study assessments were excluded. The 

study was performed according to the principles of the Declaration of Helsinki, 

approved by the institutional review board of the Academic Medical Center (AMC), 

the Netherlands (reference NL34802.018.10), and all study subjects gave written 

informed consent. 

A second, independent at risk (AR) cohort (validation cohort) was used to validate 

the results. This cohort was started at the Department of Clinical Immunology and 

Rheumatology AMC in 2005 and has been described before 20, 21. Similar in- and 

exclusion criteria were used as described above. 

study design

In the study cohort, during one single visit demographics, anthropometric data, 

smoking and alcohol status, medical history, RA medication history and current 

medication were obtained between 8.30 and 10 am, after patients had fasted for 

8 to 10 h. Continuous heart rate (HR) and blood pressure (BP) measurements were 

obtained non-invasively using finger arterial pressure waveform recording of the left 

hand by Nexfin (Edwards Lifesciences, BMEYE B.V. Amsterdam, the Netherlands), a 
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validated method to assess HRV parameters 22, 23. The recording session contained 

two parts: ten-minute period in supine (resting) position, and a ten-minute period of 

orthostatic stress in upright (active) position. Individuals were allowed to equilibrate 

to the positional change before data were collected, followed by assessment of 

RA disease activity (Disease Activity Score of 28 joints (DAS28) with erythrocyte 

sedimentation rate (ESR) 23)  and a blood draw. 

In the validation cohort we determined vital signs at yearly visits, including 

resting heart rate (RHR) in sitting position, using an automated monitor system. This 

measurement took place in non-fasting state either in the morning or the afternoon. 

analysis of heart rate variability parameters

HRV recordings were analyzed as described before 22 according to Task Force 

Guidelines 24. A period of ≥250 consecutive heart beats without interfering signals 

was selected for both positions. HRV parameter analysis is categorized into time 

and frequency domain (TD, FD) analysis. TD parameters are: HR, BP, respiratory rate 

(RR), standard deviation of all beat-to-beat intervals (SDNN) and root mean square 

of successive differences (RMSSD). RHR and SDNN are mainly influenced by the 

PNS, while in upright position the SNS becomes more active. RMSSD reflects PNS 

activity in both positions. FD parameters of the pulse interval were determined as 

described before 25 by in-house developed digital Fourier transform (DFT, Matlab, 

courtesy W.J. Stok, MSc). The FD parameter for PNS is HF (0.15-0.40 Hz) and of both 

SNS and PNS are low frequency (LF: 0.04-0.15 Hz) and LF/HF ratio. LF expressed 

in normalized units (nu) instead of ms2 shows the influence of the SNS more 

distinctly, as it is controlled for total power and very low frequency (TP and VLF) 24. 

Furthermore, gain of the baroreceptor reflex sensitivity (BRS) was calculated from 

the transfer from systolic BP to heart period in the LF-band, representing ability 

of the cardiovascular system to counteract beat-to-beat changes in BP. Overall, 

lowered vagal efferent results in lower HRV parameters, except for HR, RR and 

LF/HF ratio which increase.

measurement of norepinephrine, epinephrine and α7nachr 

expression in peripheral blood

Norepinephrine and epinephrine in peripheral blood could be measured in 16/20 

(80%) HS, 43/ 50 (86%) AR subjects and 19/20 (95%) RA patients from the study 

cohort. Fourteen AR subjects gave informed consent for additional peripheral blood 

samples to measure α7nAChR expression on monocytes. Assays are described in the 

Methods Appendix. 
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statistics

Data are presented as median with IQR. Demographic data from individuals 

enrolled in the study and validation cohorts were analyzed with non-parametric 

tests (Kruskall-Wallis test, Mann-Whitney U test) if not normally distributed or by 

parametric tests (analysis of variance (ANOVA), Student’s t-test) if normally distributed. 

Categorical demographic variables were tested using Pearson’s Chi-Square test. 

HRV parameters and SNS-related hormones were analyzed using multivariate linear 

regression analysis with following confounding factors: age, gender, body mass 

index (BMI), smoking pack years and plasma triglycerides. Confounders were chosen 

based on the literature 26 and differences between the groups in the study cohort. 

The study cohort was designed to evaluate changes in AR subjects compared to RA 

patients and HS rather than to compare RA and HS. In the validation cohort Cox’s 

proportional hazard regression analysis was performed to evaluate the association of 

RHR with arthritis development, taking follow-up time and the following potentially 

confounding factors into account: age, gender, BMI and smoking pack years. Plasma 

triglycerides were available in a subset of individuals from the validation cohort and 

these were not included as confounder. Medication was considered as confounding 

factor as well. There is no known influence of disease-modifying antirheumatic drugs 

(DMARDs), or prednisone on HRV parameters. Nonsteroidal anti-inflammatory drugs 

(NSAIDs) are known to influence the cardiovascular system 27, 28 and could therefore 

influence HRV. Adding NSAIDs as a confounder did not alter results of the study 

in either cohort, and was therefore not included in the multivariate regression 

analysis. SNS-related hormones are not influenced by DMARD or NSAID use, but 

prednisone use may lower (nor)epinephrine levels 29, 30, and prednisone was included 

as an additional confounder in the analysis of these parameters. P-values <0.05 were 

considered statistically significant. 

role of the funding source

The study was funded by the FP7 HEALTH program under grant agreement FP7-

HEALTH-F2-2012-305549 and the Dutch Arthritis Foundation grant 09-1-307. None of 

the funding sources had any role in design or conduct of the study; the collection, 

management, analysis, or interpretation of the data; or the preparation, review, or 

approval of the manuscript.



145

7

A
u

to
n

o
m

ic
 d

y
sfu

n
c

tio
n

 in
 in

d
iv

id
u

A
ls A

t r
isk

 o
f A

r
th

r
itis

C
h

a
p

t
er

results 

Demographics study cohort

Demographics of the study cohort are described in Table 1. As expected, AR 

subjects tended to be younger than RA patients. Significantly more ‘ever smoker’s’ 

and ‘smoking pack years’ were identified in AR subjects and RA patients compared 

to HS. Plasma triglyceride levels were higher in AR subjects and RA patients than 

in HS, but there was no difference in other lipid levels. RA patients had active 

disease, as defined by DAS28 above 3.2 23. The mean follow-up time of study cohort 

was 18.2 months (standard deviation (SD) 7.6 months) during 4/50 individuals (8%) 

developed arthritis.  

lower parasympathetic activity in ar subjects 

AR subjects (study cohort) had a significantly higher RHR (68 beats per minute 

(bpm)) compared to HS (60 bpm, p = 0.006), and similar RHR compared to RA patients 

(68 bpm, p = 0.38, Fig. 1A, Table 2). HR in upright position was also significantly higher 

in AR subjects than in HS (80 bpm versus 75 bpm, p = 0.045), and similar to RA patients 

(81 bpm). Elevated RHR is mainly a consequence of lower PNS (vagus tone) activity 

and elevated HR in upright position is a result of autonomic imbalance with lower 

PNS and higher SNS activity. Other HRV parameters in AR subjects were numerically 

lower compared to HS, but still higher compared to RA patients (Table 2), indicating 

that the autonomic changes in the AR subjects were not as pronounced on group 

level compared to the RA group. This would be consistent with the fact that not all 

AR subjects will develop disease. Next, we used a cut-off rate for RHR of 70 bpm, 

as previous work has shown that RHR ≥70 bpm is an undesirable prognostic sign 

for morbidity and mortality in cardiovascular studies 1. RHR was ≥70 bpm in 3/20 

(15%) of the HS, 20/50 (40%) of AR subjects and 10/20 (50%) of RA patients. When 

dichotomizing AR subjects at RHR of 70, it became clear that those with a RHR 

≥70 bpm displayed lower parasympathetic activity with significantly lower SDNN, 

RMSSD, LF (ms2), HF (ms2) and BRS in both positions. LF (nu), HF (nu), MAP, RR and 

LF/HF ratio were not altered (Table 3). 

Higher risk of arthritis development with increased heart rate at 

baseline

Having shown higher resting HR in AR subjects in the study cohort, we next 

evaluated RHR in a similar, independent validation cohort, and related RHR at 

baseline to development of arthritis. Demographics of the validation cohort 
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table 1. Demographics study cohort. 

Hs (n = 20) ar subjects (n = 50) ra (n = 20) P-value a

age (years) 49 (39-56) 47 (40-53) 56 (45-64) 0.078

female: n (%) 12 (60) 38 (76) 13 (65) 0.36

Bmi (kg/m2) 23.8 (22.7-26.5) 25.3 (22.1-27.3) 25.9 (21.9-28.3) 0.59

alcohol use: n (%) 15 (75) 27 (54) 10 (50) 0.20

current smoker: n (%) 2 (10) 14 (28) 4 (20) 0.25

ever smoker: n (%) 3 (15) 21 (42) 10 (52.6) 0.038

cigarettes/day 0 (0-0) 0 (0-3) 0 (0-0) 0.29

Pack years 0.0 (0.0-0.0) 0.0 (0.0-11) 2.5 (0.0-15.0) 0.054

total cholesterol (mmol/l) 5.3 (4.8- 6.2) 5.5 (4.7-6.3) 5.2 (4.5-5.7) 0.28

HDl (mmol/l) 1.8 (1.4-2.0) 1.6 (1.2-1.9) 1.5 (1.2-1.7) 0.31

lDl (mmol/l) 3.3 (2.6-3.8) 3.4 (2.7-4.0) 3.2 (2.7-3.7) 0.48

triglycerides (mmol/l) 0.7 (0.6-1.0) 0.9 (0.7-1.1) 1.1 (0.9-1.4) 0.032

total cholesterol/HDl ratio 3.1 (2.7-4.3) 3.5 (2.8-4.1) 3.5 (2.9-3.9) 0.71

Glucose (mmol/l) 5.0 (4.7-5.4) 5.1 (4.8-5.4) 5.1 (4.8-5.7) 0.84

rf positive: n (%) 0 (0) 31 (62) 15 (75) <0.0001

rf titer (ku/l) 3 (1-12) 92 (18-174) 217 (53-379) <0.0001

acPa positive: n (%) 0 (0) 33 (66) 16 (80) <0.0001

acPa titer (kau/l) 4 (1-5) 96 (4-512) 220 (57-1187) <0.0001

Disease duration (months) NA NA 20 (4-91)

Vas GDa (mm) NA 26 (13-53) 44 (25-70) <0.0001

tJc28 (n) 0 (0-0) 1 (0-2) 5 (3-8) <0.0001

sJc28 (n) 0 (0-0) 0 (0-0) 2 (2-4) <0.0001

esr (mm/h) 5 (2-11) 5 (2-10) 15 (9-27) <0.0001

crP (mg/l) 1.8 (1.0-2.7) 1.5 (0.8-3.9) 5.6 (1.9-10.5) 0.001

Das28 NA NA 4.32 (3.67-4.72)

nsaiDs: n (%) 0 (0) 13 (27) 10 (50) 0.001

corticosteroids: n (%) 0 (0) 0 (0) 4 (20) <0.0001

methotrexate: n (%) 0 (0) 0 (0) 15 (75) <0.0001

HcQ: n (%) 0 (0) 0 (0) 2 (10) 0.028

Abbreviations; AR: at risk, HS: healthy subjects; RA: rheumatoid arthritis; BMI: body mass index; HDL: high-
density lipoprotein; LDL: low-density lipoprotein; RF: rheumatoid factor; ACPA: anti-citrullinated protein 
antibodies; VAS GDA: visual analogue scale (range 0-100 mm) global disease activity; TJC28: tender joint 
count of 28 joints; SJC28: swollen joint count of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive 
protein; DAS28: disease activity score of 28 joints; NSAIDs: non-steroidal anti-inflammatory drugs; HCQ: 
hydroxychloroquine; NA: not applicable. 
a Analysis with non-parametric tests (Kruskall-Wallis test) if not normally distributed or parametric tests (analysis 
of variance (ANOVA)) if normally distributed. Categorical demographic variables tested using Pearson’s Chi-
Square test. Data presented as median (interquartile range) or number (percentage).
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figure 1. resting heart rate in healthy subjects, ar subjects and ra patients (a) and 
resting heart rate in ar subjects that developed arthritis after follow-up (B). 
Abbreviations; AR: at risk, HS: healthy subjects; RA: rheumatoid arthritis; bpm: beats per 
minute, *p<0.05, **p<0.01.

are shown in Appendix Table 1; 14/45 (31.1%) individuals developed arthritis after 

follow-up (31.7 months, SD 25.0 months). RHR at baseline was significantly higher 

in individuals who developed arthritis after follow up (n = 14, 73.8 vs 65.8 bpm, 

p = 0.018, Fig. 1B) compared to those who did not develop arthritis during follow 

up (n = 31). In a Cox’s regression analysis, taking follow-up time and confounders in 

consideration, RHR was associated with arthritis development over time (hazard 

ratio 1.098: 95% CI 1.012-1.191, p=0.025). Thus, these data are consistent with the 

notion that altered autonomic function precedes the development of clinically 

manifest RA.

lower α7nachr expression in ar subjects with rHr ≥70 bpm

AR subjects with RHR ≥70 bpm (n = 6) had significantly lower α7nAChR expression 

levels on peripheral blood monocytes (p = 0.013) than AR subjects with RHR <70 bpm 

(n = 8), consistent with decreased activity of the cholinergic anti-inflammatory reflex. 

Alpha-7nAChR was expressed on 47% (IQR 36.3-54.6) of monocytes in AR subjects 

with RHR ≥70 bpm, while in AR subjects with RHR <70 bpm 69.6% (IQR 64.9-73.5) of 

monocytes were positive for α7nAChR (Fig. 2). 

Hormonal changes: ar subjects have increased norepinephrine 

levels

Norepinephrine levels were higher in AR subjects compared to HS (p = 0.012), 

and there was a non-significant trend towards higher levels compared to RA patients 

(Table 4). There was no difference in epinephrine levels between the groups.

a B
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table 3. Resting heart rate (RHR) divided in < and ≥ 70 beats per minute (bpm) in AR subjects 
(study cohort). 

ar subjects
rHr < 70 bpm

ar subjects
rHr ≥ 70 bpm P-value a

Sup Upr Sup Upr Sup Upr

Time Domain

maP (mmHg) 88 (78-95) 95 (88-109) 88 (83-99) 96 (90-112) 0.71 0.80

rr (breaths/min) 14.2 (12-16.8) 14.7 (12.9-17.1) 13.1 (11.7-18.2) 13.4 (12.3-16.2) 0.89 0.50

sDnn (ms) 42.1 (33.1-62.1) 34.1 (27.6-44.9) 27.2 (21.6-37.6) 26.1 (19.3-35.5) <0.0001 <0.0001

rmssD (ms) 29.4 (20.1-53.6) 16.3 (13.5-23.4) 19.4 (13.1-31.8) 12.5 (9.7-18) <0.0001 0.002

Frequency Domain

lf (ms2) 327 (197-986) 362 (174-588) 194 (64-465) 175 (86-344) 0.003 0.012

lf (nu) 25 (17-41) 44 (27-59) 35 (21-48) 38 (31-48) 0.19 0.62

Hf (ms2) 491 (247-1210) 162 (111-316) 192 (98-407) 127 (67-231) <0.0001 0.022

Hf (nu) 41 (29-54) 26 (22-34) 43 (33-49) 32 (24-38) 0.32 0.63

lf/Hf ratio 0.71 (0.47-1.16) 1.74 (0.93-2.6) 0.87 (0.47-1.38) 1.24 (0.95-1.73) 0.12 0.68

Brs (ms/mmHg) 9.3 (6.7-15.5) 5.1 (3.6-6.1) 4.6 (3.5-6.7) 2.7 (2.1-4.4) <0.0001 <0.0001

Abbreviations; AR: at risk, RHR: resting heart rate; Sup: supine (resting) position: Upr: upright (active) position; 
bpm: beats per minute; MAP: mean arterial pressure; mmHg: millimeter of mercury; RR: respiratory rate; 
SDNN: standard deviation of the NN intervals; ms: milliseconds; RMSSD: the square root of the mean squared 
differences of successive NN intervals; LF: low frequency; nu: normalized units; HF: high frequency; BRS: 
baroreceptor reflex sensitivity.
a Multivariate linear regression analysis with age, gender, BMI, smoking pack years and plasma triglycerides as 
confounders. Data presented as median with interquartile range.

table 4. Levels of the sympathetic hormones norepinephrine and epinephrine, measured in 
venous blood samples of the study cohort.

Hs ar subjects ra b

P-value a

HS vs at risk
P-value a

at risk vs RA

norepinephrine (nmol/l) 2.15 (1.55-2.60) 3.02 (2.42-4.20) 2.41 (1.43-2.89) 0.012 0.056

epinephrine (nmol/l) 0.14 (0.06-0.17) 0.16 (0.05-0.24) 0.17 (0.03-0.35) 0.43 0.33

Abbreviations; AR: at risk, HS: healthy subjects; RA: rheumatoid arthritis; nmol/L: nanomoles/Liter
a Multivariate linear regression analysis using age, gender, BMI, smoking pack years, plasma triglycerides and 
prednisone use as confounding factors. Data presented as median with interquartile range.
b Levels of sympathetic hormones with and without prednisone use in RA patients are as follows (median with 
interquartile range): norepinephrine 1.57 (1.18-1.94) vs 2.45 (1.53-4.38) nmol/L; epinephrine 0.03 (0.03-0.10) vs 
0.26 (0.10-0.41) nmol/L. 
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lower parasympathetic activity in established ra patients 

RA patients had significantly higher HR in both positions (supine: p = 0.002, 

upright: p = 0.010) compared to HS, indicating less PNS activity. SDNN, RMSSD, 

HF and BRS were all lower in RA compared to HS (Table 2 and Appendix Table 2) in 

upright position. LF (ms2) was significantly lower in RA patients compared to HS 

and AR subjects in upright position, but evaluating LF (nu) did not show significant 

changes. 

Discussion

Results presented here show lower parasympathetic activity, as revealed by 

lower HRV and elevated RHR in AR subjects and RA patients compared to healthy 

subjects. Decreased vagus nerve tone was similar in AR subjects and established RA 

patients. In a similar, independent validation cohort RHR was significantly higher in 

individuals who subsequently developed arthritis. AR subjects with RHR ≥70 bpm 

demonstrate lower α7nAChR levels on peripheral monocytes than AR subjects with 

RHR <70 bpm. Furthermore, the sympathetic hormone norepinephrine is elevated 

in AR subjects. Taken together, these prospective observational studies indicate 

an altered autonomic function preceding the development of clinically manifest 

disease, which could therefore be part of the pathogenesis of RA development. 

figure 2. expression levels of the parasympathetic receptor, nicotinic acetylcholine 
receptor type 7 (α7nachr) on peripheral blood cD14+ monocytes ar subjects with 
resting heart rate < and ≥70 bpm.  
Abbreviations; AR: at risk, RHR: resting heart rate, bpm: beats per minute, *p<0.05.
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In the resting state, HR is mostly under inhibitory control by the PNS, while in 

active, upright position the SNS becomes more active to the vasculature and their 

balance regulates appropriate HR increase 26. Elevated RHR in AR subjects and RA 

patients clearly indicates lower parasympathetic activity compared to HS. HRV 

parameters are dependent on HR; e.g. increased HR results in decreased HRV 

parameters 31. Elevated RHR (≥70 bpm) is therefore accompanied by significantly 

lower HRV parasympathetic parameters in both positions. Increased RHR at baseline 

was associated with subsequent arthritis development, as we could show in an 

independent cohort of individuals at risk of RA. 

Expression levels of the parasympathetic receptor α7nAChR on peripheral blood 

monocytes could be evaluated in a subset of AR subjects. Expression levels were 

significantly decreased in individuals with RHR ≥70 bpm compared to those with RHR 

<70 bpm. Alpha-7nAChR is expressed on many different immune cells 6; it is currently 

not known how expression levels are regulated. Binding of acetylcholine, produced 

by the vagus nerve (PNS) and immune cells, to α7nAChR has an immunosuppressive 

effect 32. Decreased levels of α7nAChR are in line with reduced activity of the cholinergic 

anti-inflammatory reflex preceding the development of clinically manifest RA. 

Levels of the sympathomimetic hormone norepinephrine were significantly 

increased in AR subjects compared to HS, and there was a trend towards higher 

levels compared to RA patients. Norepinephrine levels in peripheral blood depend 

on release, turn over and clearance, and may with care be interpreted as an estimate 

of overall sympathetic activity 5. Norepinephrine levels in established RA have been 

reported to be increased 10, 11 or similar compared to HS 33, 34. The role of increased 

norepinephrine levels in AR subjects is not clear. Catecholamine depletion before 

onset of arthritis in animal models of RA has an anti-inflammatory effect, suggesting 

that catecholamines may promote the immune response before onset of disease 6. 

In our study norepinephrine levels are relatively low, which could result in activation 

of the alpha adrenergic receptor types (α-AR), mainly expressed on innate immune 

cells 6. Activation of α-AR could result in a more pro-inflammatory status, but data are 

limited 6. Epinephrine levels tend to be lower 10, 11 in RA compared to healthy controls 

or show similar levels 34, 35. In our study we did not find differences in epinephrine 

levels between the groups. 

Several studies have evaluated the autonomic balance in established RA patients 

and demonstrated autonomic changes using various HRV parameters 2, 16, 36, 37. Most 

of these studies did not adjust for confounding factors of HRV parameters with 

multivariable analysis, despite known influence of confounders, such as age and sex 

identified in large cohorts 26. In our study PNS activity was attenuated in RA patients 
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compared to HS, as HR was significantly higher in both positions. As a result, other 

HRV parameters were lowered, but only statistically significant in active position. LF 

(nu) as a more distinct parameter of the SNS was higher in RA patients at rest, but the 

difference did not reach statistical significance. Overall, these findings are consistent 

with decreased parasympathetic activity in RA patients with little indication of an 

overactive sympathetic system, which is in line with the literature 5. 

A limitation of this study is that continuous BP and HR measurements were only 

available in the study cohort. However, automated BP and HR measurements are 

also used in other studies and we were able to show excellent correlation between 

continuous and automated BP and HR measurements in the study cohort (Pearson’s 

test r = 0.78, p < 0.001), indicating that single BP and HR measurement provide reliable 

data. Finally, we did not investigate the level of physical activity or chronic stress in 

the study subjects, which could have provided interesting information with regard to 

the cause of the decreased vagus nerve activity.

Data presented here are consistent with a pathogenic role of the autonomic 

nervous system in the development of RA. Could these findings help to develop 

preventive strategies? It is tempting to speculate that decreasing RHR by for instance 

exercise or meditation 38-40 could reduce the risk of transition of preclinical RA to 

clinically manifest RA. Alternatively, a bioelectronics approach aimed at stimulation 

of the vagus nerve might be explored as a preventive intervention in subjects at high 

risk of developing RA 32. Clearly, the possible value of such interventions needs to be 

demonstrated in future studies.  

In conclusion, we have found that autonomic imbalance precedes the 

development of established RA, which could also be relevant for other immune-

mediated inflammatory diseases. This work supports the rationale for future studies 

on measures aimed at prevention of RA by restoring the balance in the nervous 

system before arthritis develops.
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Blood sampling and laboratory measurements

Blood taken for the hormonal measurements was immediately stored on ice 

(+4 degrees) to stabilize the hormones. Additionally, an EGTA/glutathione tube was 

used for blood draw to specifically stabilize epinephrine and norepinephrine. Within 

30 minutes, all tubes for hormonal measurements were centrifuged, aliquotted and 

stored at -80 degrees. High performance liquid chromatographic (HPLC) was used 

to determine (nor)epinephrine with a detection limit of 0.05 nmol/L. 

Blood tubes drawn for general laboratory measurements were kept at room 

temperature and were measured using standard laboratory techniques. General 

laboratory measurements included total cholesterol (mmol/L), high-density 

lipoprotein (HDL, mmol/L), low-density lipoprotein (LDL, mmol/L), Triglycerides 

(mmol/L), Glucose (mmol/L), erythrocyte sedimentation rate (ESR, mm/Hr), 

C-reactive protein (CRP, mg/L) IgM-RF was measured using IgM-RF ELISA (Hycor 

Biomedical, Indianapolis, Indiana, USA (ULN 49 IU/ml)). ACPA was measured using 

anti-CCP2 ELISA CCPlus (Eurodiagnostica, Nijmegen, the Netherlands (ULN 25 kAU/l)). 

Peripheral blood mononuclear cells (PBMCs) were isolated using gradient 

centrifugation with Lymphoprep (Axis-Shield PoC As). Monocytes (CD14+) were 

isolated from PBMCs by positive selection using MACS (Miltenyi Biotec) according to 

the manufacturer’s protocol and labelled with the following anti-human antibodies; 

CD14-APC (BD Pharmingen) and FITC-labelled α-bungarotoxin (Sigma), which 

specifically binds to α7nAChR. Monocytes were incubated with these antibodies 

for 30 minutes at 4 degrees and measured by flow cytometry (FACS Caliber, BD). 

Results were analysed with FlowJo software (version 7.6.1, Tree Star Inc), calculating 

the percentage of α7nAChR+ CD14+ monocytes as percentage of the total number 

of CD14+ monocytes.
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appendix table 1. Demographics validation cohort of AR subjects.  

arthritis Developed  
(n = 14)

no arthritis Developed  
(n = 31) P-value a

age (years) 49 (43-55) 46 (35-53) 0.36

female: n (%) 10 (71) 22 (71) 0.98

Bmi (kg/m2) 27 (26-28) 25(23-31) 0.15

alcohol use: n (%) 7 (54) 22 (71) 0.27

current smoker: n (%) 4 (29) 10 (53) 0.70

ever smoker: n (%) 12 (86) 20 (65) 0.15

cigarettes/day 0 (0-5) 0 (0-7) 0.82

Pack years 12 (7-18) 3 (0-19) 0.11

rf positive: n (%) 8 (57) 18 (58) 0.95

rf titer (ku/l) 24 (5-171) 33 (3-76) 0.86

acPa positive: n (%) 11 (79) 19 (61) 0.26

acPa titer (kau/l) 452 (32-774) 32 (3-576) 0.15

Vas GDa (mm) 47 (12-72) 20 (5-47) 0.06

tJc28 (n) 1 (0-1) 0 (0-2) 0.44

sJc28 (n) 0 (0-0) 0 (0-0) 1.00

esr (mm/Hr) 8 (5-16) 7 (2-15) 0.28

crP (mg/l) 3.4 (2-6) 1.6 (1-4) 0.09

nsaiDs: n (%) 3 (21) 11 (36) 0.31

Abbreviations; AR: at risk, BMI: body mass index; RF: rheumatoid factor; ACPA: anti-citrullinated protein 
antibodies; VAS GDA: visual analogue scale (range 0-100 mm) global disease activity; TJC28: tender joint count 
of 28 joints; SJC28: swollen joint count of 28 joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; 
NSAIDs: Non-steroidal anti-inflammatory drugs.
a Analysis with Mann-Whitney U test if not normally distributed or by student’s t-test if normally distributed. 
Categorical demographic variables were tested using Pearson’s Chi-Square test. Data presented as median 
(interquartile range) or number (percentage). 
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appendix table 2. HRV parameters in supine (Sup, resting) and upright (Upr, active) position 
in healthy subjects (HS) and rheumatoid arthritis (RA) patients in the study cohort, measured 
by continuous heart rate and blood pressure recordings. 

Hs ra P-value a

Sup Upr Sup Upr Sup Upr

Time Domain

Heart rate (bpm) 60 (56-63) 75 (67-79) 68 (62-76) 81 (74-92) 0.002 0.010

maP (mmHg) 85 (79-95) 95 (89-100) 88 (79-95) 101 (87-105) 0.52 0.60

rr (breaths/min) 14 (12-17) 13 (12-16) 15 (11-17) 16 (14-18) 0.56 0.058

sDnn (ms) 36 (30-46) 38 (33-42) 26 (20-39) 26 (19-32) 0.10 0.019

rmssD (ms) 23 (20-45) 17 (13-22) 21 (16-35) 11 (10-15) 0.15 0.002

Frequency Domain

lf (ms2) 355 (212-492) 385 (161-827) 154 (113-296) 113 (71-186) 0.42 0.013

lf (nu) 31 (22-45) 44 (26-59) 39 (27-45) 37 (27-44) 0.14 0.64

Hf (ms2) 286 (177-987) 181 (91-355) 158 (124-301) 126 (60-166) 0.11 0.051

Hf (nu) 41 (25-53) 25 (16-36) 46 (31-55) 31 (21-36) 0.71 0.61

lf/Hf ratio 0.7 (0.5-1.6) 1.6 (1.1-3.0) 0.9 (0.4-1.5) 1.1 (0.7-1.7) 0.26 0.51

Brs (ms/mmHg) 8.4 (5.6-12.1) 4.5 (3.5-7.4) 5.9 (4.2-7.9) 3.1 (2.5-3.7) 0.38 0.046

Abbreviations; HS: healthy subjects; RA: rheumatoid arthritis; Sup: supine (resting) position: Upr: upright 
(active) position; bpm: beats per minute; MAP: mean arterial pressure; mmHg: millimeter of mercury; RR: 
respiratory rate; SDNN: standard deviation of the NN intervals; ms: milliseconds; RMSSD: the square root of 
the mean squared differences of successive NN intervals; LF: low frequency; nu: normalized units; HF: high 
frequency; BRS: baroreceptor reflex sensitivity; ms/mmHg: milliseconds per millimeter of mercury.
a Analysis with multivariate linear regression analysis with the following confounding factors: age, gender, BMI, 
smoking pack years and plasma triglycerides. Data presented as median with interquartile range. 
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aBstract 

Rheumatoid arthritis (RA) is a heterogeneous, prevalent, chronic autoimmune 

disease characterized by painful swollen joints and significant disabilities. 

Symptomatic relief can be achieved in up to 50% of patients using biological agents 

that inhibit tumor necrosis factor (TNF) or other mechanisms of action, but there are 

no universally effective therapies. Recent advances in basic and preclinical science 

reveal that reflex neural circuits inhibit the production of cytokines and inflammation 

in animal models. One well-characterized cytokine-inhibiting mechanism, termed 

the ‘inflammatory reflex,’ is dependent upon vagus nerve signals that inhibit cytokine 

production and attenuate experimental arthritis severity in mice and rats. It previously 

was unknown whether directly stimulating the inflammatory reflex in humans inhibits 

TNF production. Here we show that an implantable vagus nerve-stimulating device 

in epilepsy patients inhibits peripheral blood production of TNF, IL-1β, and IL-6. Vagus 

nerve stimulation (up to four times daily) in RA patients significantly inhibited TNF 

production for up to 84 d. Moreover, RA disease severity, as measured by standardized 

clinical composite scores, improved significantly. Together, these results establish that 

vagus nerve stimulation targeting the inflammatory reflex modulates TNF production 

and reduces inflammation in humans. These findings suggest that it is possible to use 

mechanism-based neuromodulating devices in the experimental therapy of RA and 

possibly other autoimmune and autoinflammatory diseases.  

Frieda A. Koopman a, Sangeeta S. Chavan b, Sanda Miljko c, Simeon Grazio d, 

Sekib Sokolovic e, P. Richard Schuurman f, Ashesh D. Mehta g, Yaakov A. Levine h, 

Michael Faltys h, Ralph Zitnik h, Kevin J. Tracey b, and Paul P. Tak a,1

a Amsterdam Rheumatology and Immunology Center, Department of Clinical Immunology & Rheumatology, 
Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands
b Laboratory of Biomedical Science, Feinstein Institute for Medical Research, Manhasset, NY, USA
c University Clinical Hospital, Mostar, Bosnia and Herzegovina
d Clinical Hospital Center Sestre Milosrdnice, Zagreb, Croatia
e Sarajevo University Clinical Center, Sarajevo, Bosnia and Herzegovina
f Department of Neurosurgery, Academic Medical Center, University of Amsterdam, Amsterdam, 
The Netherlands 
g Department of Neurosurgery, Hofstra Northwell School of Medicine, Manhasset, NY USA
h SetPoint Medical Corporation, Valencia, California, USA
1 Currently also: University of Cambridge, Cambridge, U.K.; Ghent University, Ghent, Belgium; 
and GlaxoSmithKline, Stevenage, U.K.
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introDuction

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by 

synovial inflammation in the musculoskeletal joints resulting in cartilage degradation 

and bone destruction with consequent disability 1. The prevalence exceeds 1.3 million 

adult cases in the United States, with attributable medical costs estimated between 

$19-39 billion 2, 3. Standard therapies include glucocorticoids, methotrexate, 

monoclonal antibodies, and other pharmacological agents targeting inflammatory 

mechanisms 4. Despite these treatment options, many RA patients fail to respond, 

instead persisting with poor health, shortened life span, and significant impairments 

in quality of life affecting work, leisure, and social functions 5, 6. Thus, there remains a 

significant need for alternative therapeutic approaches.

Recent advances at the intersection of immunology and neuroscience reveal reflex 

neural circuit mechanisms regulating innate and adaptive immunity 7, 8. One well-

characterized reflex circuit, termed the ‘inflammatory reflex,’ is defined by signals 

that travel in the vagus nerve to inhibit monocyte and macrophage production of 

tumor necrosis factor (TNF) and other cytokines 7. Electrical stimulation of the vagus 

nerve in animals (e.g. mouse, rat, and dog) stimulates choline acetyltransferase-

positive T cells to secrete acetylcholine in spleen and other tissues 9. Acetylcholine is 

the cognate ligand for α-7 nicotinic acetylcholine receptors (α7nAChR) expressed on 

cytokine-producing monocytes, macrophages, and stromal cells 7, 10, 11. Ligand binding 

inhibits the nuclear translocation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB), and inhibits inflammasome activation in macrophages 

activated by exposure to lipopolysaccharide (LPS), other Toll-like receptor (TLR) 

ligands, and other proinflammatory stimulating factors 12, 13. 

Inflammatory reflex signaling, which is enhanced by electrically stimulating the 

vagus nerve, significantly reduces cytokine production and attenuates disease 

severity in experimental models of endotoxemia, sepsis, colitis, and other preclinical 

animal models of inflammatory syndromes 7, 8, 14-16. In experimental collagen-induced 

arthritis, vagotomy or selective disruption of α7nAChR worsened disease severity, 

and administration of nicotine or other selective α7nAChR agonists, ameliorated 

disease severity 17, 18. Vagus nerve stimulation delivered once daily for 60 s with an 

implanted device attenuated joint swelling, inhibited cytokine production, and 

conferred significant protection against synovitis and periarticular bone erosions 19, 20. 

Accordingly, we reasoned that it might be possible to modulate cytokine levels and 

inflammation using an active implantable medical device in humans 20. 
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Vagus nerve-stimulating devices have been used for decades in patients with 

refractory epilepsy and have been used more recently in patients with depression. 

These devices have been implanted in more than 100,000 patients, are relatively 

well tolerated, and have not been associated with immunosuppression or long-term 

complications 21, 22. We implanted a cohort of epilepsy patients with a vagus nerve-

stimulating device and observed that transient delivery of electrical current during 

general anesthesia significantly inhibited TNF production in peripheral blood 

monocytes. A subsequent study of 17 RA patients in an 84-d open label trial also 

revealed significantly decreased TNF production and significantly improved clinical 

signs and symptoms of disease. 

results 

To determine whether vagus nerve stimulation inhibits TNF production in humans, 

we studied seven epilepsy patients (five male, two female; mean age 35 y [range 

25-43y]) who were implanted with a vagus nerve-stimulating device using a coiled cuff 

electrode (Cyberonics) on the left cervical vagus nerve. These patients had no history of 

inflammatory or autoimmune disorders. Peripheral blood was collected before, during, 

and after vagus nerve stimulator implantation surgery. Endotoxin was added to the whole 

blood to stimulate the production of TNF by monocytes for 4 h 13, 23. The application of 

current-controlled electrical pulses (single 30-s stimulation at 1.0-mA output current, 

20-Hz pulse frequency, 500-μs pulse duration) significantly inhibited whole-blood TNF 

production compared with baseline levels before electrical stimulation (Fig. 1A). The 

inhibition of TNF release following vagus nerve stimulation during general anesthesia 

cannot be attributed to a placebo effect, because the subjects were unconscious and 

were not aware of the nerve stimulation. Whole-blood production of interleukin (IL)-6 

and IL-1β was also inhibited significantly by vagus nerve stimulation (Fig. 1B-C). To our 

knowledge, this is the first report that the delivery of electric current applied directly 

on the cervical vagus nerve to stimulate the inflammatory reflex inhibits the endotoxin-

induced release of TNF, IL-1β, and IL-6 in humans. 

We next studied the effects of vagus nerve stimulation in patients with RA. At 

enrollment the 18 study patients had active disease, with at least four tender and four 

swollen joints (of a 28-joint count), despite methotrexate therapy for at least 3 mo on a 

stable dose. One patient from cohort I, who fulfilled American College of Rheumatology 

(ACR)/European League Against Rheumatism (EULAR) classification for RA, was later 

diagnosed with Whipple disease and was excluded from the efficacy analysis. This 

patient is included in the baseline patient characteristics (Table 1) and adverse-event 
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table 1. RA Patient Baseline Demographics, Medication History and Disease Severity

Demographics cohort i cohort ii combined

Total, n 8 10 18

Enrollment by country

Bosnia 3 0 3

Croatia 2 0 2

The Netherlands 3 10 13

Mean age in years (range) 55 (36-69) 48 (36-56) 51 (36-69)

Sex, % female 50 100 78

Ethnicity, % Caucasian 88 100 94

Mean no. of years since RA diagnosis (SD) 9.9 (5.7) 11.8 (6.3) 11.0 (5.9)

No. rheumatoid factor-positive patients (%) 7 (88) 5 (50) 12 (67)

No. anti-citrullinated peptide Ab+ patients (%) 6 (75) 6 (60) 12 (67)

No. patients receiving prior nonbiologic 
disease-modifying antirheumatic drugs (%)

0 drugs 1 (13) 1 (10) 2 (11)

1 drug 2 (25) 3 (30) 5 (28)

2 drugs 2 (25) 2 (20) 4 (22)

3 or more drugs 3 (37) 4 (40)  7 (39)

No. patients receiving prior biologic disease-
modifying antirheumatic drugs (%)

0 drugs 3 (38) 0 3 (17)

1 drug 4 (50) 0 4 (22)

2 drugs 1 (12) 0 1 (6)

3 drugs 0 3 (30) 3 (17)

4 drugs 0 4 (40) 4 (22)

5 drugs 0 2 (20) 2 (11)

6 drugs 0 1 (10) 1 (6)

DAS28-CRP (SD) 6.05 (0.87) 5.94 (0.72) 5.99 (0.77)

High-sensitivity CRP, mg/L (SD) 17.5 (10.0) 17.5 (18.5) 17.5 (14.9)

data (Table S1). The RA patients with active disease were studied in two cohorts. Cohort I 

(n = 7) included patients with active disease despite therapy with methotrexate. They 

had never received a biological TNF antagonist or had previously failed treatment with 

TNF antagonists because of drug toxicity. Cohort II (n = 10) included patients who had 

failed conventional therapy with methotrexate and also had failed treatment with at 

least two biological agents differing in mechanisms of action (e.g., anti-TNF, anti-IL-6 

receptor, anti-CD20 antibodies, and/or T-cell costimulation inhibitor). There were no 
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deaths, serious adverse events, withdrawals from the study because of adverse events, 

or infections in either cohort. In agreement with known risks of the procedure, nine 

patients experienced mild or moderate adverse events associated with implanting the 

vagus nerve stimulator on the left cervical vagus nerve (Table S1).

The study design schematic is shown in Fig. 2A. The vagus nerve was stimulated 

during surgery (day -14) to measure electrode impedance and to verify device 

function. During the 14-d post-operative recovery period (day -14 to day 0), the 

device was turned off, and no current was delivered to the vagus nerve. On the 

first treatment day (study day 0), patients received a single 60-s stimulation with 

electric current pulses of 250-μs duration at 10 Hz and an output current between 

0.25-2.0 mA, as tolerated. No further stimulation was delivered for 7 d. On study day 7, 

the output current was adjusted to the highest amperage tolerated, up to 2.0 mA; this 

level of current was subsequently delivered once daily for 60 s in 250-μs pulse widths 

at 10 Hz. Current escalation up to the highest tolerated amperage (up to 2.0 mA) was 

repeated weekly until day 28. At that visit the frequency of daily stimulation events 

was increased to four times daily in patients who had not achieved a moderate or 

good clinical response according to EULAR criteria 24. On Day 28, the output current 

delivered was comparable in both cohorts: cohort I output current was 1.29 ± 0.37 mA 
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Figure 1A

fig. 1. inflammatory reflex activation reduces whole-blood lPs-induced tnf production 
in epilepsy patients. Electrical stimulation of the vagus nerve in humans inhibits whole-
blood LPS-induced TNF release. Blood was obtained from epilepsy patients (n = 7) undergoing 
implantation of a vagus nerve-stimulation device at different time points;  before anesthesia 
induction and before vagus nerve stimulation; after anesthesia induction and before vagus 
nerve stimulation (pre-VNS); and 4 h after vagus nerve stimulation (post-VNS). Whole blood 
was incubated with LPS and TNF (a), IL-6 (B), and IL-1β (c) levels in plasma were determined 
after 4 h in culture. The significance of the differences between mean values at each time point 
was tested by unpaired ANOVA (*p < 0.05, **p < 0.01). Data are shown as mean ± SEM.
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Figure 2E

fig. 2. the effects of inflammatory reflex activation effects on whole-blood lPs-induced tnf 
production and disease activity in ra patients. a. Schematic of RA study design. D-21 to D84 
indicate study visit days. The stimulation schedule and timing of assessments are shown. B. Mean 
LPS-induced TNF production in the combined RA cohort (n = 17) at study days -21, 0, 42, 56, and 84; 
visit means are designated by bars, and error bars indicate SEM. Differences in means were tested 
for significance by paired t test: *p < 0.05 vs. d -21; +p < 0.01 vs. d 0; ^p < 0.01 vs. d 42; #  p < 0.01 vs. 
day 56. c. The mean change in DAS28-CRP from baseline by study visit day for cohort I (patients 
failing methotrexate treatment), cohort II (patients failing treatment by multiple biologic agents), 
and combined cohorts. The significance of the mean change by paired t tests between visits is 
shown: *p < 0.05 vs. d -21; //p < 0.01 vs. d -21; +p < 0.001 vs. d -21; # p < 0.001 vs. d 42; ^p < 0.05 vs. d 42. 
D. Linear regression analysis comparing the changes in DAS28-CRP and the percent change in 
TNF release from study day -21 measured at each individual visit for each patient in the combined 
cohort. Changes in DAS28-CRP and TNF release are significantly correlated by Pearson’s test 
(r  =  0.384, p  <  0.0001). e. Mean change in the DAS28-CRP and mean LPS-induced TNF release 
over time by study visit day. Changes in the DAS28-CRP and TNF release follow a similar temporal 
pattern in response to initial stimulation, stimulation withdrawal, and stimulation reinitiation.
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(mean ± SD); cohort II output current was 1.60 ± 0.36 mA. In cohort I, two of seven 

patients received electric current pulses four times daily. In cohort II, six of ten 

patients received electric current pulses four times daily. 

We observed that TNF production in cultured peripheral blood obtained from 

the combined RA study cohort on day 42 was significantly reduced from baseline 

day -21 (TNF = 2,900 ± 566 pg/mL on day -21 vs. 1,776 ± 342 pg/mL on day 42, p < 0.05) 

(Fig. 2B). On day 42 the vagus nerve stimulator was turned off. After a 14-d hiatus, 

it was restarted on day 56, and patients were followed through day 84. After the 

vagus nerve stimulator was turned off, TNF production increased significantly by 

day 56; when the stimulator was turned on again, TNF production again decreased 

significantly by day 84 (1,776 ± 342 pg/mL on day 42 vs. 2,617 ± 342 pg/mL on day 56 

and 1,975 ± 407 pg/mL on day 84, p < 0.01 for both). This finding indicates that active 

electrical stimulation of the vagus nerve inhibits TNF production in patients with RA.

RA signs and symptoms are measured using a standard disease activity composite 

score (the 28-joint C-reactive protein (CRP)-based disease activity score, DAS28-

CRP) derived from counting swollen joints and tender joints, a patient-defined 

visual analog score of disease activity, and serum CRP levels 25. We observed that 

DAS28-CRP values at day 42 were significantly improved (i.e., lower) from baseline 

day -21 in the combined cohorts (DAS28-CRP = 6.05 ± 0.18 on day -21 vs. 4.16 ± 0.39 

on day 42, p < 0.001), when the device was delivering current (Fig. 2C). Within days 

after receiving electrical stimulation of the vagus nerve, the DAS28-CRP improved 

significantly in some patients (Fig. S1). When the device was turned off (at day 42), the 

DAS28-CRP increased significantly within 14 d (4.16 ± 0.39 on day 42 vs. 4.96 ± 0.31 on 

day 56, p = 0.001). Restarting the device (day 56) significantly reduced the DAS28-CRP 

(Fig. 2C). Linear regression analysis comparing the mean change in the DAS28-CRP 

and the percentage change in TNF release from baseline day -21 to day 42 revealed a 

highly significant correlation (r = 0.384, p < 0.0001) (Fig. 2D). The temporal pattern of 

TNF production in the combined cohort correlated with DAS28-CRP (Fig. 2E). 

We assessed the fraction of patients who improved from baseline to achieve 

ACR 20%, 50%, and 70% clinical responses and also the number of patients who 

improved from baseline sufficiently to meet the definition for EULAR response and 

remission. The ACR response is defined as the percentage improvement in disease 

activity between two time points (ACR20 is ≥ 20%, ACR 50 is ≥ 50% and ACR70 is 

≥ 70% improvement). The EULAR response depends on the change in the DAS28-CRP 

and the absolute level achieved after treatment 24. As shown in Fig. S2, the ACR and 

EULAR response criteria were fulfilled in a large subset of patients in both cohorts. 

At the primary endpoint (day 42) the percentages of patients fulfilling the ACR 
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response criteria for 20%, 50%, and 70% improvement were 71.4%, 57.1%, and 28.6%, 

respectively, for cohort I and were 70.0%, 30.0%, and 0.0%, respectively, for cohort II. 

The percentages of patients achieving DAS28 remission (DAS28-CRP <2.6) on day 42 

in cohorts I and II were 28.6% and 0.0%, respectively. Improvement was observed in 

all constituent components of the composite end points (tender joint count, swollen 

joint count, patient’s assessment of pain, patient’s global assessment, physician’s 

global assessment, and CRP (Table S2). Together, these data indicate that vagus nerve 

stimulation inhibits TNF and significantly attenuates RA disease severity.

We measured a panel of serum cytokines to assess further the mechanisms of this 

experimental therapeutic intervention. Most, including serum TNF, IL-10, IL-12p70, 

IL-13, IL-1α, IL-1β, IL-2, IL-4, IL-5, and TNF-β, were below 1 pg/mL (unreliable limits 

of detection). Serum IL-6 levels in subjects who improved by EULAR criteria were 

significantly decreased compared with subjects who failed to improve: IL-6 levels 

were 15.4 ± 2.4 pg/mL in nonresponders (n = 5) vs. 5.0 ± 1.4 pg/mL in responders 

(n = 12) (p = 0.001) (Fig. 3A). Decreased IL-6 levels in the patients who responded to 

therapy correlated with improvement in disease severity between day -21 and day 42 

(r = 0.707, p = 0.002) (Fig. 3B).  The IL-6 responses are specific, because IL-8 and IL-17 

levels did not change significantly (IL-8: 25.6 ± 9.1 pg/mL in nonresponders (n = 5) 

vs. 13.7 ± 1.7 pg/mL in responders (n = 12), p = 0.29 (Fig. 3C); IL-17: 2.8 ± 1.1 pg/mL in 

nonresponders (n = 5) vs. 1.8 ± 0.2 pg/mL in responders (n = 12), p = 0.18 (Fig. 3E) and 

did not correlate to clinical response (Fig. 3D and F).  

Discussion 

To our knowledge, this study is the first to assess whether stimulating the 

inflammatory reflex by directly implanting an electronic device modulates TNF 

and other cytokines in humans. Historically the development of electrically active 

implantable medical devices has been primarily empiric, based upon observing effects 

of devices that deliver electrical current to depolarize neuronal or cardiac tissue. 

Absent appropriate biomarkers or mechanistic understanding, it has been difficult 

or impossible to develop or optimize the device parameters for current delivery, 

physiological effect in the targeted organ system, and clinical efficacy. Direct and 

accessible surrogate molecular markers of disease mechanism targeted by active 

implantable medical devices are uncommon. The discovery of the inflammatory 

reflex affords a unique opportunity for developing a neuromodulating device to 

regulate immune cell function by targeting a neural pathway that regulates cytokine 

production, a surrogate marker of molecular mechanism 26. 
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fig. 3. modulation of serum cytokines. Serum for each patient in the combined cohort 
was analyzed for multiple analytes at day 42. a, c, and e. Individual patient values for EULAR 
nonresponders and responders are shown for IL-6 (a), IL-8 (c), and IL-17 (e) levels. The 
significance of differences between mean values at each time point was tested by unpaired 
t tests (** p < 0.01). Horizontal bars indicate mean ± SEM. B, D, and f. Linear regression 
analysis comparing analyte level at day 42 to the change in the DAS28-CRP from study day -21 
to day 42. The change in the DAS28-CRP is significantly correlated to IL-6 release (r = 0.707, 
p  = 0.002) (B), but not to IL-8 release (r = 0.261, p = 0.31) (D) or IL-17 release (r = 0.384, 
p = 0.07) (f).

a B

c D

e f

RA patients in cohort I are in early stages of disease not responding to therapy 

with methotrexate. These patients are frequently candidates for subsequent therapy 

with a biological agent that inhibits TNF.  Cohort II patients are in later stages of 

disease, having failed multiple biological disease-modifying antirheumatic drugs. 
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After electrical stimulation of the vagus nerve the DAS28-CRP improved significantly 

in both cohorts, and withdrawal of treatment significantly worsened the severity of 

disease. Reactivating the device on day 56 restored significant clinical improvement. 

The clinical responses were accompanied by significant reductions in TNF release 

during periods of disease remission and significant increases in TNF release during 

disease exacerbation. A large body of preclinical evidence has delineated the 

molecular and physiological mechanisms of the inflammatory reflex modulating TNF, 

IL-6, HMGB1, and other cytokines 7-10, 12-20. The molecular mechanisms of cytokine 

inhibition implicate acetylcholine derived from T
ChAt 

cells, the subset of choline 

acetyltransferase-positive T cells that we identified in the inflammatory reflex 9. In 

future clinical trials it should be interesting to study whether T
ChAt 

cells participate in 

mediating anti-inflammatory reflex mechanisms.

Vagus nerve stimulation has been used to treat medically refractory epilepsy 

in more than 100,000 patients, and it is generally well tolerated 21, 22. The adverse 

events reported here were mild to moderate in severity and were comparable 

in type and frequency to those seen in prior studies of vagus nerve stimulation 

therapy in epilepsy patients. These adverse events included transient hoarseness, 

postoperative hoarseness from neuropraxis, and transient intraoperative 

bradycardia during surgery. None of the patients developed infection. Larger clinical 

trials can be designed to determine the risk-benefit ratio for implantable electronic 

devices compared with the toxicity and side effects of pharmacological and targeted 

therapies for RA.  

The electrical stimulation parameters used in this study were previously established 

to stimulate the inflammatory reflex in preclinical studies and differ significantly 

from the stimulation protocols used in epilepsy 19, 27. Here, electrical current (up to 

2.0 mA) was delivered to the cervical vagus nerve for 60s one to four times daily; 

the maximum time of electrical current flow for any patient in this study was 4 min 

daily. This stimulation protocol differs significantly from the protocols for treating 

epilepsy, in which current (up to 2.25 mA) is delivered at 60-s intervals, followed by 

an OFF interval of 5-180 min, repeated continuously. Thus, epilepsy patients may 

receive electrical current delivery for up to 240 min daily. Preclinical studies have 

established that stimulation of the inflammatory reflex for as little as 60 s confers 

significant inhibition of cytokine production for up to 24 h. The present study was not 

designed or powered to evaluate the relationship between specific electrical current 

dose-response and clinical outcomes or the longer-term durability of therapeutic 

benefit, and the effects of under- or overstimulation of the inflammatory reflex are 

also an important area for future study. 
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The primary objective of this study was to determine whether activating the 

inflammatory reflex with an implanted electronic device inhibits cytokine production 

in humans. It is reasonable to consider whether placebo mechanisms contribute 

to these findings, because some patients are aware when the device is delivering 

current. There are several arguments against a placebo effect explaining the 

observed inhibition of TNF and IL-6 and the significant clinical improvements. First, 

we observed that intraoperative vagus nerve stimulation significantly inhibited TNF 

release in epilepsy patients who were unconscious during the implantation. These 

patients could not be aware of the stimulation, indicating that the suppression of 

cytokine release immediately following vagus nerve stimulation cannot be attributed 

to placebo effect. Second, we also observed that the suppression of TNF release 

during vagus nerve stimulation in RA patients occurred only when the device was 

functioning. It has been established previously that biomarkers are not modifiable 

by placebo effects in RA studies of this duration 28, 29. Third, we observed reduced 

TNF and IL-6 production and positive clinical responses in the subset of therapy-

resistant patients who had failed both methotrexate therapy and treatment with 

multiple biologic agents with differing mechanisms of action. It has been established 

in prior studies that placebo response rates in drug-resistant cohorts are extremely 

low (ACR20 responses 5-11%). The findings here of significantly higher ACR20 

responses (between 70% and 71.4%) argue strongly against a placebo effect being 

the mechanism. Fourth, a recent study reported clinical improvement using vagus 

nerve-stimulation therapy to treat another disease mediated by TNF, Crohn’s 

disease 30. Although the investigators in that study did not measure the activity of the 

inflammatory reflex or cytokine production, they did examine endoscopic biopsies 

and observed that vagus nerve stimulation significantly inhibited inflammation in the 

colonic tissues, an objective histological tissue response that cannot be attributed to 

placebo effects. Finally, our recent prospective observational studies indicate that 

impaired constitutive vagus nerve activity precedes the development of clinically 

manifest RA 31. Therefore, when considered together with extensive preclinical 

data that identify molecular and neurophysiological mechanisms, the inhibition of 

TNF during electrical stimulation and the significant clinical responses shown give 

evidence that the clinical mechanism is mediated by the inflammatory reflex.

This first-in-class study supports a conceptual framework for further studies of 

electronic medical devices in diseases currently treated with drugs, an approach 

termed ‘bioelectronic medicine’ 32. Larger clinical trials in RA can be designed and 

powered to assess clinical efficacy, but our findings encourage pursuing this strategy 

in RA, and in other cytokine-mediated autoimmune and auto-inflammatory disorders. 



173

8

V
N

S th
er

a
py

 iN
 r

a
 pa

tieN
t

S
C

h
a

p
t

er

material s anD metHoDs

study of vagus nerve stimulation in epilepsy patients

The study of vagus nerve stimulation in epilepsy patients was performed at the 

Hofstra Northwell School of Medicine and was approved by the Clinical Research Center 

(CRC) and the Institutional Review Board. All patients provided informed consent 

before participation. The study population consisted of seven epilepsy patients being 

implanted with a Cyberonics Vagus Nerve Stimulation System (Cyberonics) according 

to the manufacturer’s instructions as part of their standard care for the treatment 

of refractory epilepsy (Fig. S3). During the intraoperative diagnostic procedure, the 

pulse generator produces a 30-s stimulation at a 1.0-mA output current with pulse 

frequency of 20 Hz and pulse width of 500 μs. Blood samples were taken before 

anesthesia induction, after anesthesia induction but before intraoperative vagus 

nerve stimulation, and 4 h after intraoperative vagus nerve stimulation.

The LPS-induced cytokine release assay was performed as previously described 33. 

Cytokine levels were analyzed using the MSD multiplex cytokine assay (Meso Scale 

Discovery) per the manufacturer’s instructions. TNF, IL-6, and IL-1β release across time 

points was analyzed using the Prism analytical software package (Graphpad).

study of vagus nerve stimulation in ra Patients

The study of vagus nerve stimulation in RA patients was performed at one center 

in The Netherlands (the Academic Medical Center of the University of Amsterdam), at 

two centers in Bosnia and Herzegovina (the University Clinical Hospital in Mostar and 

Sarajevo University Clinical Center in Sarajevo), and at one center in Croatia (Clinical 

Hospital Center Sestre Milosrdnice, Zagreb) and was approved by the respective 

national and institutional Ethics Committees. All patients provided informed consent 

before participation. The investigational study device was a Cyberonics Vagus Nerve 

Stimulation System, implanted as described above. The systems were treated as 

investigational study devices because of their off-label use in patients with RA. The 

study recruited two separate patient cohorts. Cohort I consisted of RA patients who 

had failed to respond to methotrexate and who were either TNF-antagonist naive 

or had previously failed treatment with a TNF antagonist because of safety reasons 

rather than lack of efficacy. Cohort II included patients who had not responded 

adequately to at least two biologic agents with at least two different mechanisms of 

action. Major inclusion and exclusion criteria are given in SI Materials and Methods. 

The use of prednisone at a stable daily dose of less than 10 mg and other nonbiological 

disease-modifying antirheumatic drugs at stable doses was allowed.
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The design schematic of this single-arm study is shown in Fig. 2A. At the conclusion 

of the study, patients were offered the options of having the device surgically removed 

or left in place and inactivated or continuing treatment in a long-term extension 

study. All recruited subjects opted to continue in the extension study, which will be 

reported separately.

The primary study end point was mean change in the DAS28-CRP between visits 

on baseline day -21 and day 42 25. Mean changes in the DAS28-CRP between day 

-21 and day 42 or day 84, and between day 42 and day 56 also were assessed for 

significance at a p-value of <0.05 using a Student’s paired t test in the SAS 9.2 statistical 

analysis package (SAS). Because this was an exploratory study, no formal statistical 

power calculations were performed, and no adjustments for multiple comparisons 

were made. Adverse events were collected from the day of implantation through the 

day 84 visit, coded using the Medical Dictionary for Regulatory Activities (MedDRA), 

and are presented by MedDRA term as subject incidence rates.  

whole-blood cytokine release assay in the ra study

The TruCulture system (Myriad RBM), an assay system suitable for use at clinical 

sites and scalable to larger studies, was used. Venous blood was drawn into tubes 

containing endotoxin at 100 ng/mL and was incubated at 37 °C for 24 h. Supernatant 

TNF was measured by ELISA (R&D Systems). Comparisons of changes in TNF release 

between baseline and subsequent visits [with three statistical outlier exclusions; 

robust regression and outlier removal (ROUT) method with the maximum false 

discovery rate at 1%] by paired t test and linear regression analysis of relationships 

between changes in the DAS28-CRP and TNF release were performed using the Prism 

analytical software package. 

study of serum cytokines in the ra study

Serum cytokine levels from day 42 were analyzed using the MSD multiplex cytokine 

assay as above. Analysis of IL-6, IL-8, and IL-17 release on day 42 and linear regression 

analysis of relationships (Pearson’s test) between the change in DAS28-CRP and serum 

cytokine release at day 42 were performed using the Prism analytical software package.
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suPPortinG information 

(Koopman et al. 10.1073/pnas.1605635113)

si  material s anD metHoDs

study of vagus nerve stimulation in epilepsy patients

The study of vagus nerve stimulation in epilepsy patients was performed at the 

Hofstra Northwell Medical Center and was approved by the CRC and the Institutional 

Review Board. All patients provided informed consent before participation. The 

study population consisted of seven epilepsy patients being implanted with a 

standard, commercially available Cyberonics Vagus Nerve Stimulation System 

(Cyberonics) as part of their standard care for the treatment of refractory epilepsy. 

The implantation procedure was performed as recommended in the manufacturer’s 

instructions for use, with the patient under general endotracheal anesthesia. 

A  2- to 3-cm horizontal left paramedian neck incision was used to expose the 

carotid sheath. The left vagus nerve was isolated within the sheath between the 

carotid artery and internal jugular vein. A short segment of perineurium was 

dissected, and a standard 2-mm Cyberonics vagus nerve stimulation lead with three 

helical coiled cuffs was placed around the vagus nerve. The lead then was tunneled 

subcutaneously from the neck and connected to a pulse generator placed in a 

subcutaneous pocket created on the chest wall, after which the recommended 

standard diagnostic testing procedure was performed to ensure proper system 

function and lead integrity and impedance. During the diagnostic procedure, the 

pulse generator automatically produces a 30-s stimulation at a 1.0-mA output 

current with pulse frequency of 20 Hz and pulse width of 500 μs. Following this 

diagnostic stimulation, the surgical incisions were closed, and the patient was 

allowed to recover. Blood samples were taken before anesthesia induction, after 

anesthesia induction but before intraoperative vagus nerve stimulation, and at 4 h 

after intraoperative vagus nerve stimulation.

The LPS-induced cytokine release assay was performed as previously described 33. 

Briefly, LPS was added to heparinized whole blood at a final concentration of 1 ng/mL; 

samples were incubated for 4 h at 37 °C, and plasma was collected by centrifugation 

and stored frozen at -20°C until analysis. Cytokine levels were analyzed using the MSD 

multiplex cytokine assay (MSD Sector Imager 2400; Meso Scale Discovery) per the 

manufacturer’s instructions. Analysis of TNF, IL-6, and IL-1β release across time points 

was performed using the Prism analytical software package.
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study of vagus nerve stimulation in ra patients

The study of vagus nerve stimulation in RA patients was performed at two centers 

in Bosnia and Herzegovina, one center in Croatia, and one center in The Netherlands 

as detailed in Materials and Methods in the main text. At each center the study 

was approved by the responsible Ethics Committee and had regulatory approval 

by the national Competent Authority. All patients provided informed consent 

before participation. The investigational study device was a standard, commercially 

purchased Cyberonics vagus nerve stimulation system, including a model 102 

pulse generator and a model 302 lead (Cyberonics). The systems were treated as 

investigational study devices because of their off-label use in patients with RA. The 

vagus nerve-stimulating systems were implanted as described above. 

The study recruited two separate patient cohorts. Cohort I consisted of patients 

who had not responded to methotrexate and who were either TNF antagonist naive 

or had previously failed treatment with a TNF antagonist because of safety reasons 

rather than lack of efficacy. Cohort II included patients who had not responded 

adequately to at least two biologic agents with at least two different mechanisms of 

action. Apart from the differing requirements for prior RA drug treatments, inclusion 

and exclusion criteria were the same for both cohorts, and both cohorts underwent 

identical study procedures and assessments. Other major inclusion criteria were age 

of 18-75 y, a diagnosis of adult-onset RA as defined by the 2010 ACR/EULAR criteria 
34, a functional status of I, II, or III according to the ACR 1991 revised criteria 35, and 

active disease as defined by at least four tender and four swollen joints (in a 28-joint 

count) despite at least 3 mo of treatment with a stable dose of methotrexate (which 

could not be changed during the course of the study). Major exclusion criteria were 

related mainly to restrictions pertaining to vagus nerve stimulation and included prior 

vagotomy, vasovagal syncope history, pharyngeal dysfunction, preexisting vocal 

cord damage or dysfunction, uncontrolled asthma or obstructive lung disease, peptic 

ulcer disease, significant cardiac rhythm disturbances, sleep apnea, or the use of 

other electrically active medical devices. The use of prednisone at a stable daily dose 

of less than 10 mg and of other nonbiological disease-modifying antirheumatic drugs 

at stable doses was allowed.

The design schematic of this single-arm study is shown in Fig. 2A. Patients had 

screening assessments and baseline clinical and biomarker assessments at the 

visit on day -21 and were implanted with the vagus nerve stimulator under general 

endotracheal anesthesia at the visit on day -14. During the implantation procedure, 

before wound closure, the patients received a single stimulus as part of the standard 

intraoperative diagnostic testing to check system function and lead integrity and 
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impedance, as described above. The device then was inactivated, and the patient 

was allowed to recover from surgery for at least 14 d. On the day 0 visit, patients had 

postoperative clinical assessments and were given a single 60-s active stimulation at a 

pulse frequency of 10 Hz, a 250-μs pulse duration, and an output current as maximally 

tolerated between a minimum of 0.25 mA and a maximum of 2.0 mA. The patients 

received no stimulation between the visits on day 0 and 7. On the days 7, 14, and 21 

visits patients had clinical and biomarker assessments, and the stimulation output 

current to be delivered by the device was incremented as tolerated at each visit to a 

maximum of 2.0 mA. During each of these visits and on the intervening days patients 

received daily stimulations for 60 s at their tolerated output current, with a frequency 

of 10 Hz, and pulse width of 250 μs, using magnet actuation with the device set to 

deliver stimulation in magnet mode only. At the day 28 visit, if the patient had not 

achieved a moderate or good clinical response according to EULAR classification 

criteria 24, the stimulation frequency was increased from once daily to four times daily 

with other stimulation parameters remaining the same. The primary end point of the 

study was the day 42 visit, on which patients had clinical and biomarker assessments. 

On day 42 all subjects had their device inactivated and entered a 14-d treatment-

withdrawal period. On the day 56 visit, stimulation was reinitiated at the same level 

and on the same schedule as the patient was receiving at the day 42 visit, and this 

stimulation was continued through the final study visit at day 84. At the conclusion of 

the study, patients were offered the options of having the device surgically removed, 

having the device left in place and inactivated, or continuing treatment in a long-term 

extension study. All recruited subjects opted to continue in the extension, which will 

be reported separately.  

The primary study end point was mean change in the DAS28-CRP between visits 

on baseline day -21 and day 42 visit 25. Secondary clinical end points included ACR 

20%, 50%, and 70% response rate, EULAR moderate or good response rate, EULAR 

remission rate at day 42, change in DAS28-CRP during the treatment-withdrawal 

period between the visits on day 42 and day 56; and DAS28-CRP, ACR response 

rate, and EULAR response rate at the day 84 visit compared with baseline 24. The 

EULAR response depends on the change in the DAS28-CRP and on the absolute level 

achieved after treatment: a change of ≤0.6 is classified as no response, a change >0.6 

and ≤1.2 is a moderate response when the DAS28-CRP after treatment is ≤5.1; and a 

change of >1.2 is a good response when the DAS28-CRP after treatment is ≤3.2 but is 

a moderate response when the DAS28-CRP after treatment is >3.2 24.

Other secondary end points included serum cytokines and whole-blood LPS-

induced TNF release. The mean changes in the DAS28-CRP between day -21 and 



180

day 42 or day 84, and between day 42 and day 56 were assessed for significance 

at a p-value of <0.05 using a paired Student’s t test in the SAS 9.2 statistical analysis 

package (SAS). Because this was an exploratory study, no formal statistical power 

calculations were performed, and no adjustments for multiple comparisons were 

made. Adverse events were collected from the day of implantation through the day 

84 visit, coded using the MedDRA, and are presented by MedDRA term as subject 

incidence rates.  

whole-blood cytokine release assay in the ra study

Because the standard whole-blood LPS-induced cytokine release assay described 

above involves techniques and equipment not readily available at most clinical trial 

centers, we sought to develop an assay system suitable for use at clinical sites and 

scalable to larger studies. The TruCulture system (Myriad RBM) is a self-contained 

collection tube that fits in a small tabletop heating block and connects to standard 

phlebotomy equipment. The tube contains culture medium and a plunger for 

separation of cells without centrifugation. Venous blood was drawn into tubes 

containing LPS at 100 ng/mL and incubated at 37 °C for 24 h, and supernatants were 

separated, frozen, and shipped to a central laboratory (SetPoint Medical) where 

supernatant TNF was measured by ELISA (R&D Systems). Comparisons of changes 

in TNF release between baseline and subsequent visits (with three statistical outlier 

exclusions; ROUT, the maximum false discovery rate at 1%) by paired t test, and linear 

regression analysis of relationships between changes in the DAS28-CRP and TNF 

release were performed using the Prism analytical software package. 

study of serum cytokines in the ra study

Serum cytokine levels from day 42 were analyzed using the MSD multiplex 

cytokine assay (MSD Sector Imager 2400; Meso Scale Discovery) per the 

manufacturer’s instructions. Analysis of IL-6, IL-8, and IL-17 release on day 42 and 

linear regression analysis of relationships (Pearson’s test) between the change in 

DAS28-CRP and serum cytokine release at day 42 were performed using the Prism 

analytical software package. 
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table s1. Adverse events in RA patients

adverse event* n (%)

No. of patients with any adverse event† 16 (89)

      Fatigue 7 (39)

      Dysphonia 6 (33)

      Hypoesthesia 5 (28)

      Influenza-like illness 4 (22)

      Dizziness 3 (17)

      Nasopharyngitis 3 (17)

      Nausea 3 (17)

      Constipation 2 (11)

      Dyspnea 2 (11)

      Headache 2 (11)

No. of patients with any implantation procedure-related event‡ 9 (50)

     Dysphonia 5 (28)

     Hypoesthesia 4 (22)

     Dyspnea 2 (11)

     Paresthesia 2 (11)

     Bradycardia 1 (6)

     Constipation 1 (6)

     Dry throat 1 (6)

     Eructation 1 (6)

     Nausea 1 (6)

     Oropharyngeal pain 1 (6)

     Post procedural pain 1 (6)

* An individual patient may have had more than one event.
† Events occurring in at least 10% of the combined population.
‡ Events occurring in at least one patient. Implantation procedure-related events are included in the any adverse 
event totals.
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table s2. Individual disease component scores and DAS28-CRP in RA patients

  Day -21 Day 0 Day 42 Day 56 Day 84

cohort i, n = 7          

Tender joint count, range 0-28 20.0 (8.4) 16.7 (8.2) 6.0 (7.6) 8.4 (9.1) 7.0 (6.8)

Swollen joint count, range 0-28 14.0 (6.6) 14.7 (7.0) 5.4 (5.9) 8.7 (7.0) 6.1 (5.2)

Patient’s assessment of pain,  
VAS 100mm

69.1 (17.2) 55.1 (29.2) 27.1 (22.9) 48.7 (26.7) 36.3 (17.8)

Patient’s global assessment of 
disease activity,  VAS 100 mm 

58.1 (17.5) 50.6 (25.8) 29.7 (22.0) 44.3 (25.9) 35.3 (18.6)

Physician’s global assessment  
of disease activity, VAS 100 mm

70.7 (13.4) 58.1 (19.0) 29.1 (18.0) 46.9 (27.9) 36.1 (21.7)

CRP,  mg/L 15.7 (9.3) 21.5 (16.2) 13.7 (15.6) 12.3 (8.3) 12.2 (14.2)

HAQ-DI, range 0-3 1.857 (0.891) 1.750 (0.800) 1.196 (0.935) 1.321 (0.889) 1.321 (0.946)

DAS28-CRP 6.19 (0.84) 5.39 (1.14) 3.77 (1.86) 4.56 (1.79) 4.47 (1.30)

cohort ii, n = 10          

Tender joint count, range 0-28 15.9 (4.7) 15(4.6) 9.3 (6.7) 12.8 (5.9) 9.4 (6.5)

Swollen joint count, range 0-28 8.9 (3.8) 8.0 (4.0) 4.4 (4.6) 5.7 (3.5) 4.4 (4.0)

Patient’s assessment of pain,  
VAS 100mm

72 (12.4) 62.8 (14.6) 38.2 (26.6) 59.3 (19.1) 36.8 (24.4)

Patient’s global assessment of 
disease activity,  VAS 100 mm 

75.4 (11.2) 64.2 (13.8) 39.4 (26.2) 62.2 (19.1) 40.5 (24.3)

Physician’s global assessment  
of disease activity, VAS 100 mm

66.8 (7.6) 65.9 (13.0) 34.2 (18.1) 53.6 (13.7) 37.7 (19.1)

CRP,  mg/L 17.5 (18.5) 15.2 (20.5) 12.6 (13.2) 13.3 (13.1) 12.4 (14.9)

HAQ-DI, range 0-3 1.888 (0.406) 1.988 (0.498) 1.613 (0.532) 1.763 (0.484) 1.588 (0.500)

DAS28-CRP 5.94 (0.72) 5.59 (0.80) 4.43 (1.44) 5.24 (0.70) 4.42 (1.40)

combined, n = 17          

Tender joint count, range 0-28 17.6 (6.6) 15.7 (6.2) 7.9 (7.1) 11,0 (7.5) 8.4 (6.5)

Swollen joint count, range 0-28 11.0 (5.6) 10.8 (6.3) 4.8 (5.0) 6.9 (5.2) 5.1 (4.4)

Patient’s assessment of pain,  
VAS 100mm

70.8 (14.2) 59.6 (21.3) 33.6 (25.0) 54.9 (22.4) 36.6 (21.3)

Patient’s global assessment of 
disease activity,  VAS 100 mm 

68.3 (16.2) 58.6 (20.1) 35.4 (24.3) 54.8 (23.2) 38.4 (21.7)

Physician’s global assessment  
of disease activity, VAS 100 mm

68.4 (10.2) 62.7 (15.7) 32.1 (17.7) 50.8 (202) 37.1 (19.5)

CRP,  mg/L 16.8 (15.0) 17.8 (18.6) 13.1 (13.7) 12.9 (11.1) 16.1 (14.8)

HAQ-DI, range 0-3 1.875 (0.625) 1.890 (0.628) 1.441 (0.729) 1.581 (0.692) 1.478 (0.703)

DAS28-CRP 6.05 (0.75) 5.73 (0.94) 4.16 (1.60) 4.96 (1.26) 4.44 (1.32)

All values are mean (SD). HAQ-DI, Health Assessment Questionnaire Disability Index; VAS 100 mm, Visual 
Analog scale 100 mm in length. 
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fig. s1. individual ra patient Das28-crP. Individual patient DAS28-CRP over time are shown 
for cohorts I (7 patients) (a) and II (10 patients) (B).
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fig. s2. clinical response and remission rates of ra patients with respect to screening day 
-21. a-B. The ACR20, ACR50, and ACR70 response rates in cohort I, cohort II, and the combined 
cohort are shown at study day 42 (a) and day 84 (B). c-D. The rates of EULAR moderate and 
good response and remission in cohorts I and II and the combined cohorts are shown at study 
day 42 (c), and study day 84 (D). The patient with Whipple disease excluded from efficacy 
analysis had an ACR20 response and a good EULAR response on day 42 and no ACR response 
and a moderate EULAR response on day 84.
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Fig. S2. Clinical response and remission rates of RA patients with respect to screening day −21. (A and B) The ACR20, ACR50, and ACR70 response rates in
cohort I, cohort II, and the combined cohorts are shown at study day 42 (A), and study day 84 (B). (C and D) The rates of EULAR moderate and good response
and remission in cohorts I and II and the combined cohorts are shown at study day 42 (C) and study day 84 (D). The patient with Whipple disease excluded from
efficacy analysis had an ACR20 response and a good EULAR response on day 42 and no ACR response and a moderate EULAR response on day 84.
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fig. s3. the cyberonics vagus nerve-stimulation system. The implanted system has two 
components: a bipolar lead containing two helical coil electrodes and a helical anchor tether 
that were wrapped around the cervical vagus nerve, and the pulse generator that is placed 
within a subcutaneous pocket in the chest wall. a. Schematic diagram of the system. The lead 
was tunneled subcutaneously from the neck to the pulse generator and inserted into the lead 
attachment port on the generator. B. Images of the helical electrode and pulse generator.

Fig. S3. The Cyberonics vagus nerve-stimulation system. The implanted system has two components: a bipolar lead containing two helical coil electrodes and a
helical anchor tether that were wrapped around the cervical vagus nerve, and the pulse generator that is placed within a subcutaneous pocket in the chest
wall. (A) Schematic diagram of the system. The lead was tunneled subcutaneously from the neck to the pulse generator and inserted into the lead attachment
port on the generator. (B) Images of the helical electrode and pulse generator.
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helical anchor tether that were wrapped around the cervical vagus nerve, and the pulse generator that is placed within a subcutaneous pocket in the chest
wall. (A) Schematic diagram of the system. The lead was tunneled subcutaneously from the neck to the pulse generator and inserted into the lead attachment
port on the generator. (B) Images of the helical electrode and pulse generator.
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summary and Discussion

Chapter 9



Adapted from FA Koopman, M.A. van Maanen, M.J. Vervoordeldonk and P.P. Tak, 

‘Balancing the autonomic nervous system to reduce inflammation in rheumatoid 

arthritis’, Journal of Internal Medicine 2017 (In press)
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This thesis explores the role of the cholinergic anti-inflammatory pathway (CAP) 

in immune-mediated inflammatory disease, specifically rheumatoid arthritis (RA) 

and Sjögren’s syndrome, by studying animal models (part I – preclinical) and by 

performing clinical studies (part II – clinical).

Part i  – Preclinical

cholinergic anti-inflammatory pathway in animal models of 

chronic inflammation

Studies have shown that both the sympathetic nervous system (SNS) and 

parasympathetic nervous system (PNS) influence development and severity of 

arthritis in animals models of RA 1, which is summarized in chapter 2. Activation of 

the PNS, via the efferent vagus nerve, results in reduced systemic production of 

pro-inflammatory cytokines, presumably due to binding of acetylcholine (Ach) on 

the nicotinic acetylcholine receptor type 7 (α7nAChR) 2, 3. This mechanism is referred 

to as the CAP 4. The term ‘inflammatory reflex’, refers to the sensing of inflammation 

by the afferent vagus nerve, signaling to the brain and the subsequent response of 

the brain, for instance by stimulation of the hypothalamic-pituitary-adrenal (HPA) 

axis 4 or by activation of the efferent vagus nerve 4. Examination of the effects of 

stimulation of the CAP in vivo in animal models of RA (chronic inflammation) showed 

that stimulation of this pathway results in reduced clinical signs of arthritis, decreased 

synovial inflammation, reduction of serum cytokine levels, and protection against 

bone erosions 5. Stimulation of the α7nAChR with nicotine or AR-R17779 resulted 

in reduced clinical arthritis scores and decreased expression of tumor necrosis 

factor (TNF) 6. Other studies confirmed these results using the α7nAChR agonist 

GTS-21 (also known as dimethoxybenzylidene anabaseine, DMBX-A) or nicotine 6-9. 

In chapter 3, we studied two new α7nAChR agonists, PMP-311 and PMP-072, in the 

collagen-induced arthritis (CIA) mouse model. Ion-channel activity, a sign of classical 

α7nAChR activation was present upon PMP-311 treatment, but not with PMP-072. 

PMP-311 treatment resulted in a strong anti-inflammatory effect already at a low 

dose. On the other hand, PMP-072 did not have a clinical effect at a low dose, there 

was only improvement of disease at a higher treatment dose. This indicated that 

the anti-inflammatory effect after α7nAChR activation does not necessarily require 

ion channel activity. Furthermore we showed ex vivo that PMP-072 could elicit ion 

channel activity after pre-treatment with a positive allosteric modulator (PAM). This 

mechanism is being investigated as an option to increase the α7nAChR availability 

for agonist treatment in humans. Consistent with the notion that the CAP inhibits 
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inflammation, it was previously shown that α7nAChR-knockout mice had higher 

clinical arthritis scores and more joint destruction compared to wild type mice, 

as well as higher plasma levels of TNF and monocyte chemoattractant protein-1 

(MCP-1) levels 10. Conversely, unilateral dissection of the vagus nerve resulted in 

a trend towards increased arthritis activity in animal models of arthritis which did 

not reach statistical significance, possibly due to the relatively small number of 

animals tested  6, 8. Clinical improvement after treatment with α7nAChR-agonists 

and worsening of disease in α7nAChR-knockout mice, combined with the notion 

that there is lower parasympathetic activity in individuals at risk of arthritis and RA 

patients 11, led us to hypothesize that electrical stimulation of the vagus nerve could 

have an anti-inflammatory effect in RA patients 5. To test this hypothesis we studied 

electrical vagus nerve stimulation (VNS) in a CIA rat model, which is described in 

chapter 4. Daily stimulation of the vagus nerve was initiated at day 9 until day 15, which 

gave a significant reduction of ankle swelling. All measured histological parameters 

were also significantly reduced, namely inflammation, pannus formation, cartilage 

damage, and bone resorption. There was an overall reduction of pro-inflammatory 

cytokine production in the serum at the end of the study, but this was not statistically 

significant. There was a significant reduction in serum nuclear factor kappa-B ligand 

(RANKL) and significant increase of osteoprotegerin (OPG) levels, which is in line with 

reduced bone resorption after VNS treatment 12. These anti-inflammatory findings 

are in line with the observation that vagus nerve suspension, which stimulates the 

vagus nerve, led to improvement of CIA 13. 

The effect of stimulation of the CAP was also evaluated in other animal models 

of chronic inflammation 14-16. Atherosclerotic plaque formation was decreased upon 

AR-R17779 treatment associated with decreased expression of interleukin (IL)-1 

and IL-6 in the aorta 14. Treatment with nicotine improved colitis and lowered TNF 

production in the colon 16, while subdiaphragmatic vagotomy of the ventral and dorsal 

vagus nerve increased colitis disease activity score 16, 17 and significantly increased 

production of TNF, IL-6 and IL-1β in colon tissue 16. Chronic VNS significantly improved 

experimental colitis associated with reduced cytokine production and elevated 

Ach levels in the colon 15. However, results in models of colitis have been variable: 

α7nAChR-knockout mice did not exhibit increased colitis activity and treatment 

with the specific α7nAChR-agonist (AR-R17779 or GSK1345038A) was associated with 

worsening of the disease 17, 18. In chapter 5, we explored the CAP in a different chronic 

immune-mediated inflammatory disease model, namely the non-obese diabetic 

(NOD) mouse, which is used to study Sjögren’s syndrome and type 1 diabetes. A 

previous study with nicotine treatment in NOD mice reduced pancreatic cytokine 
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production and diabetes incidence was lowered 19. We activated the α7nAChR 

with AR-R17779 and nicotine and performed unilateral vagotomy to activate and 

abrogate the CAP, respectively. We detected expression of α7nAChR on salivary 

glands, specifically the myoepithelial cells surrounding the acini and intercalated 

ducts. Activation of the α7nAChR, after systemic treatment did not change salivary 

flow or reduce inflammation in the salivary gland, as measured by focus score. After 

vagotomy also no changes were found in these two parameters. There were minimal 

changes in cytokine production, with reduced MCP-1 levels after α7nAChR-agonist 

treatment and increased production of TNF after vagotomy. Diabetes development 

was present from an earlier age after vagotomy, but this was not statistically significant 

and insulitis scores in the pancreas were not altered. Activation of the CAP does not 

seem therapeutically relevant in this disease model, however we cannot exclude that 

longer treatment would have had a beneficial effect. 

Part ii  – clinical

cholinergic anti-inflammatory pathway in individuals at risk of ra 

development and ra patients

Previous work has suggested an imbalance of the autonomic nervous system 

(ANS) in established RA 20, 21, which has also been observed in other immune-

mediated inflammatory diseases (IMIDs), like systemic lupus erythematosus, 

systemic sclerosis, Sjögren's syndrome and chronic inflammatory bowel disease 20-23. 

The ANS imbalance could be the result of chronic inflammation, but conversely it is 

also possible that changes in the ANS influence inflammation, disease development 

and severity. Most studies in established RA patients using validated techniques like 

heart rate variability (HRV) found lower parasympathetic activity, while alterations in 

sympathetic function were found less frequently 24. Changes in ANS parameters in 

RA patients were associated with levels of inflammatory markers, such as C-reactive 

protein (CRP) concentrations, erythrocyte sedimentation rate (ESR) and disease 

activity scores evaluated in 28 joints (DAS28-CRP) in some studies, but not in all 24, 25. 

Dominant parasympathetic activity in RA patients as measured by HRV has been 

shown to predict a good response to anti-TNF therapy, suggesting that a balanced 

ANS could help to control inflammation in humans 26. In chapter 6 the ANS balance 

and influence on inflammation are discussed. To explore whether ANS dysfunction 

plays a causal role in the development of RA, we studied HRV in individuals at risk 

of developing RA (defined as being positive for IgM-rheumatoid factor (IgM-RF) 

and/or anti-citrullinated protein antibodies (ACPAs) with arthralgia or a family 
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history of RA 27) compared to healthy subjects and established RA patients, which is 

described in chapter 7. We found that the parasympathetic parameter, resting heart 

rate (RHR), was elevated in individuals at risk of RA similar to that in established RA 

patients (consistent with decreased vagus nerve activity), indicating that autonomic 

changes were already present before arthritis development 11. In an independent 

cohort we confirmed ANS dysfunction in pre-RA: elevated RHR at study baseline was 

associated with and was a predictor of arthritis development over time. This suggests 

that autonomic changes occur before disease presents itself, which is consistent with 

studies in healthy individuals who develop hypertension or diabetes 28. A population 

based study in Sweden did not find an increased risk of RA development in patients 

who had undergone one-sided truncal or selective vagotomy for gastric ulcer 

disease 29. As the vagus nerve branches originating from the brainstem and distal 

thereof may be critical in the CAP, a more proximal vagotomy might have led to a 

different result. Accordingly, large observational studies in healthy subjects have 

demonstrated that decreased parasympathetic activity is correlated with increased 

inflammatory status 30-32. Conceivably, restoring ANS balance by for instance 

exercise, meditation or electrical stimulation of the vagus nerve could reduce the 

risk of transition of pre-RA to clinically manifest RA 11, 33, although this will need to be 

proven in future studies. Several studies found that activation of the CAP just before 

disease onset was associated with delayed onset or prevention of arthritis in animal 

models of RA 6, 34-36, although one study failed to show this effect 37. In addition to 

targeting the PNS, one could also target the SNS before onset of disease, although 

the potential outcome is currently less well understood. In an animal model of RA, 

depletion of catecholamines before onset of disease resulted in decreased arthritis 

severity, but high dose norepinephrine treatment on the other hand also reduced 

disease severity 1, 38, 39. 

Further support for the hypothesis that stimulation of the CAP could have a 

beneficial effect on inflammation in humans came from ex vivo studies of whole 

blood taken from healthy individuals and RA patients. Treatment of these samples 

with a partial α7nAChR agonist resulted in reduction of TNF production upon 

lipopolysaccharide (LPS) stimulation 40, 41. The expression of α7nAChR has also 

been demonstrated on fibroblast-like synoviocytes (FLS) from RA patients; in vitro 

stimulation of the receptor resulted in reduced production of cytokines, such as IL-6 

and IL-8 42, 43. It was also shown that knock-down of α7nAChR with an adenoviral short 

hairpin RNA library leads to increased production of IL-8 in FLS 42. 

How do we translate the findings in animal models of RA and observational studies 

in RA patients to meaningful therapeutic options for RA patients? Electrical VNS 
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is an approved therapy for therapy-resistant epilepsy and in the United States of 

America also for depression 44. It is generally safe and well-tolerated by patients, with 

mainly side-effects during electrical stimulation of the nerve resulting in hoarseness, 

dysphonia and coughing 45. To test experimentally whether in vivo bioelectronic 

stimulation of this pathway can reduce cytokine production in humans, we examined 

the effect of electrical vagus nerve stimulation (VNS) in epilepsy and RA patients 46, 

described in chapter 8. First, we studied the effect of VNS on cytokine production 

in epilepsy patients who were implanted with a vagus nerve-stimulating device using 

a coiled cuff 46. Whole blood samples were obtained before and 4 hours after single 

VNS for 30 seconds (output current of 1.0 mA, pulse frequency of 20 Hz, and pulse 

duration of 500 μs). The samples were stimulated with LPS, and we measured TNF, IL-6 

and IL1β levels. We could show that VNS in epilepsy patients inhibits peripheral blood 

production of these cytokines 46. Next, we studied the effect of VNS on cytokine 

production in patients with a chronic immune-mediated inflammatory disease by 

performing a phase 1b/2a clinical trial in 17 RA patients 46. The study consisted of two 

groups: the first group (n=7) had previously failed treatment with synthetic disease-

modifying antirheumatic drugs (sDMARDs) and/or corticosteroids before entering the 

study, or had also used biological disease-modifying antirheumatic drugs (bDMARDs) 

before, but discontinued biologic treatment for a reason other than lack of response; 

the second group (n=10) comprised patients that had previously been treated with 

sDMARDs and/or corticosteroids and had also failed to respond to two bDMARDs 

with a different mechanism of action (therapy-resistant disease). All patients were 

implanted with a Cyberonics vagus nerve stimulator and stimulated 1-4 times daily 

for 60 seconds on an individually set well-tolerated electrical current level (mA) with 

a maximum of 2 mA (10 Hz, 250 μs). The patients self-delivered VNS daily by moving 

a magnet over the generator of the device, which was implanted subcutaneously 

on the left pectoral muscle. Daily VNS started on study day 7 until day 42, which was 

the primary endpoint of the study. At day 42 LPS-stimulated TNF production was 

significantly reduced, with an effect in both patient groups 46. Subsequently, VNS 

was discontinued for 2 weeks after which TNF production increased again. Restart 

of VNS at day 56 resulted in reduced TNF production. We also evaluated the effect 

of VNS on clinical signs and symptoms of RA. In both groups, on day 42 ~70% of 

patients had at least 20% improvement of disease activity (primary endpoint) as 

determined by fulfillment of the ACR20% response criteria 47. Of the patients reaching 

ACR20% response, 57.1% in cohort I and 30.0% in cohort II also fulfilled the ACR50% 

response criteria. In cohort I 28.6 % reached an ACR70%, but none of the patients in 

cohort II fulfilled the ACR70 response criteria. Clinical remission (DAS28-CRP < 2.6 48) 
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was reached by 2 patients in the first cohort and none in the second cohort. Despite 

the slightly lower clinical response in therapy-resistant RA patients, this was still 

remarkable considering the past history: these patients had failed sDMARDs and 

multiple biologics with a different mechanism of action. DAS28-CRP improved 

significantly from baseline to day 42, and improvement correlated significantly 

with TNF reduction. Discontinuation of VNS during 2 weeks resulted in a significant 

increase in DAS28-CRP, followed by a subsequent reduction of DAS28-CRP after 

restarting VNS, following the same pattern as the TNF levels 46. These results are a 

first step in showing that VNS can reduce inflammation in RA patients. 

future Directions

Pathophysiology 

It is currently not entirely clear how VNS results in reduced inflammation. The 

mechanism of action of the CAP is still controversial. It is suggested VNS-induced 

suppression of cytokines is modulated via the splenic nerve49. The connection of 

the vagus nerve to the splenic nerve has been hypothesized to take place in the 

coeliac ganglion. From a functional point of view, VNS (reviewed in 5) as well as 

splenic nerve electrical stimulation inhibits LPS-induced TNF release in mice 49. 

In addition, denervation of the splenic nerve in mice led to the inhibition of the 

immunomodulatory effect after VNS 49. From an anatomical point of view, the 

spleen is known to be innervated by different nervous branches (reviewed in 50). 

Parasympathetic innervation of the spleen has been suggested in rodents 51, 52, but 

this was not confirmed in humans. The traditional view of the splenic nerve is one 

of a periarterial plexus which is proposed to be 98% sympathetic as demonstrated 

by neuroanatomical and neurochemical evidences. Given that electrical stimulation 

of the vagus nerve suppresses TNF in a splenic nerve-dependent way, it is plausible 

that VNS induces release of spleen catecholamines and other neurotransmitters, 

whose presence have been identified in nerve fibers close to spleen macrophages 53. 

Others have challenged the view that VNS is modulated via the splenic nerve by 

showing that the vagus nerve was not directly connected to the splenic nerve 54, 

and suggested that splenic nerve activity is controlled from the greater splanchnic 

(sympathetic) nerves 55, 56. Additional studies are needed to determine the interplay 

between the vagus nerve and the splenic nerve, and their respective role in 

modulating inflammation. 

Another study showed that VNS may result in reduced expression of IL-6 and 

TNF in the brain of rats after LPS injection into the trachea, specifically in the nucleus 
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tractus solitarii where the afferent vagus nerve terminates, indicating that VNS could 

also change cytokine expression centrally 57. As noted above, electrical stimulation of 

the afferent vagus nerve may also stimulate the HPA axis, leading to increased levels 

of plasma cortisol with an anti-inflammatory effect 58. VNS might lead to both afferent 

and efferent stimulation of the vagus nerve; the relative contribution of each to the 

beneficial effect on RA still remains to be elucidated. 

In addition to these mechanisms with systemic effects, could there be a direct 

effect of VNS on the joints? There is no known innervation of the PNS of the joint. 

Sympathetic tyrosine hydroxylase positive (TH+) nerves have been however found 59. 

In experimental arthritis, where it is known that TH+ fibers decrease near the joint, 

vesicular acetylcholine transporter positive (VAChT+, parasympathetic) nerve 

fibers appear in healthy tissue surrounding synovial inflammation 60. Co-culturing 

sympathetic ganglia from healthy mice with osteoclast progenitor cells increased 

the number of VAChT+ nerve fibers significantly, suggesting that catecholaminergic 

to cholinergic transition can occur, supporting the concept that there is a close 

relationship between SNS and PNS 60. This is not found in arthritic mice, same as 

VAChT+ nerve fibers were only found in a small minority (~ 5%) of RA patients 60. 

Together, these findings do not support the notion that VNS exerts its effects in RA 

through a direct effect on the synovial tissue, they do however show that the CAP is 

insufficiently active in RA, also on the local level of the joints. 

Vagus nerve stimulation as a new therapeutic approach

Our findings showing that VNS with a vagus nerve-stimulating device using a 

coiled cuff may be used to improve chronic immune-mediated inflammatory diseases 

are supported by initial data in patients with Crohn’s disease. An open pilot study in 7 

patients, with 6 months follow-up showed that there was improvement in the disease 

activity score and endoscopic index of disease severity in 5 out of 7 patients 61. In this 

study patients were stimulated continuously; 24 hours a day for 6 months with VNS 

settings of 30 seconds stimulation every 5 minutes. Preliminary results in a different 

study in patients with Crohn’s disease, using similar VNS settings as in the RA study 

described in chapter 8, found an improved Crohn’s Disease Activity Index (CDAI) 

in 6/8 patients. Three patients achieved CDAI and endoscopic remission. VNS also 

suppressed cytokine production, including TNF 62.

The positive results of VNS therapy in RA and Crohn’s disease are encouraging, and 

provide the rationale for larger, controlled studies to confirm the anti-inflammatory 

effect. This will be challenging because patients, depending on the stimulation 

settings and the sensitivity of the patient, feel the electrical stimulus. Therefore it is 
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difficult to perform a controlled study with VNS. It will be critical to include research 

on biomarkers in these studies, as these have been shown not to be susceptible to 

placebo effects in studies of relatively short duration 46. Future studies should also 

address the optimal settings for VNS and the best site to stimulate the vagus nerve.

Another approach to activate the PNS would be by transcutaneous VNS (tVNS), 

which has been shown to be effective in epilepsy patients in a randomized setting 63. 

In this study the auricular branch of the vagus nerve (ABVN) was stimulated in the left 

ear conch with the NEMOS device (Cerbomed GmbH). Another tVNS option could be 

to use the GammaCore device (ElectroCore LLC) which stimulates the vagus nerve in 

the neck. The latter method has been shown to reduce cytokine production in healthy 

subjects with active stimulation settings compared to sham stimulation settings in a 

small, randomized and blinded study 64. Functional MRI study has shown activation 

of known vagus projections in the brain, such as the nucleus tractus solitarii, after 

ABVN stimulation compared with sham stimulation of the ear lobe using the NEMOS 

device 65. No studies have been performed so far testing the brain activation pattern 

after GammaCore stimulation. As the transcutaneous stimulation area in the neck 

is quite large with this device, other nerves could be activated as well, for instance 

sympathetic nerve fibers. So far, non-invasive VNS devices have not been tested in 

chronic inflammatory diseases. 

An alternative strategy to restore autonomic balance in RA was tested in a 

12 week exercise program which did improve HRV parameters towards a more PNS 

balance, but failed to reduce inflammation 66. Other methods that have been shown 

to influence the autonomic balance in a favourable direction include meditation 67, 

daily five minute diaphragmatic breathing 68, yoga 69, and a combination of three 

techniques: meditation, cyclic hyperventilation followed by breath retention and 

exposure to cold 70. The combination of three autonomic balance influencing 

techniques have been shown to reduce the cytokine production (IL-6, IL-8 and 

TNF) after LPS administration in healthy subjects trained in using these techniques 

and after practicing for two weeks, compared to healthy non-trained subjects 70. In 

the trained subjects, epinephrine was more elevated after the LPS administration 

compared to non-trained subjects. This shows the ANS, in this case probably the 

SNS, can be voluntarily influenced by training, resulting in reduction of produced 

cytokines in healthy subjects. Of the other named HRV influences techniques it is not 

known whether they can reduce inflammation parameters.

Overall, there are several options to activate the PNS which could be tested 

in the future for their potential to reduce inflammation in immune-mediated 

inflammatory diseases. 
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α7nachr-agonists 

As mentioned earlier, animal models have shown that the α7nAChR may play a key 

role in orchestrating signals from the vagus nerve to the immune system 71. Adoptive 

transfer of α7nAChR-positive splenocytes from VNS-treated wild type mice, but 

not from α7nAChR-knockout mice, protected against kidney ischemia-reperfusion 

injury 72. VNS reduced LPS-induced production of TNF in wild-type mice, but not in 

α7nAChR knock-out mice 49. Both studies indicate the importance of the α7nAChR 

in relation to VNS treatment. Whole blood taken from healthy individuals and RA 

patients was shown to respond to partial α7nAChR-agonist (GTS-21) treatment, 

with reduction of TNF production upon LPS stimulation 40, 41. Furthermore, the 

parasympathetic α7nAChR can also be found on FLS of RA patients; stimulation of 

the receptor resulted in reduced production of pro-inflammatory cytokines, such 

as IL-6 and IL8 42, 43. On the other hand, GTS-21 treatment of experimental human 

endotoxemia (by administration of LPS) did not result in a clear reduction of cytokine 

production. The results are however difficult to interpret as GTS-21 serum levels varied 

greatly and sufficiently high serum levels were probably not achieved in all subjects 73. 

Currently there is no specific α7nAChR-agonist approved for use in humans, however 

clinical studies in schizophrenia and Alzheimer’s disease are being conducted with 

full and partial α7nAChR-agonists 74. The α7nAChR-agonists appear in general well 

tolerated; reported side-effects include gastro-intestinal complaints like constipation 

and nausea, and increased liver enzymes 74-76. Interestingly, partial agonists, such as 

GTS-21, did seem to be more effective in these studies and did have less side effects, 

possibly explained by reduced desensitization of the α7nAChR 74. The disadvantage 

of these small molecules is that they are short-acting and need dosing several times a 

day lowering patient compliance. A different method to increase activation status of 

the α7nAChR could be by using a PAM, which increases the availability of the receptor 

for agonist treatment. A potential disadvantage of PAM usage is prolonged opening 

of the calcium channel, leading to toxicity. A first in-human study has been initiated 

investigating the PAM UCI-4083 in schizophrenia patients 74.

concluDinG remarks

We have demonstrated autonomic imbalance in established RA patients as 

well as in individuals at risk of developing RA, which may contribute to the disease 

development. Activation of the PNS via stimulation of the vagus nerve or by using 

α7nAChR-agonists consistently results in anti-inflammatory effects in animal models 

of arthritis. Electrical stimulation of the vagus nerve in RA patients may alleviate 
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clinical signs and symptoms and reduces pro-inflammatory cytokine levels. This work 

opens up a field that may lead to a completely novel way of treating chronic immune-

mediated inflammatory diseases, by application of bioelectronic medicine or new 

pharmacological approaches.
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neDerl anDse samenVat tinG

Reumatoïde artritis (RA) is de meest voorkomende vorm van chronische 

inflammatoire gewrichtsontsteking in de Westerse populatie. RA komt vaak tot 

uiting rond 45-55 jarige leeftijd, met symptomen van pijnlijke, gezwollen en stijve 

gewrichten alsmede vermoeidheid. Pijn en zwelling van gewrichten ontstaan door 

ontsteking van het synoviale weefsel in het gewricht, wat bij aanhoudende ontsteking 

leidt tot kraakbeenschade, boterosies en uiteindelijk misvorming van de gewrichten. 

RA patiënten hebben ook een 1.5-1.6 maal verhoogde kans op het ontwikkelen 

van cardiovasculaire aandoeningen. De diagnose RA wordt in wetenschappelijke 

studies gesteld met behulp van de ACR/EULAR classificatie criteria; hierbij wordt 

mede gekeken naar het patroon van gewrichtsontsteking, aanwezigheid van auto-

antilichamen (IgM-reumafactor (IgM-RF) en/of anti-gecitrullineerd eiwit antistoffen 

(ACPA)), en de duur van de klachten. Deze auto-antilichamen kunnen ook bij 

gezonde mensen worden aangetoond. In dat geval is er een verhoogd risico op 

het ontwikkelen van RA; bij aanwezigheid van beide auto-antilichamen is er een 

kans op het ontwikkelen van RA binnen 2 jaar van  ̃30-40%. Andere factoren die 

bijdragen aan de ontwikkeling van RA zijn roken, overgewicht, genetische factoren 

en een positieve familie-anamnese. Het is belangrijk om precies te begrijpen welke 

mechanismen bijdragen aan de ontwikkeling van RA, zodat er beter voorspeld kan 

worden wie RA zal krijgen, waardoor mogelijk uiteindelijk ook de ontwikkeling van 

RA voorkomen kan worden. 

Vroege diagnose, snel starten met adequate behandeling en het streven naar 

remissie van de ziekte vormen de kern van de behandeling van RA. Patiënten 

starten meestal met methotrexaat behandeling, eventueel in combinatie met 

prednison. Dit kan daarna worden gecombineerd met andere ‘disease-modifying 

antirheumatic drugs’ (DMARD’s) of biologicals. Voorbeelden van deze laatste 

middelen zijn anti-tumor necrosis factor (TNF) antilichamen en anti-interleukin(IL)-6 

receptor antilichamen, die gericht zijn op het remmen van de effecten van 

ontstekingstimulerende eiwitten (proinflammatoire cytokines). Dit leidt bij een 

groot deel van de RA patiënten tot een belangrijke vermindering van ontsteking en 

afname van symptomen. Helaas bereikt slechts een deel van de patiënten uiteindelijk 

langdurig remissie of lage ziekteactiviteit, waardoor het nodig blijft om nieuwe 

ontstekingsremmende therapieën te ontwikkelen. Een nieuwe benadering zou 

kunnen zijn om de balans van het autonome zenuwstelsel te verbeteren.
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Deel i – PrekliniscH

cholinerge anti-inflammatoire pathway in diermodellen van immuun-

gemedieerde inflammatoire aandoeningen

Het autonome zenuwstelsel bestaat uit het sympathische en parasympathische 

zenuwstelsel (SZS en PZS). Zowel het SZS als het PZS beïnvloeden ontsteking; dit 

wordt beschreven in hoofdstuk 2. Het SZS en PZS regelen vele lichaamsfuncties, 

zoals de hartslag, ademhaling en voedselvertering. Ze werken reciprook, waarbij 

ze elkaar in balans houden. Dit proefschrift richt zich op de rol van het PZS op 

ontsteking. Het PZS wordt voornamelijk gevormd door de nervus vagus, de tiende 

hersenzenuw. De nervus vagus kan ontsteking in het lichaam detecteren en deze 

informatie doorgeven aan de hersenen. De hersenen reageren hier vervolgens op 

en kunnen ontsteking remmen, bijvoorbeeld door de productie van cortisol na 

activatie van de hypothalamus-hypofyse-bijnier-as, of mogelijk ook door activatie 

van de afvoerende (efferente) tak van de nervus vagus. Elektrische activatie van 

de efferente tak van de nervus vagus resulteert in vermindering van productie van 

proinflammatoire cytokines in diermodellen van acute ontsteking, zoals sepsis. De 

milt is hierbij essentieel, aangezien het ontstekingsremmende effect van elektrische 

stimulatie van de nervus vagus teniet wordt gedaan als de milt wordt verwijderd 

in diermodellen. Daarnaast is de nicotinerge acetylcholine receptor type  7 

(α7nAChR) relevant, aangezien activatie van deze receptor uiteindelijk een daling 

van productie van proinflammatoire cytokines geeft. De α7nAChR kan geactiveerd 

worden door acetylcholine, nicotine of specifieke α7nACh-receptor activerende 

stoffen (agonisten), zoals bijvoorbeeld AR-R17779. Activatie van de efferente tak 

van de nervus vagus, productie van acetylcholine en binding van acetylcholine 

aan de α7nAChR, resulterend in verlaging van de productie van proinflammatoire 

cytokines worden samen de cholinerge anti-inflammatory pathway (CAP) genoemd. 

De milt wordt niet geïnnerveerd door de nervus vagus, waardoor productie van 

acetylcholine in de milt niet direct afkomstig is van de nervus vagus, maar van 

sympathisch geactiveerde T-cellen. Dit wordt non-neuronale productie van 

acetylcholine genoemd. Anderen suggereren dat activatie van de efferente tak 

van de nervus vagus uiteindelijk vooral een sympathische activatie geeft. Verder 

onderzoek moet aantonen hoe elektrische stimulatie van de nervus vagus leidt tot 

vermindering van ontsteking.

De CAP is later ook in chronische diermodellen onderzocht. Activatie van 

de α7nAChR met AR-R17779, nicotine of GTS-21 vermindert artritisactiviteit in 

diermodellen en verlaagt productie van het proinflammatoire cytokine TNF. Muizen 
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zonder α7nAChR (α7nAChR-knock out) kregen na inductie van artritis verergering 

van artritisactiviteit en meer gewrichtsbeschadiging in vergelijking met muizen die 

wel de α7nAChR tot expressie brachten (wild type); ook waren proinflammatoire 

cytokines verhoogd in α7nAChR-knock out muizen. In hoofdstuk 3 hebben we 

twee nieuwe, orale α7nAChR agonisten, PMP-311 en PMP-072, onderzocht in het 

collageen-geïnduceerde artritis (CIA) model. PMP-311 leidt tot klassieke activatie van 

de α7nACh-receptor via ionkanaalactivatie. Behandeling met PMP-311 had een sterk 

ontstekingsremmend effect. PMP-072 gaf echter geen ionkanaalactivatie, tenzij er 

werd voorbehandeld met een positieve allosterische modulator (PAM). Behandeling 

met PMP-072 was alleen effectief in een hogere dosering. Dit onderzoek toont aan 

dat ionkanaal activatie niet perse noodzakelijk is voor het antiinflammatoire effect 

na α7nAChR activatie. 

Eerder onderzoek heeft aangetoond dat het eenzijdig klieven van de nervus 

vagus (vagotomie) de ernst van artritis verergert, hoewel er geen statistische 

significantie werd bereikt. In hoofdstuk 4 onderzochten we of elektrische stimulatie 

van de nervus vagus (nervus vagus stimulatie, NVS) een ontstekingsremmend effect 

heeft in een rat CIA model. Dit leidde tot een verlaging van klinische tekenen van 

artritis, vermindering van synoviale ontsteking en verlaging van TNF expressie. Deze 

bevindingen komen overeen met een andere studie, waarbij de nervus vagus werd 

samengebonden met een naastgelegen spier om de zenuw te stimuleren, waarbij 

ook verbetering van artritis werd gezien.

Daarnaast hebben we activatie van de CAP onderzocht in een diermodel voor 

een andere chronische immuun-gemedieerde inflammatoire aandoening, het 

syndroom van Sjögren, in de ‘non-obese diabetic (NOD)’-muis. De NOD muis 

wordt wel gebruikt als model voor diabetes mellitus type 1 en het syndroom 

van Sjögren. Dit wordt beschreven in hoofdstuk 5. We hebben de α7nAChR 

gestimuleerd met AR-R17779 en nicotine en hebben een eenzijdige vagotomie 

verricht, dit om enerzijds de CAP te activeren en anderzijds te remmen. Activatie 

van de α7nAChR gaf geen verbetering in productie van speeksel en leidde niet 

tot vermindering van ontsteking in de speekselklieren. Eenzijdige vagotomie 

had ook geen effect op deze parameters. Er waren minimale veranderingen 

zichtbaar in cytokineproductie met een daling van het proinflammatoire 

chemokine MCP-1 na α7nAChR activatie en een stijging van TNF na vagotomie. De 

ontwikkeling van diabetes leek aanvankelijk versneld, maar dit was niet statistisch 

significant en ontsteking in de pancreas was ongewijzigd. In dit diermodel lijkt 

de CAP geen duidelijk effect te hebben op het ziekteproces, maar het is niet 

uitgesloten dat langere behandeling wel tot een effect had geleid, aangezien 
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een andere dierstudie heeft laten zien dat stimulatie van de CAP met nicotine 

wel een remmend effect heeft op diabetesontwikkeling en in de pancreas minder 

cytokineproductie werd gezien.

Deel ii – kliniscH

cholinerge anti-inflammatoire pathway bij mensen met een verhoogd 

risico op ra ontwikkeling en ra patiënten

Studies hebben aangetoond dat er een verandering is in de balans van 

het autonome zenuwstel van RA patiënten, en dit wordt ook gevonden bij 

andere immuun-gemedieerde inflammatoire aandoeningen, zoals chronische 

inflammatoire darmziekten en systemische lupus erythematosus. Deze autonome 

dysbalans kan het gevolg zijn van ontsteking, maar aan de andere kant kan het ook 

zijn dat deze balans invloed heeft op ontsteking, ziekte ontwikkeling en ernst van 

de ziekte. De balans in het autonome zenuwstelsel kan op verschillende manieren 

gemeten worden, bijvoorbeeld door cardiovasculaire reflex testen (hartslag en 

bloeddruk), het bepalen van hartritmevariabiliteit (HRV) in rust en na orthostase en 

het meten van sympathische hormonen (noradrenaline en adrenaline). De meeste 

studies bij RA patiënten laten met behulp van deze technieken een verlaagde 

parasympatische activiteit zien; verandering in het sympathische zenuwstelsel 

werd minder vaak gevonden. Verandering in de autonome balans is bij RA patiënten 

geassocieerd met de mate van ontsteking in het bloed en de ziekteactiviteit 

bepaald door middel van de disease activity score van 28 gewrichten (DAS28). 

Als RA patiënten een meer dominant parasympatisch geactiveerd autonoom 

zenuwstelsel hebben, reageren ze beter op anti-TNF therapie, wat suggereert 

dat een gebalanceerd autonoom zenuwstelsel kan helpen bij het onder controle 

krijgen van ontsteking. In hoofdstuk 6 wordt de relatie tussen autonome balans 

en ontsteking besproken.

Om te bepalen of afwijkingen in het autonome zenuwstelsel een oorzakelijke 

rol kunnen spelen in de ontwikkeling van RA, wordt in hoofdstuk 7 de autonome 

balans gemeten door bepaling van HRV bij mensen met een verhoogd risico op het 

ontwikkelen van RA (o.a. IgM-RF en/of ACPA positief), gezonde vrijwilligers en RA 

patiënten. De parasympathische parameter, hartslag in rust (RHR), was verhoogd bij 

mensen met een verhoogd risico, vergelijkbaar met de bevindingen bij RA patiënten. 

Dit toont aan dat verlaagde parasympathische activiteit al aanwezig is voor de 

ontwikkeling van artritis. In een onafhankelijk cohort zien we eveneens autonome 

dysfunctie bij mensen met een verhoogd risico op RA ontwikkeling, die later in 

de studie artritis ontwikkelen. Autonome dysbalans werd ook in ander onderzoek 
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gevonden bij gezonde mensen, die vervolgens hypertensie of diabetes ontwikkelden 

op latere leeftijd, hetgeen laat zien dat autonome dysbalans mogelijk een 

voorspellende functie kan hebben voor de ontwikkeling van verschillende ziekten. 

Het herstellen van de autonome dysbalans zou mogelijk een preventieve benadering 

kunnen zijn bij mensen met een verhoogd risico op RA. Parasympathische activiteit 

kan worden verbeterd door middel van meditatie, sporten, ademhalingsoefeningen 

en nervus vagus stimulatie. Of deze benadering ook daadwerkelijk tot het voorkomen 

van RA kan leiden, moet blijken uit toekomstig onderzoek.

Elektrische stimulatie van de nervus vagus is een therapie die wordt toegepast 

bij therapieresistente epilepsie patiënten. Het is een veilige behandeling die 

meestal goed verdragen wordt door de patiënt. Bijwerkingen zijn met name 

heesheid, stemvervorming en hoesten tijdens stimulatie. In hoofdstuk 8 

onderzoeken we het ontstekingsremmende effect van NVS bij epilepsie en RA 

patiënten. De nervus vagus stimulator werd geïmplanteerd bij epilepsiepatiënten 

in het kader van de epilepsiebehandeling. Er werden proinflammatoire cytokines 

gemeten in perifeer bloed, dat gestimuleerd werd met lipopolysaccharide (LPS), 

voor en na elektrische NVS. Na NVS werd een daling gezien van TNF, IL-1β en 

IL-6. In de studie bij RA patiënten werden 2 groepen geïncludeerd (cohort I en II). 

Patiënten in cohort I werden tot inclusie in de studie behandeld met synthetische 

DMARD’s (methotrexaat, prednison) en hadden nog geen behandeling gehad 

met biologische DMARD’s of waren gestopt met biologische DMARD’s om een 

andere reden dan therapiefalen. Patiënten in cohort II waren reeds behandeld 

met twee verschillende soorten biologische DMARD’s. Er werd een nervus vagus 

stimulator geïmplanteerd die door de patiënten 1-4 maal daags geactiveerd werd 

gedurende 60 seconden, door een magneet over de generator van de nervus 

vagus stimulator te bewegen. Op dag 42 werd een significante verlaging gezien 

van TNF productie, alsook een verbetering van DAS28 (primaire eindpunt). Op 

dag 56 werd NVS behandeling gedurende 2 weken gestaakt, waarna DAS28 en TNF 

beide stegen; na herstarten van de stimulatie op dag 56 tot en met dag 84 daalden 

beide weer. In beide cohorten bereikten  ̃70% van de RA patiënten minimaal een 

verbetering van ziekte van 20%, bepaald door middel van de ‘ACR20 response 

criteria’. In cohort I behaalden meer patiënten een 50% en 70% verbetering 

vergeleken met patiënten in cohort II. Desalniettemin is het opmerkelijk dat 

RA patiënten in cohort II op NVS reageerden, ondanks eerder therapiefalen op 

verschillende typen synthetische en biologische DMARD’s. De resultaten van 

deze studie, die eerder dierexperimenteel werk bevestigen, zijn belangrijk omdat 

hiermee voor het eerst in mensen is aangetoond dat NVS een gunstig effect kan 
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hebben op de ziekteactiviteit en cytokineproductie bij patienten met chronische 

autoimmuunziekte. De eerste resultaten van deze benadering bij patienten met 

de ziekte van Crohn lijken dit effect te ondersteunen. 

conclusie

In dit proefschrift wordt beschreven dat RA patiënten, evenals mensen met een 

verhoogd risico op het ontwikkelen van RA, een dysbalans hebben in het autonome 

zenuwstelsel. Dit draagt mogelijk bij aan de ontwikkeling van de ziekte. Activatie van 

het parasympathische zenuwstelsel via nervus vagusstimulatie of via activatie van 

de α7nAChR leidt tot een anti-inflammatoir effect in diermodellen voor artritis. In 

overeenstemming hiermee vonden wij dat elektrische stimulatie van de nervus vagus 

bij patienten met epilepsie en bij RA patiënten leidt tot significante afname van de 

productie van pro-inflammatoire cytokines. Nervus vagusstimulatie leidde ook tot 

afname van de ziekteactiviteit bij RA patiënten.

Het onderzoek dat in dit proefschrift wordt beschreven, ondersteunt de 

hypothese dat chronische immuun-gemedieerde inflammatoire aandoeningen 

mogelijk in de toekomst op een geheel nieuwe manier behandeld kunnen worden, 

namelijk door een bio-elektronische benadering of door nieuwe medicijnen die op 

de α7nAChR aangrijpen.  
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sialadenitis or diabetes in the non-obese diabetic mouse model of 

Sjögren’s syndrome

2015 0.5 ECTS

•	 Autonomic dysfunction precedes the development of rheumatoid 

arthritis: cross talk between the nervous system, hormones and the 

immune system

2015 0.5 ECTS

conferences 

Symposium Klinische Immunologie, Academisch Medisch 

Centrum,  Amsterdam, The Netherlands

2010 0.3 ECTS  

NVVI – Dutch Society for Immunology conference, AMC, 

The Netherlands

2010 0.6 ECTS

EWRR  Annual Meeting in Amsterdam, The Netherlands 2011 1.0 ECTS

ACR/ARHP Annual Scientific Meeting in Chicago, USA 2011 1.25 ECTS

ACR/ARHP Annual Scientific Meeting in Washington D.C., USA 2012 1.25 ECTS

EULAR Annual European Congress of Rheumatology in Madrid, Spain 2013 1.0 ECTS

Dutch Endo-Neuro-Psycho (ENP) Meeting, Lunteren, 

The Netherlands

2014 0.2 ECTS

ACR/ARHP Annual Scientific Meeting in Boston, USA 2014 1.25 ECTS

EWRR Annual Meeting in Budapest, Hungary 2015 1.0 ECTS
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seminars and workshops

Weekly department research seminars AMC 2010-2015 12 ECTS

Weekly department clinical education AMC 2010-2015 12 ECTS

PhD student retreat Center for Immunology Amsterdam 2010 1.0 ECTS

education and lecturing

Course: college keuze onderwijs -  4e jaars 

geneeskunde studenten

2012-2013 0.5 ECTS

Supervising students

•	 Mara Diks, HLO (Utrecht) 9 months 2011-2012 4 ECTS

•	 Jan Visscher, Geneeskunde (AMC) 4 months 2011 2 ECTS

•	 Jannemieke Vermeij, Geneeskunde (AMC) 4 months 2012 2 ECTS

Prices

AMC Award Societal Impact of Research 2013

outreach

Printed media / gedrukte media

telegraaf (voorpagina) 

Onderzoek AMC wereldprimeur: nekchip remt reuma 18-07-2011

Chip geneest reuma 12-11-2012

nrc weekend wetenschapsbijlage

Minder reuma met electriciteit 17-11-2012

Diverse kranten landelijk

Promotie AMC als werkgever 'Het medicijn van de toekomst hoef je 

maar één keer in te nemen'

03-2013

Herald (ierland)  

Implant in neck may help treat arthritis 22-07-2011

Het laatste nieuws (België)

Chip remt reumapijnen af 13-11-2012

in Beweging (reumapatiënten magazine)

Proef met pacemaker gaat beginnen 09-2011

Proef met pacemaker vordert – Onderzoekers zoeken nog  

deelnemers

03-2012
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nederlands tijdschrift voor reumatologie

Nervus vagusstimulatie bij reumatoïde artritis 01-2012

reumatologie spreekuur 

Special Nekchip – met reacties reumatologen 2013 (nr. 1)

new scientist

Healing spark: Hack body electricity to replace drugs 02-2014

the new York times magazine

The electric body – can the nervous system be hacked? 25-05-2014

scientific american

Shock medicine – Stimulation of the nervous system could replace  

drugs for inflammatory and autoimmune conditions

03-2015

Audiovisual media / audiovisuele media

nos journaal 

Doorbraak in reumaonderzoeken

Reumachip maakt een verschil van dag en nacht 12-12-2012

rtl nieuws & editie nl

Chips tegen Reuma 12-12-2012

radio 2 – frits spits 

Chip als behandeling tegen reuma 12-12-2012

ntr – kennis van nu 

Wetenschapsitem over nervus vagus stimulatie bij RA patiënten 

met Andre Kuipers

27-04-2014

itV / sky news - newsitem (uk)

‘Nerve hack’ offers arthritis sufferers hope 22-12-2014

New media / nieuwe media

Diverse nieuws-internetpagina’s en forums over nervus vagus 

stimulatie bij reuma

2012-2014







223

&

A
ppen

d
ic

es
PU

B
LIC

A
TIO

N
 LIST
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Bleuming, S.A., He, X.C., Kodach, L.L., Hardwick, J.C., Koopman, F.A., Ten Kate, 

F.J., van Deventer, S.J., Hommes, D.W., Peppelenbosch, M.P., Offerhaus, G.J., Li, L. & 

van den Brink, G.R. Bone morphogenetic protein signaling suppresses tumorigenesis 

at gastric epithelial transition zones in mice. Cancer Res (2007) 67, 8149-55.

Koopman, F.A., Stoof, S.P., Straub, R.H., Van Maanen, M.A., Vervoordeldonk, M.J. 

& Tak, P.P. Restoring the balance of the autonomic nervous system as an innovative 

approach to the treatment of rheumatoid arthritis. Mol Med (2011) 17, 937-48.

Levine, Y.A., Koopman, F.A., Faltys, M., Caravaca, A., Bendele, A., Zitnik, 

R., Vervoordeldonk, M.J. & Tak, P.P. Neurostimulation of the cholinergic anti-

inflammatory pathway ameliorates disease in rat collagen-induced arthritis. PLoS 

One (2014) 9, e104530.

Koopman, F.A., Schuurman, P.R., Vervoordeldonk, M.J. & Tak, P.P. Vagus nerve 

stimulation: A new bioelectronics approach to treat rheumatoid arthritis? Best. Pract. 
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alpha7 nicotinic acetylcholine receptor ligands: in vitro properties and their efficacy 

in collagen-induced arthritis in mice. PLoS One (2015) 10, e0116227.

 

Levine, Y.A., Koopman, F.A., Faltys, M., Zitnik, R. & Tak, P.P. Using Traditional 

Preclinical Models to Guide Development of an Untraditional Inflammation Therapy: 

Neurostimulation of the Cholinergic Anti-inflammatory Pathway in Rheumatoid 
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M.J. Cholinergic anti-inflammatory pathway in the non-obese diabetic mouse model. 

Oral Dis (2015) 21, 858-65.
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DankwoorD

Het leeuwendeel van het boekje is af, maar het meest gelezen stuk schrijf ik hier. 

Het is een mooie reis geweest, waarin ik met velen van jullie heb samengewerkt en 

veel steun heb gekregen. Ik wil een aantal van jullie graag persoonlijk bedanken. 

Lieve studie-deelnemers, jullie deelname was onmisbaar voor de 

totstandkoming van dit boekje. Ik wil jullie van harte bedanken hiervoor! Met 

name deelname aan de chip-studie was geen makkelijke keuze. Jullie hebben 

allemaal vol overtuiging gekozen om deel te nemen, om een nieuw soort therapie 

een eerste kans te geven met de hoop maar zeker geen zekerheid dat het een 

betekenisvolle verbetering van jullie klachten zou geven. Met name dit laatste 

maakt jullie tot pioniers en voor mij zeer bewonderenswaardig. Een speciale band 

zullen we altijd houden. Ik wens jullie allemaal voor de toekomst in elk geval veel 

gezondheid toe.

Paul-Peter, sommige dingen hoef ik eigenlijk niet op te schrijven. We zijn in de 

afgelopen jaren altijd open naar elkaar geweest. We ontmoetten elkaar voor het eerst 

in 2007, en ik was net begonnen met mijn coschap interne geneeskunde. Ik wilde 

promoveren, maar de kliniek niet geheel verlaten. Bij mijn eerste afspraak met jou 

was jij beter voorbereid dan ik en stond mijn CV op wonderbaarlijke wijze ineens open 

op jouw computer. Ja hoor, ik mocht promoveren op de afdeling, poli doen, diensten, 

de mogelijkheden waren ruim. Al in het eerste jaar van mijn promotie liet je vallen 

dat je misschien zou vertrekken, dus toen het zover was, was ik niet zo verbaasd. 

Maar in de jaren daarna heb ik het ‘even’ samen overleggen wel echt gemist. Jij was 

het die mij vol vertrouwen alle kansen gegeven hebt , en mij de ruimte gaf om hier 

zelf invulling aan te geven. Die vrijheid heeft gemaakt dat ik kon groeien, en heeft 

me met name ook vertrouwen gegeven in mijn eigen oordeel. Door regelmatig via 

de mail te ‘levelen’ zorgden we dat we hetzelfde einddoel vasthielden en gaf je ook 

het benodigde zetje vooruit als ik het nodig had. Dank voor jouw steun en dat onze 

paden weer zullen kruisen, daar twijfel ik niet aan.

Margriet, je was en bent er altijd! We hebben letterlijk samen gelachen en gehuild, 

en we zijn als vriendinnen beiden een nieuw pad ingeslagen. Je bent een stimulerende 

en ook kritische begeleider geweest en nog altijd, beide waren cruciaal tijdens mijn 

promotie-traject. Als ik vastliep was je er met suggesties en als ik niet zorgvuldig 

genoeg was stimuleerde je me om dieper te graven. Vooral met betrekking tot de 

uitvoering en het opzetten van dierexperimenteel onderzoek heb ik veel van je 
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geleerd, evenals het op waarde schatten van experimenteel onderzoek. Ik heb me 

altijd zeer gelukkig geprezen dat jij mijn co-promotor bent, zonder jouw hulp was dit 

traject voor mij veel zwaarder geweest. Mijn dank is groot. 

Dear members of the committee, prof. dr. R.H. Straub, prof. dr. G.R.A.M. D’Haens, 

prof. dr. M. de Visser, prof. dr. W.J. de Jonge, prof. dr. R.F. van Vollenhoven, and prof. 

dr. J.M.W. Hazes, I would like to thank you for taking the time to read my thesis and 

to be part of the doctorate committee. 

Daan, jij liet jouw blik regelmatig over de patiënten in mijn studies schijnen, en 

ondersteunde mij bij mijn klinische studies. Dank hiervoor. Dominique, als mijn 

polibegeleider hebben we twee jaar lang wekelijks overleg gehad. Dit was altijd 

leerzaam en ook gezellig! Hierbij heb ik je van een heel andere kant leren kennen, 

en extra leren waarderen. Niek, ik liet jou achter met de chipstudie samen met Anne 

en Marieke en natuurlijk doen jullie dat geweldig. Verder waardeer ik je als opleider, 

waarbij je als het nodig is serieus naar me luistert of dit vooral laat als het niet nodig 

is. Sander, dank voor jouw luisterend oor en adviezen.  

Rick, jij en jouw neurochirurgisch team maakten de uitvoering van de nervus 

vagus stimulatie studie mogelijk, en er was altijd mogelijkheid om te overleggen. 

Hartelijk dank hiervoor. John, jij was ook een beetje mijn co-promotor. Je dacht met 

me mee, ik kon altijd terecht voor overleg en discussie en ik kreeg ook nog eens een 

eigen liedje van jou! Dank voor jouw steun.

Ralph and Yaakov, thank you for all the discussions we had on ‘our’ topic. It was a 

great adventure, and I’ve learned so much. I think it went beyond our expectations, 

and we can be proud of the result.     

Portokabin-genoten! Eigenlijk vat dat het precies samen: we deelden deze 

werkplek en genoten van onze tijd in de portokabin. Voor buitenstaanders leek het 

vooral straf om daar te moeten zitten, ons gaf het vrijheid, licht en ruimte. En bovenal 

collegialiteit. Lieve Caroline, Jelle, Ciska, Jan en Nienke, dank voor de gezelligheid. 

Caro, je moet nog ietsje verder lezen. Jelle, wij hadden direct een klik en begrepen 

elkaar met een half woord, ik mis je nu je zo ver weg zit! Ciska, we konden ons hart 

altijd even bij elkaar luchten, dank hiervoor. Jan, jouw droge opmerkingen maakten 

mij altijd aan het lachen. Nienke, ik kon altijd bij jou terecht met vragen en ik heb veel 

van je geleerd. Niels, jou wil ik bedanken voor onze open gesprekken en jouw hulp 

aan mij bij de dierstudies. Alle andere Arthrogenners (Ingrid, Karin, Lisette, Corine, 
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Scott, John, Gerrit, Nick, Annett, Marilyn, Emiel, Marilyn, Simon, Mariska, Carola, 

Willem), dank voor de samenwerking, lunches en gezelligheid! 

Lieve KIR-collega’s, naast het harde werken was er ook tijd voor leuke borrels, 

goede feestjes, zeilweekenden, lasergamen, hockeyen, etcetera. Het was een genot 

dit met jullie te delen! Man Wai, wij deelden onze studies en ondertussen ook onze 

opleiding, dank voor jouw vriendschap en luisterend oor. Karen, wij gaan tegelijk 

promoveren, wie had dat gedacht! Het wordt een mooi feestje. Jacky, ik bewonder 

jouw wetenschappelijke gave, ik heb veel van je geleerd. Marjolein de H, dank voor jouw 

input in mijn stukken, en dat we altijd even ongedwongen konden bijkletsen. Margot, 

jouw hulp bij het starten van de chipstudie was onmisbaar, zonder jou was ik zeker vaker 

gestruikeld. Ik heb genoten van die tijd als collega’s en eigenlijk gewoon als vriendinnen. 

Anne, jij nam de chipstudie van mij over, hartelijk dank hiervoor en dank voor jouw altijd 

positieve blik. Ines, loved working with you, hope we stay in touch! Cristina, altijd ben je 

geïnteresseerd in de mensen om je heen en bereid om te helpen, je bent uniek. Mariane, 

jij hebt Margot opgevolgd en mij enorm geholpen bij de chipstudie. Marieke B., samen 

hadden we grootste plannen voor een nieuwe studie, maar die kwam er helaas niet. 

Desalniettemin hebben we samen jouw eerste studies in het AMC gedaan en kijk waar 

je ondertussen bent, knap hoor! Marjolein van M, van jou nam ik het stokje over en dank 

zij jouw onderzoek hebben we de stappen van de laatste jaren kunnen zetten. Naar 

jouw idee was je altijd te druk om nog mee te denken, maar toch was je er als we vragen 

hadden en was je altijd geïnteresseerd in onze vorderingen. Ivy, Maureen, Dorothee, 

Carla, Maartje, Anne, Mary, Paul, Peter, Marleen, Rogier, Marc, Radjesh, Jeffrey, Ae-Ri, 

Linda, Alec, Troy, Chrissta, Janine, Melissa, Nathaliya, Leonie, Lisa, Afra, Rolinka, Natasja, 

Marieke H. en Marieke D., zo fijn om jullie als collega’s te hebben en te hebben gehad. 

Inca, Dees, Dennis, Antoinet en andere medewerkers van G1, dank voor de 

ruime ondersteuning van verschillende studies met het ophalen en verwerken van 

samples, kleuren van slides, versturen van samples, teveel om op te noemen. Tamara, 

jij begeleidde dit proces altijd fantastisch, het was tot in de puntjes verzorgd, later 

deelden we een werkplek in de portokabin en leerden we elkaar beter kennen. Twijfel 

niet aan jezelf, nergens voor nodig! Je bent gewoon heel goed. Artroscopie-team, dank 

voor jullie inzet! Marjan, niets was te moeilijk voor jou, je hebt me veel stress bespaard. 

Jannemieke, Jan en Mara, ik heb jullie mogen begeleiden bij jullie stage. Jullie 

hebben veel werk verzet en ik hoop dat jullie veel geleerd hebben. Ik vond het heel 

leuk om jullie te begeleiden. Dank voor de samenwerking en succes met jullie carrière. 
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Ondertussen ben ik in mijn derde jaar opleiding bezig en werk ik samen met 

zoveel geweldige collega’s binnen de interne geneeskunde. Dank voor het delen van 

jullie kennis en de stimulerende werkomgeving. 

Kees en Nelson, jullie hielpen mij met de finishing touch van het boekje. Zowel 

de omslag als de figuren bij de hoofdstukken zijn prachtig geworden. Heel veel dank 

hiervoor. 

Lieve vriendinnen van de LMA, we kennen elkaar al zo lang en eten al bijna 15 jaar 

om de week samen. Onze levens veranderen en we groeien samen op, het is heerlijk 

om vriendinnen te hebben die je zo goed kent en die mij ook zo goed kennen. Ook in 

het afgelopen jaar toen ik eigenlijk te druk was om regelmatig te komen, veranderde 

dit eigenlijk niets, onze vriendschap is al goed verankerd. Jullie zijn geweldig. 

Lieve buren van de waterbuurt, we wonen hier nu een flink aantal jaren en het 

feit dat we nooit meer wegwillen is natuurlijk jullie schuld. Te vaak zitten we in het 

zonnetje een drankje te drinken, gaan we zeilen, bbq-en, naar een festival of een 

nachtje doorhalen in de stad en op een balansdag aan de yoga op het water. Jullie 

maken thuiskomen extra fijn.    

Even een avond iets anders en relaxen is altijd heerlijk! Dank hiervoor in de 

afgelopen jaren, Frank en Nelleke, Nelson en Gina, Annemarije en Bas, Henk en 

Christel, Marco en Beike, Sil en Lanee, Hinke en Jacco, Donja en Koen, Ouafa en 

Khalid, Mariken en Niels, Carmen, Charlie, Caroline en Eugene, Peter en Leonie, 

Riekelt en Laura, Anna-Karin, Arno en Rajev, Henk-Jan, Sebas en Juud, en alle anderen. 

En hopelijk krijg ik het minder druk na mijn promoveren en wordt de frequentie van 

afspreken hoger. 

Lieve Anoek en Floor, we kennen elkaar al zo lang (vanaf de basisschool) en onze 

vriendschap is er een zonder verplichtingen en zonder masker, we zijn onszelf en 

delen onze vreugde en zorgen. Al wonen we soms ver van elkaar of zien we elkaar 

langere tijd minder, als we elkaar spreken is het altijd als vanouds. Anoek, jouw drive 

en doorzettingsvermogen bewonder ik enorm, en die laatste marathon op jouw 

lijstje gaat zeker ook lukken! Floor, jouw liefde en warmte voor Erhard en de kinderen 

is prachtig, maar vergeet jezelf niet. Dank voor jullie warme vriendschap. 

Lieve familie, Carla, Mija en Daan, Teun, Jasper en Barbara, Fien en Henk, jullie 

wilden altijd weten hoe het ging met mijn promotie en wat duurt het dan lang voordat 
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ik jullie kon zeggen dat het eindelijk echt zover is. Dank voor jullie steun en interesse. 

Lieve Jacq, we missen je. Lieve Dirk en Tilly, jullie ontvingen mij met open armen, dank 

jullie wel hiervoor. Lieve Frouke, Sake, Ruud en Gepke, we kennen elkaar nog niet 

lang, maar een verbinding met elkaar voelen we al. Het is voor mij heel bijzonder om 

jullie te leren kennen, het was voor mij een ontbrekend stukje. 

Lieve Adriaan, mijn paranymf, had je dat ooit gedacht ;) Op een bepaalde manier 

ken jij me denk ik het beste, als broer en zus kunnen we elkaar lezen en schrijven en 

ik heb met niemand zo vaak de slappe lach gehad als met jou. Toen ik ging studeren 

in Amsterdam en jij later in Groningen zagen we elkaar minder, maar onze band is 

onverminderd sterk gebleven. Dat jullie nu weer in de buurt wonen is heerlijk! Zo fijn 

dat je mij wilt ondersteunen op deze spannende dag. Lieve Maya, altijd fijn om bij te 

kletsen, samen inspireren jullie mij om vooral nu te leven (en te reizen). 

Lieve Caroline, mijn paranymf, dat was voor mij al heel lang duidelijk! We hebben 

lief en leed gedeeld in de portokabin en elkaar door dik en dun kunnen steunen. Voor 

jou is nooit iets teveel, je bent altijd bereid om iets voor een ander te doen en doet dit 

zonder zichtbare moeite en zonder klagen. Jouw organisatie-skills zijn te hoog voor 

mij gegrepen, maar inspireren mij zeker om het toch steeds iets beter te doen! Dank 

dat je naast me wilt staan, dat voelt heel veilig. 

Lieve Roelof en Clara, als jullie er toch niet waren.. Jullie zijn zeker de liefste papa en 

mama die er bestaan. Jullie hebben alles altijd op de voet gevolgd: scholen, studies, 

reizen en nu mijn promoveren. Jullie steun is voor mij heel belangrijk en ik ben trots 

dat jullie mijn ouders zijn! 

Fleur, jij kwam nieuw in mijn leven zes jaar geleden en ik zie je elke dag letterlijk en 

figuurlijk groeien. Ik ben trots op wat je doet en op de persoon die je aan het worden 

bent. Dikke kus! 

Jiri, ik mag je niet bedanken, dat vind je maar onzin. Jij bent er gewoon, zeg je. 

Dat is precies wat je voor mij bent, je bent mijn lieve, vindingrijke en altijd positief 

ingestelde man. En ondertussen ben je er altijd voor iedereen met een lach, je 

bent uniek! 

Summer is a state of mind




