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Summary  
 

Background and purpose: 

Rheumatoid arthritis (RA) is a chronic inflammatory disease accompanied by joint 

inflammation, synovial hypertrophy, and progressive destruction of cartilage and bone, and 

affects 1% of the adult population worldwide. One criterion of the diagnosis and a fundamental 

characteristic of RA is remote inflammation, which results in widespread and severe 

malformation and immobility on both sides of joint. Although several studies have suggested 

that a neural mechanism is involved in the spreading inflammation of RA, the molecular links 

of inflammatory and neural pathways have not been uncovered. 

 

We previously found an amplification mechanism of inflammatory response, so called "IL-6 

amplifier", in which a simultaneous activation of IL-6-STAT3 and other cytokines (e.g. IL-17, 

TNF-α, and growth factors)-NF-κB pathways, induces an excessive activation of NF-κB in 

tissue-specific non-immune cells, resulting in chronic inflammation through a local recruitment 

of immune cells and robust production of inflammatory cytokines such as IL-6 per se and 

chemokines. Accordingly, we have defined inflammation as an IL-6-mediated accumulation 

of immune cells and/or proliferation of immune cells and regional non-immune cells, followed 

by the dysregulation of local homeostasis including the dysfunction of tissues and/or organs. 

Furthermore, we also discovered “gateway reflex” as the regulatory mechanism of IL-6 

amplifier by activation of specific neural circuit. Environmental factors such as gravity, weak 

electricity, pain, stress, and light stimulate specific neural circuits to produce neurotransmitter 

locally, and induce or inhibit (only by light stimulation) IL-6 amplifier that subsequently 

creates a specific gateway for immune cells at blood barrier, and then promote or suppress 

(only by light stimulation) an onset of chronic inflammatory diseases.  

 

Based on our original discoveries regarding IL-6 amplifier and gateway reflex, we 

hypothesized that a local neural regulation for bilateral inflammation may trigger initial 

inflammation and promotes the subsequent recruitment of immune cells by releasing attracting 

factors such as chemokines via the IL-6 amplifier. 

 

In my doctoral research, I aimed to clarify the underlying molecular mechanism of how specific 

neural circuit interconnects with bilateral inflammation for spreading pathology.   
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Materials and methods:  

To explore the molecular basis via neural pathways for spreading inflammation, F759 mice in 

which IL-6-mediated STAT3 activation is enhanced due to an amino acid substitution, Y759F 

in gp130 (IL-6 signal transducer in the IL-6R complex) at the binding site of SOCS3 for the 

negative regulation of IL-6 signaling, and spontaneous development of an RA-like disease in 

both sides of the ankle joints at around one year of age occur, were used as a representative 

cytokine-induced arthritis model as well as in a collagen-induced arthritis model (CIA) 

throughout my study.  

 

Since we hypothesized that spreading inflammation in RA might depend on neural pathways 

distributed on both sides, F759 mice were injected with IL-6 plus IL-17A, saline, or a 

neurotransmitter ATP, with or without anti-IL-6R, anti-IL-17A, control IgG, A438079 (ATP 

receptor P2X7 antagonist) at unilateral or bilateral ankle joints. For some experiments, F759 

mice induced arthritis by cytokine injections undergo deafferention for the sensory neurons at 

one side of the dorsal root ganglions (DRGs) beside the fifth lumbar cord (L5) or spinal cord 

cut. These mice were then assessed for the disease severity based on two bilaterally parameters: 

(1) swelling of the ankle and (2) restricted mobility of the ankle joints. The severity of each 

parameter was graded on a scale of 0–3, where 0 indicates no change; 1, mild change; 2, 

medium change; and 3, severe change. Averages for a single point in one leg ankle joint from 

each mouse were used. Ipsilateral and/or contralateral ankle joints, DRG at third to sixth lumbar 

cords (L3-L6) and nineth to thirteenth thoracic cords (T9-13), were used for examining 

recruitment of immune cells and neural activation status, and identification of specific sensory 

neuron and interneuron by immunohistochemistry (IHC), for quantifying c-fos (neural 

activation status), cytokine, and chemokine expression levels by real-time PCR, and for 

measuring cytokine and neurotransmitter levels by ELISA. For assessing NF-κB activity, ankle 

joints from NF-κB-reporter Tg/F759 mice induced arthritis by IL-6 plus IL-17A injections 

were collected and synovial tissues were homogenized in passive lysis buffer. After 

centrifugation, the supernatants were collected and analyzed for luciferase activities using 

Luciferase reporter assay system. To investigate the neural networks in spinal cord that connect 

sensory pathways between the ankle joints, herpes simplex virus 2 (HSV2) was employed to 

trace neural connections regardless of the presence of synapses. The presence of HSV2 was 

detected by IHC and quantified by real-time PCR. 
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Results: 

We found that surgical ablation or pharmacological inhibition of neural pathway at one side of 

ankle prevented inflammation development on the other side. Mechanistic analysis showed 

that ATP induced by activation of the IL-6 amplifier in collagen type1+ non-immune cells in 

one side of the ankle joint activates Nav1.8+ TRPV1+/- sensory neurons, which further 

stimulate the regional sensory neural pathway involving the lower thoracic spinal cord that 

contains proenkephalin+ interneurons. On the contralateral side, the response of sensory 

neurons in L4-L6 DRGs releases ATP, which induces inflammatory mediators, including 

cytokines and chemokines, by activating the IL-6 amplifier in collagen type1+ non-immune 

cells, including fibroblasts and endothelial cells, through a ATP receptor, P2RX7. 

 

Discussion: 

It is known that spreading inflammation is common in RA. The present study clarifies the 

molecular link for spreading inflammation between bilateral ankle joints in cytokine-induced 

and CIA models. Cytokine injections into one ankle joint of F759 mice induce ATP release 

from non-immune cells and subsequently activate afferent sensory pathways with c-fos 

induction on both sides of L5 DRG toward the contralateral ankle joint through a 

proenkephalin+ interneuron network in the thoracic cords, suggesting that the inflammation 

signal from one side activates sensory neurons in both the ipsilateral and contralateral sides. A 

previous report showed that RA synovial fibroblasts (RASFs) are able to migrate and 

contribute to the spread of the disease between bilateral synovial tissues in SCID mice. 

Although the authors identified RASFs as one key factor for spreading inflammation from a 

single joint to multiple ones, how RASFs reach the other joints remains to be elucidated. The 

present study suggests that the local neural regulation for bilateral inflammation may trigger 

the initial inflammation and promotes the subsequent recruitment of RASFs by releasing 

chemokines via IL-6 amplifier. Thus, a regional sensory neuron-interneuron connection 

between the ankle joints through the thoracic spinal cord is critical for spreading inflammation 

via the bilateral expression of ATP, which activates a neural pathway and enhances the IL-6 

amplifier.  

 

Conclusion: 

My doctoral study suggests that blockade of the sensory neuron-interneuron axis may be a 

therapeutic target for various inflammatory diseases including RA, in which inflammation 

spreads to remote positions. 
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1. Introduction 
 

1-1.  Rheumatoid arthritis (RA) 

RA is chronic inflammatory disease (Lefèvre et al., 2009), and affects 1% of the adult 

population worldwide. RA symptoms include chronic joint inflammation, synovial 

hypertrophy, and progressive destruction of cartilage and bone that lead to weakening of the 

joints, pain, and severe disability. The clinical symptoms, such as pain, difficulty to move, 

inflammation in the joints, negatively affect the patients’ well-being and ability to work, and 

induce psychological stress (Mausset-Bonnefont et al., 2019). One criterion for the diagnosis 

and a fundamental characteristic of RA is remote inflammation, which results in widespread 

and severe malformation and immobility on both sides of the joints (Arnett et al., 1988; 

Clarke et al., 1994). Similar symptoms are also observed in other inflammatory diseases 

including psoriasis, pulmonary fibrosis, glomerulonephritis, and sympathetic ophthalmitis. 

Several studies have suggested that a neural mechanism is involved in these symptoms (Kelly 

et al., 2007; Kidd et al., 1989; Shenker et al., 2003); however, the detailed molecular 

mechanism that links inflammatory and neural pathways has not been demonstrated. To this 

aim, animal models of RA are essential.  

 

The collagen-induced arthritis (CIA) mouse model has been extensively studied, since it shares 

several pathological and immunological features with the human pathology, and allows testing 

innovative treatments in preclinical studies. In the CIA model, arthritis development and 

severity are assessed using a clinical scoring system based on peripheral joint swelling and 

redness (Mausset-Bonnefont et al., 2019). However, it is still unknown how RA spread over 

different joints. 

 

1-2.  Interleukin-6 (IL-6)  

IL-6, which was discovered in 1986, is a pleiotropic cytokine involved not only in immune 

responses but also in inflammation, hematopoiesis, bone metabolism, embryonic development, 

and other fundamental processes (Hirano, 1998; Ishihara and Hirano, 2002).  

 

IL-6 is a prototypical member of the IL-6 family of cytokines, which is composed of 10 

members including IL-6, IL-11, IL-27, oncostatin M (OSM), leukemia inhibitory factor (LIF), 

ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CT-1), cardiotrophin-like cytokine factor1 
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(CLCF1), IL-35 and IL-39 (Murakami et al., 2019). Studies in the 1980s showed that IL-6 is 

produced by cardiac myxoma cells (Hirano et al., 1987) and Castleman’s germinal center cells 

(Yoshizaki et al., 1989), and is present at high amounts in the synovial fluid of RA patient 

(Hirano et al., 1988; Houssiau et al., 1988), suggesting its pathogenic role in autoimmune 

diseases and chronic inflammatory diseases (Hirano, 1992; 1998).  

 

IL-6 is a multifunctional cytokine with biological activities that include regulation of immune 

response, inflammation, and hematopoiesis. IL-6 also possesses several proinflammatory 

properties, such as stimulating the production of chemokines and adhesion molecules in 

lymphocytes, inducing acute-phase proteins in liver cells and increasing neutrophil counts in 

the blood (Hashizume and Mihara, 2011).  

 

1-3. Pathogenicity of IL-6 in RA development 

IL-6 has been demonstrated as a pivotal cytokine in RA pathogenesis by contributing to 

perturbation of both innate and adaptive immune system (Raimondo et al., 2017). Increased 

level of IL-6 is detected in the sera and synovial fluid of RA patients, which appears to be 

responsible for disease severity and progression (Ogata et al., 2019). In concert with other pro-

inflammatory mediators, IL-6 consequently promotes  differentiation of B cells and T cells to 

antibody-secreting cells and IL-17-secreting T helper 17 (Th17) cells, respectively. IL-6 also 

stimulates endothelial cells to produce chemokines, which lead to recruitment of other immune 

cells at the site of inflammation (Ogura et al., 2008). Moreover, IL-6 induces secretion of 

acute-phase proteins, such as C-reactive protein (CRP) in hepatocytes, activates fibroblast-like 

synoviocytes to produce IL-6 in the joint synovia, and induces autoantibody production from 

B-cells (Biggioggero et al., 2019; Ogata et al., 2019; Raimondo et al., 2017). Synovial 

fibroblastic cells produce large amounts of IL-6, when stimulated by inflammatory cytokines 

such as IL-1, TNFα, and IL-17, and that IL-6 augments the proliferation of synovial fibroblastic 

cells in the presence of soluble IL-6R (Hashizume and Mihara, 2011). As a pathogenic 

mechanism of bone destruction in RA, osteoclasts activated by inflammatory cytokines are   

responsible for focal bone erosion. Osteoclasts are often seen in the synovium at sites of 

cartilage destruction in RA patients. The receptor activator of NF- κB (RANK) and its ligand 

(RANKL) are essential factors for osteoclastogenesis. IL-6 and soluble IL-6R, induce RANKL 

expression in RA fibroblast-like synoviocytes (RAFLS). (Hashizume and Mihara, 2011). 
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Fig. 1 Summary of pathogenic role of IL-6 in RA (Raimondo et al., 2017) 

 

1-4.  Anti-IL-6 receptor therapy in RA 

IL-6 action is the result of interaction with IL-6 receptor (IL-6R), composed of a non-

signaling-receptor subunit IL-6Ra existing as both soluble and membrane-bound (present 

only on T cells, hepatocytes, activated B cells, neutrophils, and macrophages); and two 

signal-transducing gp130 subunits, which transduce signal through Janus kinase (JAK)-signal 

transducer and the activator of the transcription (JAK-STAT) pathway. IL-6 may interact 

with membrane-bound subunit in a classical (cis-) signaling pathway, which activates acute-

phase response, and is involved in metabolic effects, infection defense, and tissue 

regeneration. On the other hand, an interaction between complex IL-6/soluble IL-6R and 

gp130 subunits activates trans-signaling pathway in different cell types such as endothelial, 

smooth muscle, and neural cells, resulting in IL-6-mediated proinflammatory effects. 

Furthermore, the central role of IL-6 in a number of RA extra-articular manifestations and 

comorbidities has been definitely demonstrated. As an example, IL-6 interferes with several 

nervous functions, such as neuronal development and survival, synaptic plasticity, and central 

pain sensitization via stimulation of DRG in neuronal cells, which express gp130 subunits 

enabling IL-6 trans-signaling. Moreover, IL-6 can influence on hypothalamic-pituitary-

adrenal axis, resulting in hypersecretion of adrenocorticotropic hormone without a reciprocal 

increase of cortisol. Those described effects on central nervous and endocrine systems 

suggest a direct role of IL-6 in generating/amplifying mood disorders and RA systemic 

symptoms such as pain and fatigue (Raimondo et al., 2017). As a result blocking the IL-6 
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activity through deteriorating the IL-6 pathway became the target for the new generation of 

RA drugs by creating IL-6R  antagonists (Raimondo et al., 2017). The first IL-6R blocker to 

be introduced to the markets was tocilizumab, a humanized anti-IL-6R monoclonal antibody. 

The successful use of tocilizumab in RA has encouraged the development of other biological 

agents specifically targeting the IL-6 pathway, through attacking IL-6R as another IL-6R 

blocker,as sarilumab. Upon IL-6 stimulation, gp130 transduces two major signaling 

pathways: the JAK–STAT3 pathway, which is mediated by the YxxQ motif of gp130, and 

the SHP2–Gab-Ras-Erk–MAPK pathway, which is regulated by Y759, a cytoplasmic SOCS3 

binding residue in gp130(Fukada et al., 1996; Kamimura et al., 2003; Ohtani et al., 2000). 

Both tocilizumab and sarilumab are monoclonal antibodies that bind to both soluble and 

membrane-bound IL-6R, preventing the interaction of IL-6 with both the IL-6R and the 

signal transducer gp130 complex. The result is the inhibition of both the cis- and trans-

signaling cascades involving the JAK-STAT pathway (Narváez et al., 2021). However anti-

IL-6R therapy cannot be used for all RA patients (Nakagawa et al., 2010), and in about 30% 

of those patients as a result of serious adverse events, a decision of  ceasing treatment has to 

be taken (June and Olsen, 2016). This increases the need to further and deep understanding 

of the molecular and neuronal pathways that control the RA disease progression. 

 

1-5. F759 knock-in mouse line  

F759 knock-in mouse line (F759) that expresses a mutant variant of gp130, where tyrosine at 

759th position is substituted by phenyl alanine (F), those mice shows enhanced IL-6-mediated 

STAT3 activation due to a lack of SOCS3-mediated negative feedback of IL-6 signaling  

(Ohtani et al., 2000). As age increases, F759 mice spontaneously develop a RA-like disease 

in both sides of the ankle joints at around one year of age. Mechanistic analyses clarified that 

an enhanced IL-6 signal in type 1 collagen+ (Col1a)+ non-immune cells, but not in immune 

cells, is responsible for the development of F759 arthritis. Importantly, F759 arthritis was 

developed even in RAG-deficient F759 mice (Sawa et al., 2006), indicating that constitutive 

activation of IL-6 signaling in non-immune cells is involved in the development of autoimmune 

diseases (Atsumi et al., 2002). F759 arthritis is also dependent on Th17 cells expressing IL-

17A and IL-6 in a non-RAG-deficient background and the subsequent activation of the IL-6 

amplifier in the affected joints by cytokines from activated CD4+ T cells  (Murakami et al., 

2011; Ogura et al., 2008) Interestingly, ankle-joint injections of IL-17A and IL-6 in young 

F759 mice also caused an arthritic disease within two weeks, significantly facilitating 
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mechanistic analyses of the joint inflammation in vivo with a minimal effect by immune cells 

(Atsumi et al., 2017; Harada et al., 2015; Meng et al., 2016; Murakami et al., 2013; 

Murakami et al., 2011; Okuyama et al., 2018a; Ota et al., 2020; Tanaka et al., 2018). Thus, 

F759 mice are useful murine model for RA.  

  

1-6.  IL-6 amplifier 

By using F759 mice, we discovered the IL-6 amplifier, which is a fundamental molecular 

mechanism of tissue-specific inflammation and enhances the activation of NF-κB in non-

immune cells including synovial fibroblasts, endothelial cells, and chondrocytes, followed by 

regionally expressing excessive chemokines, cytokines, and growth factors in animal models 

and patients of RA and osteoarthritis (Fig. 2) (Harada et al., 2015; Murakami et al., 2013; 

Murakami et al., 2011; Ogura et al., 2008; Okuyama et al., 2018b; Tanaka et al., 2017) In 

this system, hyper-activation of the NF-κB signal is induced by the simultaneous stimulation 

of NF-κB and STAT3, followed by the local induction of inflammation (Atsumi et al., 2014; 

Harada et al., 2015; Lee et al., 2013; Murakami et al., 2013; Murakami et al., 2011; Ogura 

et al., 2008)Because one NF-κB target, IL-6, stimulates STAT3 during inflammation, its 

autocrine and/or paracrine action helps maintain STAT3 activation to express inflammatory 

mediators via the IL-6 amplifier in various inflammatory diseases (Hirano and Murakami, 

2020; Murakami et al., 2019). We further showed that the IL-6 amplifier plays a role in other 

tissue-specific inflammatory diseases in many organs including the skin, kidney, central 

nervous system (CNS), and  lungs (Arima et al., 2012; Arima et al., 2015b; Arima et al., 

2017b; Fujita et al., 2019; Higuchi et al., 2020; Lee et al., 2013; Murakami et al., 2019; 

Stofkova et al., 2019) Accordingly, we have defined inflammation as an IL-6-mediated 

accumulation of immune cells and/or proliferation of immune cells and regional non-immune 

cells, followed by the dysregulation of local homeostasis including the dysfunction of tissues 

and/or organs. It has been proposed that autoimmune diseases are caused by a break-down of 

self-tolerance due to multiple genetic and/or environmental factors, suggesting that the 

dysregulation of immune responses is fundamental for autoimmune diseases. This agrees with 

the theory that certain autoimmune diseases like RA, develop in specific tissues as a result of 

cognate antigen-recognition by CD4+ T cells, particularly, when these diseases are associated 

with class II major histocompatibility complex (MHC) alleles. Consistent with this, joint-

specific antigen specific peptides such as derivatives of aggrecan, fibrillin, and collagen have 

been identified in humans (Murakami and Hirano, 2011).  
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Fig. 2 The IL-6 amplifier. In non-immune cells, such as fibroblasts and endothelial cells, the 

simultaneous activation of NF-κB and STAT3 induces excessive NF-κB activation. Then, 

excess chemokines, growth factors (GFs) and IL-6 are locally produced. Eventually, local 

homeostasis is disturbed by the accumulation of immune cells as well as the growth of local 

non-immune cells, leading to inflammatory pathologies. IL-6 is one of only a few STAT3 

stimulators in many inflammatory diseases (Murakami et al., 2021).  
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1-7  Gateway reflex 

We have reported five gateway reflexes, which are triggered by gravity, pain, stress, light, and 

artificial electric stimulation, respectively (Fig. 3). Each gateway reflex regulates gateway in 

different sites of the CNS and retina during the development of tissue-specific inflammation. 

We identified several neural circuits that include ganglions, nuclei and different neurons and 

neurotransmitters. All gateways are established by the secretion of noradrenaline (NA) from 

the sympathetic pathway to activate the IL-6 amplifier at specific vessels. 

 

Fig. 3 The gateway reflexes. The activation of specific neural circuits by environmental stimuli 

as well as artificial electric stimulations on muscles results in the production of local 

neurotransmitters, such as NA, and increases chemokine expression at specific blood vessels 

via IL-6 amplifier activation. When CNS-specific or retina-specific autoreactive CD4+ T cells 

are present in the blood, they accumulate at gates in the CNS or retina, respectively, to disrupt 

the blood barriers and induce inflammatory diseases. Five types of gateway reflexes triggered 

by gravity, pain, stress, light or electric stimulation have been reported (Uchida et al., 2021). 
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In 2017, we discovered the 2nd generation of the gateway reflex, named stress gateway reflex. 

Regarding the stress gateway reflex, gateway-mediated micro-inflammation in the brain 

activated a new neural pathway via ATP to dysregulate distant organs. It is well known that 

stress is involved in many diseases. We have identified a stress-related nerve circuit that causes 

gastrointestinal failure and sudden death in the presence of autoreactive T cells that migrate to 

the CNS from the blood (Fig. 4; Arima et al., 2017). We employed transfer experimental 

autoimmune encephalomyelitis (EAE) mice under two stress conditions that have no obvious 

negative effect on the body: light sleep and wet bed environments. Severe gastrointestinal 

inflammation and heart failure were observed in mice with either stress in the presence of 

myelin-specific autoreactive T cells. 

 

Mechanistically, the stress stimulation activated some noradrenergic neurons in the PVN, 

which projects to two specific blood vessels surrounded by the third ventricle, dentate gyrus 

and thalamus, establishing gateways for the autoreactive T cells (Arima et al., 2017). 

Considering that the dentate gyrus and PVN are stress-related brain regions (Yun et al., 2018), 

(Moretto et al., 2017), it is reasonable that these blood vessels play a role in stress responses. 

We hypothesized that increased permeability in the absence of autoreactive T cells might 

suppress stress responses by activating neurons at the vessels to activate neurons in the 

dorsomedial hypothalamic nucleus (DMH)/anterior hypothalamic part (AHP). Consistently, 

some neurons in the DMH reduce the activation of PVN neurons to reduce the stress responses 

(Stotz-Potter et al., 1996; Vetrugno et al., 1993) 

 

In the stress gateway reflex (Fig. 4), PVN-derived noradrenergic neurons upregulate 

chemokine expression including CCL5 at the blood vessels in a manner dependent on nor-

adrenaline mediated IL-6 amplifier activation at the vessels, thus recruiting autoreactive T cells 

and MHC class II+ monocytes from the blood, followed by the activation of autoreactive T 

cells via antigen presentation. Cytokines expressed by the autoreactive T cells accelerated the 

IL-6 amplifier in endothelial cells and triggered microinflammation at the blood vessels 

(Arima et al., 2017).  

 

ATP is a neurotransmitter and is expressed in several cells after cytokine stimulation 

(Burnstock, 2006). ATP produced by the microinflammation locally functioned as a 

neurotransmitter. ATP directly activated neurons in the DMH/AHP followed by activating 
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neurons in the dorsal motor nucleus of vagal nerve (DMX) (Arima et al., 2017). The activation 

of the efferent vagus nerve projected from the DMX yielded severe gastrointestinal 

inflammation via massive ACh secretion, followed by hyperkalemia with sudden death 

(Uchida et al., 2021).  

 

 
Fig. 4 The stress gateway reflex. Chronic stresses including light sleep induce the activation of 

noradrenergic neurons in the PVN followed by the establishment of gateways for immune cells 

at specific blood vessels in the brain, particularly in the presence of myelin specific CD4+ T 

cells in the blood. Myelin-specific CD4+ T cells accumulate at the specific vessels together 

with MHC class II+ monocytes to develop micro-inflammation there. ATP produced by the 

microinflammation functions as a neurotransmitter to directly activate neurons in the 

DMH/AHP, followed by the hyper-activation of neurons of the DMX, especially projecting to 

the stomach and the upper level of the intestine. The resulting activated efferent vagus nerve 

causes gastrointestinal inflammation in a manner dependent on ACh followed by hyperkalemia 

with heart failure and sudden death. (Uchida et al., 2021)  

 

Therefore, we assume that gateways can be artificially controlled to open and close at specific 

vessel sites. Thus, the concept of the gateway reflex might resemble neuromodulation medicine, 
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which treats diseases by artificially controlling neural circuits. For this purpose, it is critical to 

identify neural circuits of the whole body and clarify nerve–vessel relationships. Elucidating 

these relationships may lead to novel therapeutic strategies for inflammatory diseases mediated 

by NF- κB targets including IL-6 and chemokines in response. During the gateway reflexes, 

the IL-6 amplifier at the specific vessels is activated by noradrenaline produced by specific 

sympathetic activation via some environmental or artificial stimuli. Autoreactive T cells at the 

gateway produce other cytokines such as IL-17 and TNF-α, which along with IL-6 stimulate 

NF- κB and STAT3 in regional non-immune cells, resulting in more chemokine and IL-6 

production to breach the blood barriers. Thus, gateway reflexes are associated with the local 

neural regulation of autoimmune responses.    

  

1-8  Hypothesis and Objectives 

One criterion for the diagnosis and a fundamental characteristic of RA is remote inflammation, 

which results in widespread and severe malformation and immobility at both sides of the joints 

(Arnett et al., 1988; Clarke et al., 1994 ). Similar symptoms are also observed in other 

inflammatory diseases including psoriasis, pulmonary fibrosis, glomerulonephritis, and 

sympathetic ophthalmitis. Although several studies suggest that a neural pathway may be 

involved in these symptoms (Kelly et al., 2007; Kidd et al., 1989; Shenker et al., 2003), 

the detailed mechanism has not been demonstrated. In my doctoral research, I aimed to clarify 

the underlying molecular mechanism that links inflammatory and neural pathways for 

spreading inflammation.   
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2. Materials and Methods 
 

2-1.  Mouse strains 

C57BL/6 mice were purchased from Japan SLC (Shizuoka, Japan). F759 mice were 

backcrossed with C57BL/6 mice for more than 10 generations. Adult (8–10 weeks of age) male 

mice were used in all experiments. Type I collagen-Cre mice were provided by Dr. G. Karsenty 

(Baylor College of Medicine, Houston, TX) and were crossed with STAT3flox/flox mice 

(provided by Dr. S. Akira, Osaka University, Japan) (Takeda et al., 1998)  and IKKγflox/flox 

mice (Schmidt-Supprian et al., 2000). NFκB-reporter transgenic mice in a C57BL/6 

background were also backcrossed with F759 mice and used  (Sadikot and Blackwell, 2008). 

All mice were maintained under specific pathogen-free conditions according to the protocols 

of Osaka University Medical School. All animal experiments were performed following the 

guidelines of the Institutional Animal Care and Use Committees of the Graduate School of 

Frontier Biosciences and Graduate School of Medicine, Osaka University, and the Institute for 

Genetic Medicine, Hokkaido University. The protocols for animal experiments were approved 

by the Institutional Animal Care and Use Committees of the Graduate School of Frontier 

Biosciences and Graduate School of Medicine, Osaka University, and Hokkaido University. 

We used Sham operated mice as a control mice in all experiments. 

 

2-2.  Antibodies and Reagents 

The following antibodies were used for staining: anti-c-Fos rabbit polyclonal antibodies 

(Abcam, product no. ab190289), anti-Nav1.8 rabbit polyclonal antibodies (a gift from Dr. 

Watanabe), anti-phosphorylated-c-fos (Ser32) rabbit monoclonal antibody (D82C12) (Cell 

Signaling Technologies, no. 5368S), anti-HSV2 rabbit whole antisera (Novus Biologicals, no. 

NB120-9534), anti-pro-enkephalin guinea pig polyclonal antibodies (a gift from Dr. M. 

Watanabe), anti-TRPV1 guinea pig polyclonal antibodies (a gift from Dr. M. Watanabe), anti-

calretinin chicken polyclonal antibodies (Encor Biotechnology, no. CPCA-Calret),anti-

phosphorylated STAT3 (Tyr705) Rabbit monoclonal antibody (D3A7) (Cell Signaling 

Technologies, no. 9145), anti-vimentin (Abcam, no. ab92547), anti-phosphorylated NF-κB p65 

(pSer276) rabbit polyclonal antibodies  (Sigma-Aldrich, no. SAB4504488), anti-P2RX7 goat 

polyclonal antibodies (Abcam, no. ab93354), anti-mouse CD31 rat monoclonal antibody (BD 

Pharmingen, no. 550274),  Alexa Fluor 647 labeled anti-phosphorylated CREB (Ser133) rabbit 

monoclonal antibody (clone 87G3, Cell Signaling Technologies, no. 14001S), Alexa Fluor 546 
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donkey anti-rabbit IgG (H+L)(Thermo Fisher Scientific, no. A10040), Alexa Fluor 488 donkey 

anti-rabbit IgG (H+L)(Thermo Fisher Scientific, no. A21206), Alexa Fluor 555 donkey anti-

rabbit IgG (H+L) (Thermo Fisher Scientific, no. A31572), Alexa Fluor 488 donkey anti-goat 

IgG (H+L)(Thermo Fisher Scientific, no. A11055), Alexa Fluor 647 goat anti-chicken IgG 

(H+L) (Thermo Fisher Scientific, no. A21449), Alexa Fluor 488 donkey anti-guinea pig IgG 

(H+L) (Jackson ImmunoResearch, no. 756-545-148), and Alexa Fluor 555 donkey anti-rat IgG 

(H+L) (Abcam, no. ab150154). VECTASTAIN Elite ABC Kit Peroxidase (Rabbit IgG) and 

ImmPACT DAB Substrate Kit Peroxidase were purchased from Vector Laboratories. The 

following antibodies were used for in vivo neutralization: anti-mouse IL-17 Ab (R &D Systems, 

no. MAB421) and anti-IL-6R Ab  (Chugai Pharmaceutical Co.). Mouse IL-17A was purchased 

from Peprotech. Human soluble IL-6Rα was purchased from R&D systems. Human IL-6 was 

obtained from Toray Industries. A438079 hydrochloride (no. 2972), A803467 (no. 2976), and 

IKK 16 (no. 2539) were purchased from Tocris Bioscience. Fluoro Gold (FG) was purchased 

from Fluorochrome (no. 52-9400), and ATP from Sigma-Aldrich (no. A6559).  ATP 

Measuring Reagent Kit was purchased from TOYO Ink (no. LL100-1), Bradykinin EIA Kit 

(Human, Rat, Mouse) (no. EK-009-01) and CGRP EIA Kit (Rat, Mouse)(no. EK-015-09) from 

Phoenix Pharmaceuticals, Human IL-6 ELISA Set (no. 555220) from BD Biosciences, IL-17 

mouse ELISA (no. BMS6001) from Thermo Fisher Scientific, LEGEND MAX Human IL-6 

ELISA Kit (no. 430507) from BioLegend, Luciferase reporter assay system (no. E1500) from 

Promega, and Norepinephrine EIA Kit (no. VA-10-0200) from LDN. Alexa Fluor-488- (no. 

C22841) and Alexa Fluor-555- (no. C22843) conjugated Cholera Toxin B subunit, and Zenon 

Rabbit IgG Labeling Kit, Alexa Fluor 488 (no. Z25302) and Alexa fluor 555 (no. Z25305) 

were purchased from Thermo Fisher Scientific. 

 

2-3.  Joint injections 

IL-6, IL-17A, ATP, A803467, A438079, FG, HSV2 (ATCC), Alexa Fluor labeled CTB, anti-

mouse IL-17 antibody, and anti-IL-6R antibody were injected into the ankle and knee joints of 

mice after washing extensively with saline and then injected into the joints of mice. 

 

2-4.  Clinical assessment of cytokine-induced arthritis 

F759 mice injected with IL-6 and IL-17A were assessed for signs of arthritis as described 

previously (Atsumi et al., 2017; Harada et al., 2015; Meng et al., 2016; Murakami et al., 2013; 

Murakami et al., 2011). Briefly, the severity of the arthritis was based on two bilaterally 

assessed parameters: (1) swelling of the ankle and (2) restricted mobility of the ankle joints. 
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The severity of each parameter was graded on a scale of 0–3, where 0 indicates no change; 1, 

mild change; 2, medium change; and 3, severe change. Averages for a single point in one leg 

ankle joint from each mouse were used.  

 

2-5.  Deafferentation 

Deafferentation was conducted as described previously (Kawano et al., 2007). Briefly, a skin 

incision was made along the vertebra between the thoracic-to-sacral level, the left dorsal root 

of the spinal cord at the L4-5 segmental levels or L4-6 segment levels was exposed, and the 

afferent fibers between the spinal cord and DRGs at L5 or L4-L6 were transected. Mice in the 

sham-operated control group had their left DRGs and roots exposed, but the nerve supply was 

kept intact. The contralateral side was kept intact for all mice. Fourteen days of ambulation 

were allowed after the surgery. 

 

2-6.  Partial sciatic nerve ligation 

Partial sciatic nerve ligation (Seltzer model) was performed as described previously 

(Malmberg and Basbaum, 1998; Seltzer et al., 1990). Briefly, a skin incision was made on 

the hip, and the sciatic nerve was exposed and ligated with 6-0 PGA suture (Akiyama, Tokyo) 

around approximately 1/3 to 1/2 the diameter of the nerve. In sham-operated mice, the nerve 

was exposed but not ligated.  

 

2-7.  Real-time PCR 

Total RNA was prepared from L5 DRG using sepasol-RNA I (Nacalai Tesque), chloroform 

(Sigma-Aldrich), and isopropanol (Sigma-Aldrich) or prepared from ankle joint tissue using a 

GenElute Mammalian Total RNA Kit (Sigma-Aldrich). The RNA was then treated with DNase 

I (Sigma-Aldrich) and used for reverse transcription with M-MLV reverse transcriptase 

(Promega) using an Oligo(dT)18 primer. The cDNA product was used in each real-time PCR 

reaction. Genomic DNA was prepared from L5 DRG and mouse ankle joints injected with 

HSV2 using the alcohol precipitation carrier Ethachinmate (Nippon Gene) and isopropanol. 

A 7300 Fast Real-Time PCR system and PROBE qPCR Master Mix (KAPA Biosystems) were 

used to quantify the levels of c-fos and HPRT mRNA and HSV2 DNA. The TaqMan PCR 

primer pairs were as follows: 
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Table 1. Primers and probes 

Gene Sequence 

Mouse Hprt 

(TAMURA) 

Forward 5'- AGCCCCAAAATGGTTAAGGTTG -3' 

Reverse 5'- CAAGGGCATATCCAACAACAAAC -3' 

Probe 5'- GATCCAACAAAGTCTGGCCTGTATCCAACAC -3' 

   

Mouse fos 

(TAMURA) 

Forward 5'- CCTTCTCCAGCATGGGCTC -3' 

Reverse 5'- CGTGGGGATAAAGTTGGCACTA -3' 

Probe 5'- GTGTCAACACAGGACTTTTGCGCAGAT -3' 

 

HSV2 

(TAMURA) 

 

Forward 5'- CGCATCAAGACCACCTCCTC -3' 

Reverse 5'- GCTCGCACCACGCGA -3' 

Probe 5'- GCGGCGATGCGCCCCAG -3' 

The conditions for TaqMan real-time PCR were 40 cycles at 95 °C for 3 s followed by 40 

cycles at 60 °C for 30 s. The relative mRNA expression levels were normalized to the levels 

of HPRT mRNA. The relative HSV2 DNA replication levels were normalized to the levels of 

genomic DNA quantity. 

A 7300 Fast Real-Time PCR system (Applied Biosystems) and SYBR green qPCR Master Mix 

(KAPA Biosystems) were used to quantify the levels of IL-6, CCL2, CCL3, CCL21, CXCL2, 

and HPRT mRNA.  

The PCR primer pairs were as follows:  

 

Table 2. Primers and probes 

Gene Sequence 

Mouse Hprt 

 

Forward 5'- GATTAGCGATGATGAACCAGGTT -3' 

Reverse 5'- CCTCCCATCTCCTTCATGACA -3' 

Mouse Il6 

 

Forward 5'- GAGGATACCACTCCCAACAGACC -3' 

Reverse 5'- AAGTGCATCATCGTTGTTCATACA -3' 

Mouse Ccl2 

 

Forward 5'- CCGGCTGGAGCATCCACGTGT -3' 

Reverse 5'- TGGGGTCAGCACAGACCTCTCTCT -3' 



 23  

Mouse Ccl21 

 

Forward 5'- GGGTCAGGACTGC TGCCTTA -3' 

Reverse 5'- CGGGATGGGACAGCCTAAA -3' 

Mouse Cxcl2 

 

Forward 5'- CGCTGTCAATGCCTGAAGAC -3’ 

Reverse 5'- ACACTCAAGCTCTGGATGTTCTTG -3’ 

The conditions for real-time PCR were 40 cycles at 94 °C for 15 s followed by 40 cycles at 

60 °C for 60 s.  

The relative mRNA expression levels were normalized to the levels of HPRT mRNA. 

 

2-8.  Frozen and Paraffin Embedded Section Preparations and Immunohistochemistry 

Spines and ankle joints were harvested, and spinal cord segments were separated. Individual 

spinal cord segments and ankle joints were embedded in a SCEM compound (SECTION-LAB, 

Hiroshima). The cut surface was covered with adhesive film (Cryofilm type IIIC (16UF), 

SECTION-LAB), and frozen sections (10 to 20 μm) were prepared with a cryostat (CM3050S) 

or a macrotome (CM3600XP, Leica Microsystems, Germany) according to a method described 

previously (Kawamoto and Kawamoto, 2014). For paraffin embedded sections, ankle joints 

were harvested, fixed with 10% phosphate buffered formalin, and embedded in paraffin. The 

resulting sections were stained with the antibodies described above and counterstained with 

Hoechst 33342 (Invitrogen, Tokyo), followed by analysis with a BZ-9000 microscope 

(KEYENCE, Osaka) or LSM980 (Carl Zeiss, Germany).  

 

2-9.  Quantification of immunostaining 

The phosphorylated c-fos+ areas were measured using Image J (Wayne Rasband, NIH). 

Colocalization was measured using the Coloc module of Imaris software (Bitplane). 

 

2-10.  Spinal cord cut  

A skin incision was made along the vertebra at the thoracic level, and muscle on the spine was 

removed. The spinal cord was exposed and cut lengthwise at the T9-13 levels. Mice in the 

sham-operated control group had the muscle on the spine removed, but the spinal cord was 

kept intact. 

 

2-11.  Luciferase reporter Assay 

Ankle joints from NF-κB-reporter Tg/F759 mice were collected, and synovial tissues were 

homogenized in passive lysis buffer (Promega, Tokyo). After centrifugation, the supernatants 
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were collected, and the total protein amount was adjusted using the Bradford assay. The 

luciferase activities of tissue lysates were measured using the Luciferase reporter assay system 

(Promega, Tokyo). 

 

2-12.  ATP assay 

Ankle joints from individual mice were collected and soaked in 10 mL of distilled water 

containing 10 mM HEPES-NaOH and 250 mM sucrose for 30 min. After 10 min of 3000 rpm 

centrifugation at 4°C, the supernatants were collected. The levels of ATP were determined with 

a luciferin-luciferase assay using an ATP Measuring Reagent Kit (TOYO Ink, Tokyo) 

according to the manufacturer’s instructions, except that the homogenization step was omitted. 

 

2-13.  ELISA 

IL-6 levels in the cell culture supernatant and mouse sera were determined using ELISA kits 

(BD Biosciences, Tokyo). The levels of norepinephrine, CGRP, bradykinin, and substance P 

in mouse ankle joints were determined using ELISA kits (LDN, Nordhorn, Germany; Phoenix 

Pharmaceuticals, Burlingame, CA; or R&D systems, Tokyo). The level of neuropeptide Y in 

the mouse ankle joint was determined using ELISA kits (EMD Millipore Corporation, U.S.A.). 

Human IL-6 and mouse IL-17 levels in the sera were determined using ELISA kits (Biolegend 

and eBioscience, respectively). 

 

2-14.  Cells and stimulation conditions 

The type 1 collagen+ endothelial BC1 cell line (Murakami et al., 2013) was obtained from 

Dr. M. Miyasaka (Osaka University). W26 synovial fibroblasts were prepared as described 

previously (Igarashi et al., 2010). For stimulation, the cells were plated in 96-well plates (1 × 

104 cells/well) and stimulated with human IL-6 (50 ng/mL; Toray Industries) plus human 

soluble IL-6Rα (50 ng/mL; R&D Systems), mouse IL-17A (50 ng/mL; R&D Systems), and/or 

ATP (100 μM; Sigma-Aldrich) for 24 h. The cell culture supernatant was collected for ELISA, 

and cell growth was assessed by the MTT assay (see below). 

 

2-15.  MTT assay 

Cell growth was determined with thiazolyl blue tetrazolium bromide according to the 

manufacturer’s instructions (Sigma-Aldrich, Tokyo) 
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2-16.  Collagen-induced arthritis 

CIA was induced in C57BL/6 mice essentially as previously described (Kitabayashi et al., 

2010; Sasai et al., 1999). Mice were injected intradermally in their backs with 200 μg of 

chicken type II collagen (Sigma-Aldrich) plus 250 μg of Mycobacterium bovis Bacillus 

Calmette-Guerin cell wall skeleton (BCG-CWS) emulsified in CFA. Three weeks after the 

initial injection, a booster injection containing 200 μg of chicken type II collagen plus 250 μg 

of BCG-CWS emulsified in CFA was given intradermally in the base of the tail. Clinical 

arthritis activity was evaluated every 2 or 3 days after the second immunization for 21 days. 

Arthritis severity in the metacarpophalangeal, metatarsophalangeal, and ankle joints was 

scored using the following scale: 0 = no arthritis, 1 = small degree of arthritis, 2 = mild swelling, 

3 = moderate swelling, and 4 = severe swelling. The arthritic score was the sum of the scores 

from the involved joints in the hind limb. 

 

2-17.  Brain microinjection 

The head of an anesthetized mouse was fixed in a stereotaxic device. The fur above the skull 

was shaved, the skin was cleaned with 70% ethanol, and a small incision was made. A 30-

gauge needle was slowly lowered toward the ACC (AP 0.7 mm; ML 0.3 mm; VD 1.75 mm), 

and MK801 was injected as described previously (3 μg/μL delivered as 0.5 μL over 90 s) 

(Arima et al., 2015a; Kim et al., 2011). 

 

2-18.  Statistical analysis 

The Student’s t-test (two-tailed) or Welch’s t-test was used for the statistical analyses of 

differences between two groups. Dunnett's test was used for multiple comparisons. The 

Wilcoxon rank-sum test was used for the statistical analyses of the clinical scores of the arthritis 

models. Statistical analysis was performed assuming a normal distribution. P values less than 

0.05 are considered statistically significant. 
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3. Results 
 

3-1.  Sensory neurons are critical for spreading inflammation between joints 

We previously established cytokine-induced and nonimmune cell-triggered arthritis in F759 

mice by ankle-joint injections of IL-17A and IL-6 (Atsumi et al., 2017; Harada et al., 2015; 

Meng et al., 2016; Murakami et al., 2013; Murakami et al., 2011; Okuyama et al., 2018a; 

Ota et al., 2020; Tanaka et al., 2018). Histological analysis showed that the synovial cavity 

is narrowed by hypertrophic synovial fibroblasts and that immune cells accumulate in the 

cytokine-injected ankle joint (Murakami et al., 2011) (Fig. 5).  

 

One advantage of this model is that inflammation can be induced both uni- and bilaterally, 

which enables us to investigate spreading inflammation from one ankle joint to the other and 

its molecular mechanism. Inflammation in each joint can be similarly induced even when 

cytokines are injected in either the left or right ankle joint (data not shown). Because we 

hypothesized that spreading inflammation might depend on neural pathways distributed on 

both sides, we performed deafferentation of the sensory neurons at one side of the dorsal root 

ganglions (DRGs) beside the fifth lumbar cord (L5) to investigate whether the sensory pathway 

is involved in the development of the arthritis in both ankle joints. We then injected IL-17A 

and IL-6 into both ankle joints of F759 mice. The deafferentation of sensory neurons at one 

side of the L5 DRG reduced the development of arthritis in both ankles (Fig. 6, A and B). We 

then investigated whether inflammation on one side triggers the development of inflammation 

on the other side. We injected cytokines or saline into the left ankle and investigated the 

regional cell status in the right ankle joint. We found that CD11b+MHC class II+ cells were 

increased, while T cells were not present 10 days after the cytokine injection (Fig. 7), 

suggesting that resident myeloid cells were activated. To investigate cytokine-induced arthritis 

development in the contralateral joint, we injected cytokines or saline into the left ankle and a 

small concentration of cytokines into the right ankle in both groups. The clinical scores of the 

right ankle joint were significantly enhanced by the IL-17A and IL-6 injections in the left ankle 

joint (Fig. 8). These results suggested that neural pathways, most likely sensory pathways 

between the ankle joints, are involved in the development of the bilateral joint inflammation of 

the cytokine-induced arthritis.  
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We next examined neural activation after inducing inflammation in one ankle joint. Injections 

of IL-17A and IL-6 induced the expression of c-fos, which is an indicator of neural activation, 

in ipsilateral L5 DRG, but not ipsilateral L3, L4 or L6 DRG (Fig. 9). On the other hand, c-fos 

expression was broadly induced in contralateral L4-L6 DRGs, but not L3 DRG (Fig. 10), 

suggesting that the neural activation induced in the ankle joint transduced through ipsilateral 

L5 DRG and contralateral L4-L6 DRGs. The direct neural connection between the ankle joint 

and DRG was confirmed by detecting a retrograde neural tracer, Fluoro-Gold (FG), which was 

injected into the right ankle joint. We found that 90.9% of FG+ cells were neurons positive for 

Nav1.8 but negative for TRPV1. Nav1.8 and TRPV1 double positive cells were 9.1% of FG+ 

cells in the L5 DRG (Fig. 11). Consistent with these results, activated c-fos+ sensory neurons 

were Nav1.8+TRPV1- or Nav1.8+TRPV1+ in the contralateral L5 DRG after cytokine 

injection (Fig. 12, A and B). These results suggest that ankle joint inflammation on one side 

induced Nav1.8+TRPV1- sensory activation in the ipsilateral L5 DRG, and the neural signal 

subsequently traveled to Nav1.8+TRPV1+/- sensory neurons on the contralateral side to L4-

L6 DRGs. Thus, we demonstrated that a sensory neural pathway is involved in bilateral ankle 

joint inflammation. 
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Fig. 5 Histological analysis of the left ankle joint of F759 mice on day 7 with saline or cytokine 

injections (IL-17A and IL-6 (0.1 μg each)) on days 0, 1, and 2. Experiments were performed 

at least three times independently; representative data are shown. 
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Fig. 6 Clinical arthritis scores of the left (A) and right (B) ankles of F759 mice deafferented or 

sham-operated at L5 DRG of the left side. IL-17A and IL-6 (0.1 μg each) were injected into 

both ankles on days 0, 1, and 2 (n = 4 per group). Mean scores ± SEM are shown. P values 

were calculated using Student's t-tests (★, P < 0.05; ★★, P < 0.01). Diagrams depicted 

illustrate the experimental settings. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal 

root ganglion; R, right ankle. Arrows indicate cytokine or saline injection, and blue circles 

indicate the ankle joint assessed for arthritis. 
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Fig. 7 CD11b+MHCII+ cells in the ankle joints of F759 mice on day 3 after IL-17A and IL-6 

or saline injections. IL-17A and IL-6 or saline (1 μg each) were injected in the left ankle joint 

on day 0, 1, and 2 (n=2 per group). Green, MHC II. Magenta, CD11b. Blue, nuclei. Bar, 50 

µm. Arrow heads show CD11b+MHCII+ cells Diagram depicted illustrates the experimental 

setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. 

Arrow indicates cytokine or saline injection, and blue circle indicates the ankle joint assessed. 
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Fig. 8 Clinical arthritis scores of the right ankle joint of F759 mice after IL-17A and IL-6 

injections at a low dose (0.01 μg each) in the right ankle joint and high dose (1 μg each) or 

saline injection in the left ankle joint on days 0, 1, and 2 (n = 14 per group). Mean scores ± 

SEM are shown. P values were calculated using the Wilcoxon rank-sum test (★, P < 0.05). 

Diagram depicted to the left of the graphs illustrates the experimental setting. L, left ankle; L5, 

fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow indicates 

cytokine or saline injection, and blue circle indicates the ankle joint assessed for arthritis 
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Fig. 9 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint on days 0, 

1, and 2. c-fos expression in ipsilateral L3, L4, L5, and L6 DRGs on day 3 using real-time PCR 

(n = 5-6 per group). Mean scores ± SEM are shown. P values were calculated using Student's 

t-tests (★, P < 0.05; NS, not significant). Diagram depicted above illustrates the experimental 

setting. L, left ankle; L3-6, third to fifth lumbar vertebral levels; DRG, dorsal root ganglion; R, 

right ankle. Arrow indicates cytokine or saline injection, and blue circles indicate the DRG 

examined. 
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Fig. 10 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint on days 0, 

1, and 2. c-fos expression in contralateral L3, L4, L5, and L6 DRGs on day 3 using real-time 

PCR (n = 5-6 per group). Mean scores ± SEM are shown. P values were calculated using 

Student's t-tests (★, P < 0.05; NS, not significant). Diagram depicted above illustrates the 

experimental setting. L, left ankle; L3-6, third to fifth lumbar vertebral levels; DRG, dorsal 

root ganglion; R, right ankle. Arrow indicates cytokine or saline injection, and blue circles 

indicate the DRG examined.  

 

 

 



 34  

 

 

Fig. 11 Fluoro-Gold was injected into the right ankle joint of F759 mice, followed by the 

detection of Fluoro-Gold and staining of Nav1.8 and TRPV1 in the ipsilateral (right, R) and 

contralateral (left, L) L5 DRG on day 7. The number of FG+ cells, Nav1.8+TRPV1-, 

Nav1.8+TRPV1+, and Nav1.8-TRPV1+ cells was counted (n = 3 for the upper graph, n=6 for 

the lower graph). The upper graph shows the percentage of FG+ cells in the total number of 

Nav1.8+TRPV1-, Nav1.8+TRPV1+, and Nav1.8-TRPV1+ cells. The lower graph shows the 

percentage of Nav1.8+TRPV1-, Nav1.8+TRPV1+, and Nav1.8-TRPV1+ cells in the total 

number of DRG neurons. Data represent the mean ± SD. Magenta, Fluoro-Gold. Green, Nav1.8. 

Red, TRPV1. Blue, Nuclei. Bar, 100 µm. Diagram illustrates the experimental setting. L, left 

ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow 

indicates Fluoro-Gold injection, and the red circles indicate the L5 DRGs examined. 
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Fig. 12 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint on days 0, 

1, and 2, followed by staining of c-fos, Nav1.8, and TRPV1 in the ipsilateral (A) or contralateral 

(B) L5 DRG on day 3. (Bottom) Magenta, c-fos. Green, Nav1.8 or TRPV1. Blue, nuclei. 

A B 
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Yellow arrowheads show c-fos+Nav1.8+TRPV1- neurons. White arrows show c-

fos+Nav1.8+TRPV1+ neurons. The number of c-fos+, Nav1.8+TRPV1-. Nav1.8+TRPV1+, 

and Nav1.8-TRPV1+ was counted (n = 3 per group). Bar graphs shows the percentage of c-

fos+ cells in the total number of Nav1.8+TRPV1-, Nav1.8+TRPV1+, and Nav1.8-TRPV1+ 

neurons, respectively. Bar, 100 µm. Mean scores ± SEM are shown. P values were calculated 

using Student's t-tests (★★, P < 0.01; NS, not significant). 
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3-2.  Proenkephalin+ interneurons in the spinal cord connect to sensory neurons 

between the joints, forming a critical network for the spreading inflammation 

To investigate the neural networks in spinal cord that connect sensory pathways between the 

ankle joints, we employed herpes simplex virus 2 (HSV2) to trace neural connections 

regardless of the presence of synapses(Norgren and Lehman, 1998; Turner and Jenkins, 

1997). We injected HSV2 into one side of the ankle joint. HSV2 was present in the injected 

side of L5 DRG on day 4 (Fig. 13A) reached the dorsal horn of L5 on day 5 (Fig. 13B), and 

was detected on the same side of the thoracic cords (T13) by day 7 (Fig. 13C). It was then 

detected on the contralateral right side of T10-T13 by day 10 (Fig. 13D) and in the contralateral 

DRGs (L4-6) on day 14 after virus injection ((Fig. 13E) and data not shown). These HSV2 

tracing experiments were confirmed by quantitative PCR (Fig. 14). Thus, we confirmed a 

neural connection between bilateral ankle joints, at least through the left and right DRGs and 

lower thoracic cords. Because HSV2 was present on both sides of the thoracic cords at T10-

T13, we examined the presence of interneurons connected to sensory pathways between the 

ankle joints through the DRGs. We performed a lengthwise spinal cord cut in the lower level 

of the thoracic cords (T9-13) and rested the mice 14 days for recovery from the surgical 

operation, followed by the induction of inflammation in one ankle joint. The injections of IL-

17A and IL-6 induced the expression of c-fos in contralateral L5 DRG in sham-operated mice, 

but negligible changes in c-fos expression in contralateral L5 DRG were observed in mice that 

underwent a lengthwise spinal cord cut (Fig. 15), suggesting the importance of T9-13 

interneurons for spreading inflammation between joints.  

We then investigated activated neurons in the spinal cord after cytokine injection in one side 

of the ankle joints. Phosphorylated-c-fos+ activated neurons were present mainly in the 

injected side of the L5 dorsal horn 15 min after the cytokine injection, and the activated neurons 

increased in both sides at 30 min  (Fig. 16). Some neurons around the central canal of the L5 

cord were also activated 15 to 30 min after the cytokine injection (Fig. 16A). Interestingly, we 

found activated neurons mainly on the injected side of the T13 dorsal horn but not in T11-T12, 

L1-L4, or L6 15 min and 30 min after the cytokine injection (Fig. 16B and data not shown). 

Additionally, neurons around the central canal of the T10 cord were activated 30 min after the 

cytokine injection (Fig. 16C). These results suggested that the neural pathway related to 

spreading inflammation is a sensory neuron-interneuron connection between the ankle joints. 
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To investigate markers of the interneurons involved in spreading inflammation, we employed 

antibodies against several interneuron markers including proenkephalin and calretinin 35. We 

found that most activated c-fos+ neurons in L5 and T13 expressed proenkephalin but not 

calretinin 15 min after cytokine injection in the ipsilateral ankle joint (Fig. 17, A and B). These 

results suggest that proenkephalin+ interneurons in the spinal cord connect to sensory neurons 

between the joints, forming a critical network for the spreading inflammation. 

 

 

 

Fig. 13 (A-E) HSV2 (4.5 × 105 pfu) or saline was injected into the left ankle joint of F759 mice, 

followed by the staining of HSV2 in the spinal cord and DRG at L5 on day 4 (A), L5 on day 5 

(B), T13 on day 7 (C), T10 on day 10 (D), and L5 DRG on day 14 (E). Nuclear staining by 

Hoechst 33342 is shown in blue. Broken lines outline the spinal cord and DRG. Magnified 

images in the orange boxes are shown in the middle row. Sections from control F759 mice 

given saline injection are shown in the bottom. Experiments were performed at least three times 

independently; representative data are shown. 
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Fig. 14 HSV2 (4.5 × 105 pfu) or saline was injected into the left ankle joints of F759 mice on 

day 0, followed by the detection of HSV2 DNA in the contralateral (right) ankle joint on day 

20 by real-time PCR (n = 2-4 per group). Mean scores ± SEM are shown. P values were 

calculated using Student's t-tests (★★★, P < 0.001). Diagram illustrates the experimental 

setting. L, left ankle; L5, fifth lumbar vertebral level; T9-T13, ninth to thirteenth thoracic cord; 

DRG, dorsal root ganglion; R, right ankle. Arrow indicates HSV2 injection. Blue circle indicate 

the ankle examined. 
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Fig. 15 c-fos expression of the right L5 DRG in F759 mice who underwent a spinal cord cut 

(SCC, T9-T13) or sham operation. IL-17A and IL-6 (1 μg each) or saline were injected into 

the left ankle on days 0, 1, and 2, and c-fos expression was examined by real-time PCR on day 

3 (n = 15-23 per group). Mean scores ± SEM are shown. P values were calculated using 

Dunnett’s test (★★★ and ###, P < 0.001). Diagram illustrates the experimental setting. L, left 

ankle; L5, fifth lumbar vertebral level; T9-T13, ninth to thirteenth thoracic cord; DRG, dorsal 

root ganglion; R, right ankle. Arrow indicates cytokine or saline injection. Blue circle indicates 

the DRG examined.  
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Fig. 16 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on day 0, followed by the analysis of phosphorylated c-fos expression in (A) the L5 spinal 

cord, (B) T13 spinal cord, and T10 spinal cord 15 min or 30 min after the last injection. 

Magenta, phosphorylated-c-fos, Blue, nuclei. Bars, 100 µm. Phosphorylated c-fos positive 

areas per field (225,625 µm2) were quantified (n=3 per group). Experiments were performed 

three times independently; representative data are shown. Mean scores ± SEM are shown. P 

values were calculated using Student’s t-test (A, B) or Welch’s t-test (C) (★ P < 0.05; ★★ P 

< 0.01; ★★★ P < 0.001; NS, not significant). Diagram illustrates the experimental setting. L, 

left ankle; L5, fifth lumbar spinal cord; T13, thirteenth thoracic spinal cord; T10, tenth thoracic 

spinal cord; DRG, dorsal root ganglion; R, right ankle. Arrow indicates cytokine or saline 

injection. 
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Fig. 17 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on day 0, followed by the analysis of phosphorylated c-fos and (A) proenkephalin or (B) 

calretinin expression in the L5 and T13 spinal cord 15 min after the last injection. Green, 

proenkephalin (A) or calretinin (B). Magenta, phosphorylated c-fos. Blue, nuclei. Bar, 50 µm. 

Arrowheads show phosphorylated c-fos signals. Experiments were performed three times 

independently; representative data are shown.  
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3-3.  Ipsilateral ankle joint inflammation increased ATP in the contralateral ankle joint 

to trigger remote inflammation development 

We then investigated neurotransmitter levels in the contralateral ankle joint. Many 

neurotransmitters are believed to be related to arthritis pathogenesis. For example, extracellular 

ATP is increased in the synovial fluid of RA patients (Peirs et al., 2015), and norepinephrine 

(NE) production from synovial TH+ cells has been correlated with the severity of inflammation 

in RA patients (Miller et al., 2002).  Substance P, CGRP, and bradykinin play a role in the 

development of arthritis models. Additionally, neuropeptide Y is reported to increase in 

synovial fluid from the joints of RA patients (Grassel, 2014; Larsson et al., 1991; O'Connor 

et al., 2004; Xie et al., 2014). Among these neurotransmitters, only ATP was increased in the 

contralateral ankle joint after inflammation induction in the ipsilateral joint (Fig. 18). 

Consistently, ATP synthase expression was increased in Nav1.8+ neurons in the contralateral 

ankle joint by IL-17A and IL-6 stimulation (Fig. 19). Additionally, NF-κB activation and IL-

6 and CCL2 expressions in the contralateral ankle joint were suppressed by the injection of 

A438079 in the same joint (Fig. 20) (Donnelly-Roberts et al., 2009; McGaraughty et al., 

2007). Finally, the injection of A438079 into the contralateral ankle joint suppressed arthritis 

development (Fig. 21). These results strongly suggest inflammation in the ipsilateral ankle 

joint increases ATP to induce arthritis in the contralateral ankle joint.  
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Fig. 18 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joints of F759 

mice on days 0, 1, and 2, followed by the analysis of ATP (n = 3 per group), norepinephrine 

(NE) (n = 5-6 per group), substance P (n = 4 per group), CGRP (n = 7-8 per group), bradykinin 

(n = 5-8 per group), and neuropeptide Y (n = 4-5 per group) levels in the contralateral (right) 

ankle joint on day 3. Mean scores ± SEM are shown. P values were calculated using Student's 

t-tests (★★ P < 0.01; NS, not significant). 
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Fig. 19 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joints of F759 

mice on days 0, 1, and 2, followed by immunostaining for ATP synthase and Nav1.8 in the 

contralateral (right) ankle joint on day 3. The colocalization of ATP synthase and Nav1.8 was 

quantified using Z-stack images (n=3 per group). The bar graph shows the percentage of the 

colocalized signal volume in the total signal volume of Nav1.8. Red, ATP synthase. Green, 

Nav1.8. Blue, nuclei. Arrowheads show merged signals. Bar, 1 mm or 10 µm. Mean scores ± 

SD are shown. P values were calculated using Student's t-tests (★★★ P < 0.001). Diagram 

illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal 

root ganglion; R, right ankle. Arrow indicates cytokine or saline injection. Blue circle indicates 

the ankle joint examined. 
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Fig. 20 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on days 0, 1, and 2 in the presence or absence of A438079 in the contralateral (right) 

ankle joint, followed by the analysis of NF-κB activation and IL-6 and CCL2 levels in the 

contralateral ankle joint on day 3 (n = 4-6 per group). Mean scores ± SEM are shown. P values 

were calculated using Student's t-tests (★ and # P < 0.05; ## P < 0.01; ★★★ P < 0.001). 

Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; 

DRG, dorsal root ganglion; R, right ankle. Arrow indicates cytokine, saline or A438079 

injection. Blue circle indicates the ankle joint examined. 
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Fig. 21 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint, and a low 

dose of IL-17A and IL-6 (0.01 μg each) with A438079 (10 μg) was injected into the right ankle 

joint of F759 mice on days 0, 1 and 2. Clinical arthritis scores of the right ankle joint were 

evaluated (n = 4-5 per group). Mean scores ± SEM are shown. P values were calculated using 

Wilcoxon rank-sum test (# P < 0.05; ★★ and ## P < 0.01; ★★★ P < 0.001). Diagram 

illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal 

root ganglion; R, right ankle. Arrow indicates cytokine, saline or A438079 injection. Blue 

circle indicates the ankle joint examined.  
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3-4. Sensory neuron-interneuron interactions between joints are critical for ATP 

induction in the contralateral joint 

We next investigated functional neural connections between the ankle joints. All of the 

following events suppressed ATP induction in the contralateral ankle joint after cytokine 

injections into the other joint: the deafferentation of sensory neurons at L5 DRG on the 

cytokine-injected side (Fig. 22A); a lengthwise T9-13 spinal cord cut, which induced the 

ablation of interneurons between bilateral ankle joints in the lower thoracic cords (Fig. 22B); 

and the deafferentation of contralateral L4-L6 DRG sensory nerves (Fig. 22C). These results 

strongly suggest that functional sensory neuron-interneuron connections exist between the 

ankle joints and are sufficient for ATP induction in the contralateral ankle joint. 

 

Fig. 22 (A) IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice deafferented (Deaff) or sham-operated (Sham) at the L5 DRG of the left side on days 0, 

1, and 2, followed by the analysis of ATP levels in the contralateral (right) ankle joint on day 

3 using an ATP assay kit (n = 4 per group).  

(B) IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 mice 

with a lengthwise T9-13 spinal cord cut (SCC) or sham-operated (Sham) on days 0, 1, and 2, 

followed by the analysis of ATP levels in the contralateral (right) ankle joint on day 3 (n = 4-

6 per group).  
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(C) IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 mice 

deafferented (Deaff) at the L4-L6 DRGs of the right side or sham-operated (Sham) on days 0, 

1, and 2, followed by the analysis of ATP levels in the contralateral (right) ankle joint on day 

3 (n = 8 per group).  

Experiments were performed at least three times independently; representative data are shown. 

Mean scores ± SEM are shown. P values were calculated using Dunnett’s test (★ and # P < 

0.05; ★★ and ## P < 0.01). Diagrams illustrate the experimental settings. L, left ankle; L4-

L6, fourth to sixth lumbar vertebral level; T9-13, ninth to thirteenth thoracic cord; DRG, dorsal 

root ganglion; R, right ankle. Arrows indicate cytokine, or saline injection. Blue circles indicate 

the ankle joints examined. 

 

3-5.  Regional ATP induction after ipsilateral joint inflammation functions as a 

neurotransmitter to activate bilateral sensory neurons followed by contralateral ankle 

joint inflammation 

Next, we examined how ipsilateral joint inflammation activates sensory neurons. Because we 

previously found that extracellular ATP induced from regional blood vessels by cytokine 

stimulation enhances the activation of a neural pathway in the brain (Atsumi et al., 2017), we 

focused our attention on ATP. ATP concentration increased after IL-17A and IL-6 stimulation 

in synovial cells in a manner dependent on NF-κB activation in vitro (Fig. 23). Moreover, ATP 

concentration significantly increased in the ankle joint after cytokine injections in a manner 

dependent on cytokine stimulation in Col1a+ non-immune cells in vivo (Fig. 24). The injection 

of IL-6 and IL-17A plus A438079 (a selective P2RX7 antagonist) (Donnelly-Roberts et al., 

2009; McGaraughty et al., 2007) in one ankle joint significantly suppressed the neural 

activation of L5 DRG neurons (Fig. 25) and the increase of ATP concentration in the other 

ankle joint (Fig. 26). Furthermore, the injection of ATP in one ankle joint increased ATP 

concentration in the contralateral ankle joint (Fig. 27).  

 

We then examined whether blockade of the ATP signal suppresses spreading inflammation 

development in a cytokine-injected joint. Arthritis development was suppressed by the 

injection of A438079 into the same ankle joint (Fig. 28). Importantly, the unilateral injection 

of A438079 suppressed the development of bilateral arthritis (Fig. 29, A and B). Thus, 

cytokine stimulation in Col1a+ non-immune cells increases ATP expression to activate sensory 

pathways in the ankle joint, causing spreading inflammation. 
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Fig. 23 W26 synovial fibroblasts were stimulated with human IL-6 (50 ng/mL) plus soluble 

IL-6Rα (50 ng/mL) and/or mouse IL-17A (50 ng/mL) with or without IKK2 inhibitor IV (5 

μM). Culture supernatants were collected and assessed using an ATP assay kit (n = 4 per group). 

Mean scores ± SEM are shown. P values were calculated using Dunnett’s test (★ and # P < 

0.05). Diagrams illustrate the experimental settings. 
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Fig. 24 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice, F759/Col1α-cre IKKγflox/flox mice, and F759/Col1α-cre STAT3flox/flox mice on days 0, 1, 

and 2, followed by the analysis of ATP concentration in the ipsilateral (left) ankle joint on day 

3 (n = 4 per group). Mean scores ± SEM are shown. P values were calculated using Dunnett’s 

test (★★★ and ### P < 0.001). Diagram illustrates the experimental setting. L, left ankle; L5, 

fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow indicates 

cytokine or saline injection. Blue circle indicates the ankle joint examined. 
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Fig. 25 IL-17A and IL-6 (1 μg each) or saline were injected with or without the P2RX7 

inhibitor A438079 into the left ankle joint of F759 mice on days 0, 1, and 2, followed by the 

analysis of c-fos expression in the ipsilateral (left) L5 DRG on day 3 (n = 8-9 per group). Mean 

scores ± SEM are shown. P values were calculated using Dunnett’s test (★★ and ## P < 0.01). 

Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; 

DRG, dorsal root ganglion; R, right ankle. Arrows indicate cytokine, saline, or A438079 

injection. Blue circle indicates the DRG examined. 
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Fig.26 IL-17A and IL-6 (1 μg each) or saline were injected with or without A438079 into the 

left ankle joint of F759 mice on days 0, 1, and 2, followed by the analysis of ATP concentration 

in the contralateral (right) ankle joint on day 3 (n = 4 per group). Mean scores ± SEM are shown. 

P values were calculated using Dunnett’s test (# P < 0.05; ★★ P < 0.01). Diagram illustrates 

the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root 

ganglion; R, right ankle. Arrows indicate cytokine, saline, or A438079 injection. Blue circle 

indicates the ankle joint examined. 
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Fig. 27 ATP (2 μg) or saline was injected into the left ankle joint of F759 mice on days 0, 1, 

and 2, followed by the analysis of ATP concentration in the contralateral (right) ankle joint on 

day 3 (n = 6 per group). Mean scores ± SEM are shown. P values were calculated using 

Student's t-test (★★ P < 0.01). Diagram illustrates the experimental setting. L, left ankle; L5, 

fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow indicates ATP 

or saline injection. Blue circle indicate the ankle joint examined. 
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Fig. 28 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint, and a low 

dose of IL-17A and IL-6 (0.01 μg each) were injected into the right ankle joint with or without 

A438079 (10 μg) into the left ankle joint of F759 mice on days 0, 1 and 2. Clinical arthritis 

scores of the right ankle joint of F759 mice were evaluated (n = 14 per group). Mean scores ± 

SEM are shown. P values were calculated using the Wilcoxon rank-sum test (★ and # P < 

0.05). Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral 

level; DRG, dorsal root ganglion; R, right ankle. Arrows indicate cytokine, saline, or A438079 

injection. Blue circle indicate the ankle joint examined. 
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Fig. 29 Clinical arthritis scores from the left (A) or right (B) ankle joint of F759 mice after 

injections of IL-17A and IL-6 (0.1 μg each) in both ankle joints on days 0, 1, and 2 with or 

without A438079 (10 μg) (n = 4-5 per group). Mean scores ± SEM are shown. P values were 

calculated using the Wilcoxon rank-sum test (★ and # P < 0.05). Diagrams illustrate the 

experimental settings. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; 

R, right ankle. Arrows indicate cytokine, saline, or A438079 injection. Blue circles indicate the 

ankle joints examined. 
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3-6.  ATP is secreted in a manner dependent on NF-κB activation and a critical NF-κB 

stimulator in the contralateral joint 

The importance of the ATP-P2RX7 axis on leukocyte function has been reported (Labasi et al., 

2002). However, we here investigated the effects of the ATP-P2RX7 axis on nonimmune cells, 

including sensory neurons, endothelial cells, and fibroblasts, in the contralateral joint where 

remote inflammation is induced.  

ATP injection in the unilateral joint did not increase ATP in the contralateral side in F759 mice 

deficient of NF-κB or STAT3 signaling in Col1a+ non-immune cells (Fig. 30, suggesting that 

the IL-6 amplifier is critical for the increase of ATP in the contralateral ankle joint. Consistent 

with these results, we found that vimentin+ cells, including synovial fibroblastic cells and 

endothelial cells, had phosphorylated NF-κB and STAT3 molecules in the ankle joint after 

cytokine injections on the opposite side (Fig. 31). Importantly, blockade of P2RX7 signaling 

by A438079 injection abrogated the contralateral ATP increase in situ (Fig. 32). P2RX7 was 

expressed by vimentin+ and/or CD31+ cells as well as by Nav1.8+ neurons regardless of 

cytokine stimulation (Fig. 33). Phosphorylated CREB molecules, which are downstream of 

ATP signaling, were increased in vimentin+ cells and in CD31+ cells in the contralateral joint 

after the cytokine stimulation (Fig. 34). These results strongly suggest that synovial fibroblasts 

and endothelial cells in contralateral joints are responder cells to ATP. Thus, it is possible that 

these non-immune cells secrete IL-6 and CCL2 as well as more ATP in a manner dependent 

on NF-κB and STAT3 in the contralateral joint, a phenomenon critical for spreading 

inflammation.  
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Fig. 30 ATP (2 μg) or saline was injected into the left ankle joint of F759 mice, F759/Col1α-

cre IKKγflox/flox mice, and F759/Col1α-cre STAT3flox/flox mice on days 0, 1, and 2, followed by 

the analysis of ATP concentration in the contralateral (right) ankle joint on day 3 (n = 4 per 

group). Experiments were performed at least three times independently; representative data are 

shown. Mean scores ± SEM are shown. P values were calculated using Dunnett’s test (★ P < 

0.05; ## P < 0.01). Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar 

vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow indicates ATP or saline 

injection. Blue circle indicates the ankle joint examined. 
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Fig. 31 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on days 0, 1, and 2, followed by the detection of phosphorylated NF-κB p65 (p-p65) and 

STAT3 (p-STAT3), and vimentin (non-immune cell marker) in the contralateral (right) ankle 

joint by immunohistochemistry. Experiments were performed at least three times 

independently; representative data are shown. Diagram illustrates the experimental setting. L, 

left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrow 

indicates cytokine or saline injection. Blue circle indicates the ankle joint examined. 
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Fig. 32 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint with or 

without A438079 injection into the right ankle joint of F759 mice on days 0, 1, and 2, followed 

by the analysis of ATP levels in the contralateral (right) ankle joint on day 3 (n = 7-10 per 

group). Experiments were performed at least three times independently; representative data are 

shown. Mean scores ± SEM are shown. P values were calculated using Dunnett’s test (★★★ 

and ###, P < 0.001). Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar 

vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrows indicate cytokine, saline, or 

A438079 injection. Blue circle indicates the ankle joint examined. 
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Fig. 33 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on days 0, 1, and 2, followed by immunostaining for P2RX7, Nav1.8, vimentin, and 

CD31 in the contralateral (right) ankle joint on day 3. Magenta, P2RX7. Green, Nav1.8 or 

vimentin. Red, CD31. Blue, Nuclei. Arrows show P2RX7 signals merged with 

Nav1.8+CD31+ or vimentin+CD31+ signals. Arrowheads show P2RX7 signals merged with 

Nav1.8 or vimentin signals. Bar, 1 mm or 20 µm. Experiments were performed at least three 

times independently; representative data are shown. Diagram illustrates the experimental 

setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right 
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ankle. Arrow indicates cytokine or saline injection. Blue circle indicates the ankle joint 

examined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 34 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on days 0, 1, and 2, followed by immunostaining for pCREB and CD31 or vimentin in 

the contralateral (right) ankle joint on day 3. Green, phosphorylated-CREB. Red, CD31 or 

vimentin. Blue, Nuclei. Arrows (CD31) and arrowheads (vimentin) show merged signals. 

The diagram illustrates the experimental settings. L, left ankle; L5, fifth lumbar spinal cord, 

dorsal root ganglion; R, right ankle. The arrow indicates cytokine or saline injection, and the 

blue circle shows the ankle joint examined.  
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3-7.  A similar mechanism occurs in collagen-induced arthritis (CIA) 

Finally, we investigated whether our observations in the cytokine-induced arthritis model could 

be applied to more conventional RA models. Accordingly, we employed the CIA model, a 

common model in which arthritis is induced by active immunization in both joints. We found 

that intra-articular injections of A438079 significantly suppressed the development of joint 

inflammation (Fig. 35), as did the intra-articular injections of an anti-IL-6R antibody or anti-

IL-17A antibody (Fig. 36), suggesting that this model is locally ATP/NF-κB/STAT3-

dependent. In contrast to the levels of other neurotransmitters, ATP levels in the joint increased 

during the development of CIA (Fig. 37). A lengthwise T9-13 spinal cord cut, which induced 

the ablation of the proposed sensory neuron-interneuron interaction between the bilateral joints, 

suppressed ATP induction in the ankle joint and the development of bilateral ankle arthritis 

(Fig. 38 and Fig. 39). Moreover, unilateral intra-articular injections of A438079 significantly 

suppressed the development of the bilateral joint inflammation (Fig. 40). Finally, the direct 

injection of ATP in one ankle joint increased ATP concentration in the other ankle joint in 

naive wild-type mice (Fig. 41). Thus, we concluded that the sensory neuron-interneuron 

pathway identified in the cytokine-induced arthritis model is also present in wild-type mice 

and contributes to the pathogenesis of bilateral ankle inflammation in the CIA model. 

  



 64  

 

Fig. 35 CIA was induced in C57BL/6 mice. Clinical arthritis scores from both hind legs of CIA 

mice that received bilateral injections of A438079 every day from days 4-28 after primary 

immunization (n = 7 per group). Mean scores ± SEM are shown. P values were calculated 

using the Wilcoxon rank-sum test (★ P < 0.05; ★★ P < 0.01). Diagram illustrates the 

experimental setting. L, left ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; 

R, right ankle. Arrows indicate A438079 or vehicle injection.  
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Fig. 36 Clinical arthritis scores from both hind legs of CIA mice that received bilateral 

injections of anti-IL-6R antibody (2 μg), anti-IL-17A antibody (2 μg), or control antibody every 

day from days 14-28 after primary immunization (n = 7 per group). Mean scores ± SEM are 

shown. P values were calculated using the Wilcoxon rank-sum test (★ P < 0.05; ## P < 0.01). 

Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; 

DRG, dorsal root ganglion; R, right ankle. Arrows indicate antibody injections. 
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Fig. 37 CIA was induced in C57BL/6 mice, followed by the analysis of ATP, norepinephrine 

(NE), substance P, CGRP, bradykinin, and neuropeptide Y levels in the right ankle joint on 

day 23 after primary immunization (n = 4-6 per group). Mean scores ± SEM are shown. P 

values were calculated using the Student’s t-test (★ P < 0.05; NS, not significant).  
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Fig. 38 CIA was induced in C57BL/6 mice after a lengthwise T9-13 spinal cord cut (SCC) or 

sham-operation (Sham), followed by the analysis of ATP levels in the right ankle joint on day 

23 after primary immunization (n = 5-10 per group). Mean scores ± SEM are shown. P values 

were calculated using the Dunnett’s test (★★★ and ###, P < 0.001). Diagram illustrates the 

experimental setting. L, left ankle; L5, fifth lumbar vertebral level; T9-13, 9-13th thoracic 

cords; DRG, dorsal root ganglion; R, right ankle. Blue circle indicates the ankle joint examined. 
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Fig. 39  Clinical arthritis scores from the left or right ankle joint after a lengthwise T9-13 spinal 

cord cut (SCC) or sham-operation (Sham) (n = 9-10 per group). Mean scores ± SEM are shown. 

P values were calculated using the Wilcoxon rank-sum test (★ P < 0.05; ★★ P < 0.01). 

Diagram illustrates the experimental setting. L, left ankle; L5, fifth lumbar vertebral level; T9-

13, 9-13th thoracic cords; DRG, dorsal root ganglion; R, right ankle. 
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Fig. 40  Clinical arthritis scores from the left or right ankle joint of CIA mice that received 

unilateral injections of A438079 or vehicle every day from days 14-28 in the left ankle joint (n 

= 9-10 per group). Mean scores ± SEM are shown. P values were calculated using the Wilcoxon 

rank-sum test (★ P < 0.05; ★★ P < 0.01). Diagram illustrates the experimental setting. L, left 

ankle; L5, fifth lumbar vertebral level; DRG, dorsal root ganglion; R, right ankle. Arrows 

indicate A438079 or vehicle injection. 
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Fig. 41  ATP (2 or 10 μg) or saline was injected into the left ankle joint of naive wild-type mice 

on days 0, 1, and 2, followed by the analysis of ATP concentration in the contralateral (right) 

ankle joint on day 3 (n = 7 per group). Mean scores ± SEM are shown. P values were calculated 

using Dunnett’s test (★P < 0.05; NS, not significant). Diagram illustrates the experimental 

setting. L, left ankle; L5, fifth lumbar spinal cord; DRG, dorsal root ganglion; R, right ankle. 

Arrow indicates ATP or saline injection. Blue circle indicates the ankle joint examined. 
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4. Discussion 
 Rheumatoid arthritis (RA) is a chronic, auto-immune, inflammatory disease which  affects 

the  joints such as the wrist, ankle or hand. Progressive articular damage leads to 

deformation, local deficiencies, and multiple system inflammation (Feldmann et al., 1996)  

Its prevalence in adults around the world is about 1%, affecting mostly females and 

increasing with age, The persistent inflammatory process of RA results in progressive 

damage of joints and may lead to pain and fatigue and systemic complications these 

symptoms deeply affect the quality of life of RA patients, and trigger the development of 

depression further affecting the well-being (da Silva et al., 2019). 

 

In this study we show a molecular mechanism for spreading inflammation between bilateral 

ankle joints in cytokine-induced and CIA models (Fig. 42). It was reported that sensory neurons 

that distribute around the ankle joints mainly connect to L5 DRG, but also to L4 and L6 DRGs, 

albeit at a lower rate (Kawano et al., 2004; Russell et al., 2012). Consistent with this 

observation, cytokine injections into one ankle joint of F759 mice induced c-fos expression on 

both sides of L5 DRG, suggesting that the inflammation signal from one side activates sensory 

neurons in both the ipsilateral and contralateral sides.  

Our results indicate that ATP from non-immune cells, particularly in the ipsilateral ankle joint, 

is a key neurotransmitter for activating afferent sensory pathways toward the contralateral 

ankle joint. We also found that ATP is at least in part released from sensory neurons with ATP 

synthase in the contralateral joint. Interestingly, endothelial cells (Arima et al., 2017) and 

synovial cells (Fig. 23) also produced ATP in response to inflammatory cytokines, and ATP 

stimulated IL-6 amplifier activation in these cells. Therefore, we hypothesized that ATP is both 

a key neurotransmitter and inflammation mediator in both joints.  

 

It is known that spreading inflammation is common in RA. Lefèvre et al. showed that RA 

synovial fibroblasts (RASFs) are able to migrate and contribute to the spread of the disease 

between bilateral synovial tissues in SCID mice (Lefevre et al., 2009). Although they 

identified RASFs as one key factor for spreading inflammation from a single joint to multiple 

ones, how RASFs reach the other joints remains to be elucidated.  

 

We hypothesized that the local neural regulation for bilateral inflammation shown in this study 

triggers the initial inflammation and promotes the subsequent recruitment of RASFs by 
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releasing attracting factors like chemokines via the IL-6 amplifier. Donaldson et al. reported 

that capsaicin-sensitive TRPV1+ fibers are involved in the spread of inflammation to the 

contralateral side using the complete Freund's adjuvant-induced arthritis model (Donaldson et 

al., 1995).  

 

Our data also suggest the involvement of Nav1.8+TRPV1+/- sensory neurons in the cytokine-

induced arthritis model. In the case of the adjuvant-induced arthritis model, the anterior 

cingulate cortex (ACC) could be the site from which inflammation spreads to the contralateral 

side (Arima et al., 2017a; Bliss et al., 2016), which is a different mechanism from that in the 

F759 model, in which we showed that a regional neural pathway through the lower thoracic 

cords is the primary mediator. Further study is required to determine the detailed relationship 

between each neural circuit during spreading inflammation, particularly in clinical cases. 

 

To examine whether circulating cytokine levels injected into the joints of F759 mice 

contributed to the disease development in addition to local neural concentrations, we measured 

circulating cytokine levels of mouse and human IL-6 and IL-17A by ELISA after joint 

injections. Mouse IL-6 levels in serum were equivalent between cytokine-injected and non-

injected mice, indicating no major systemic inflammatory responses were induced by the joint 

cytokine injection, which regionally induced activation of the IL-6 amplifier (Fig. 43). On the 

other hand, increased circulating levels of human IL-6 and mouse IL-17A were detected after 

the cytokine injections (Fig. 43), suggesting that a small but certain level of cytokines was 

systemically absorbed via the blood flow. However, it should be pointed out that these 

concentrations were too low to activate the IL-6 amplifier in vitro and hardly contributed to the 

cytokine-induced arthritis in vivo (Fig. 44, A and B). These findings argue that the level of 

circulating cytokines did not affect contralateral ankle joint inflammation after cytokine 

injection at the ipsilateral side. Thus, we propose that the neural connection between both joints 

played a main role in spreading inflammation.  

 

It is known that ATP is released both from non-immune cells and sensory neurons (Arima et 

al., 2017a; Holton, 1959) and has neurotransmitter activity (Burnstock, 2006; Evans et al., 

1992; Finger et al., 2005; Gourine et al., 2005). Accordingly, we hypothesized that ATP in 

the ipsilateral joint is not only an inflammation mediator that triggers the development of 

inflammation but also a neurotransmitter for Nav1.8+TRPV1+/- sensory neuron activation. 

On the other hand, in the contralateral joint, sensory neurons produced ATP most likely via 
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ATP synthase expression to activate the IL-6 amplifier in non-immune cells, which in turn 

produced more ATP as well as IL-6. Namely, in the ipsilateral joint, cytokines activating NF-

κB and STAT3 triggered ATP secretion from non-immune cells to stimulate the sensory 

pathway that connects to the contralateral ankle joint to secrete ATP. The resulting ATP 

activated the IL-6 amplifier in non-immune cells to secrete more IL-6 and ATP in the 

contralateral ankle joint. Consistently, the blockade of ATP signaling in the contralateral 

joints suppressed the contralateral ATP increase in situ. Thus, we propose that positive 

feedback between the ATP and IL-6 secreted by non-immune cells contributes to the 

inflammation development in the contralateral joint. consistent with our findings Da Silva, et 

al. reported that binding  of ATP to P2X7 promotes the release of IL-6 by Ca2+ influx; IL-6 

itself may generate B cell proliferation with antibody production, cytotoxic T cell 

proliferation, differentiation, hematopoiesis, and thrombopoiesis (da Silva et al., 2019) 

During cell recruitment, P2X7 is directly involved in the adaptive immune response 

occurring in RA, by mediating the production of interleukin 2 (IL-2) associated with T cell 

activation (Arulkumaran et al., 2011). 

Th17 cells are involved in multiple pathological processes of RA, being recognized as a 

major player in the pathogenesis of RA, They also upregulate the receptor activator of NF-κB 

(RANK) expression, which results in joint destruction and bone erosion (Jørgensen, 2018). 

The role of activation of P2X7 in the production of Th17 cells has been demonstrated in a 

study with an animal model of arthritis, which found an increase of mRNA for IL-1β, TGF-

β1, IL-23, and IL-6, cytokines, necessary for the development of this cellular subtype(Fan et 

al., 2016). Besides, ATP- P2X7 signaling reduces the viability of Tregs and restricts their 

sup- pressive activity as well as favoring the differentiation of IL-17-secreting Th17 cells 

(Lopez-Castejon et al., 2010). 

Since Th17 cells are essential for the development of autoimmunity by the production of 

aforementioned pro-inflammatory cytokines, and Tregs play a key role in the maintenance 

immunological tolerance, a Th17/Treg balance shift by ATP/P2X7 activation may increase 

inflammation or initiate autoimmunity ,Conversely, the blockade of P2X7 aids the conversion 

of naïve CD4+ T cells into Treg and could be a strategy to control autoimmunity (Niu et al., 

2012). 

 

Our findings suggest that a proenkephalin+ but not calretinin+ interneuron network in the 

thoracic cords makes up the neural circuit between bilateral joints that regulates spreading 

inflammation. At the same time, we do not dismiss the possibility that neural crosstalk in the 
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spinal cord by other interneurons is involved in the development of spreading inflammation. 

Sensory neurons in DRGs have an antidromic function called the axon reflex and contribute to 

regional inflammation (Chavan et al., 2017; Talbot et al., 2016). We hypothesized that 

Nav1.8+ sensory neurons in the ipsilateral L5 DRG might be responsible for the orthodromic 

propagation of action potentials to the spinal cord and that sensory neurons in contralateral L4-

L6 DRGs are involved in the antidromic axon reflex, exacerbating the contralateral ankle joint 

inflammation (Chavan et al., 2017; Gogan et al., 1983; Talbot et al., 2016). Because 

electrophysiology assays showed that anterograde neural activation is stronger than antidromic 

neural activation (Sorkin et al., 2018), we performed such assays on mice with an electrical 

stimulation on sciatic nerves. We detected an electrophysiological signal in the ipsilateral side, 

as expected (data not shown), and around the contralateral DRG but hardly around the 

contralateral ankle joint (Fig. 45). This finding is consistent with the antidromic sensory neural 

pathway being involved in the contralateral ankle joint inflammation in our system. 

 

To conclude, we report a molecular mechanism of spreading inflammation in two arthritis 

models. We show that a regional sensory neuron-interneuron connection between the ankle 

joints through the thoracic spinal cord is critical for spreading inflammation via the bilateral 

expression of ATP, which activates a neural pathway and enhances the IL-6 amplifier. 

Therefore, blockade of this sensory neuron-interneuron axis may be a therapeutic target for 

various diseases with spreading inflammation including RA. 
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Fig. 42 A schematic model for spreading inflammation 

ATP induced by activation of the IL-6 amplifier in collagen type1+ non-immune cells in one 

side of the ankle joint (left side) activates Nav1.8+ TRPV1+/- sensory neurons, which stimulate 

the regional sensory neural pathway involving the lower thoracic spinal cord that contains 

proenkephalin+ interneurons. On the contralateral side (right side), the response of sensory 

neurons in L4-L6 DRGs releases ATP, which induces inflammatory mediators, including 

cytokines and chemokines, by activating the IL-6 amplifier in collagen type1+ non-immune 

cells, including fibroblasts and endothelial cells, through P2RX7. 
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Fig. 43 IL-17A and IL-6 (1 μg each) or saline were injected into the left ankle joint of F759 

mice on days 0, 1, and 2, followed by the measurement of mouse IL-6 (n = 9 per group), human 

IL-6 (n = 6-7 per group), and mouse IL-17A (n = 4-5 per group) levels in serum on day 3. Mean 

scores ± SEM are shown. P values were calculated using Student's t-test (★★★ P < 0.001; NS, 

not significant).  
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Fig. 44 

(A) BC1 endothelial cells were stimulated with a high (50 ng/mL), medium (5 ng/mL each), 

or low (500 pg/mL each) dose of IL-6 + IL-17A (human IL-6 plus soluble IL-6Rα and/or mouse 

IL-17A). Culture supernatants were collected and assessed using an ELISA specific for mouse 

IL-6 (n = 4 per group).  

(B) IL-17A and IL-6 (0.1 μg or 1 ng each) or saline were injected into the right ankle joint on 

days 0, 1, and 2. Clinical arthritis scores of the right ankle joint of F759 mice were evaluated 

(n = 5 per group). Mean scores ± SEM are shown. P values were calculated using Dunnett’s 

A 

B 
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test (A), and the Wilcoxon rank-sum test (B). (★ and # P < 0.05; ★★ and ## P < 0.01; ★★★ 

and ###, P < 0.001). 

 

 

 

 
Fig. 45 The tibial nerves around the left ankle were stimulated with 3 mA of electrical pulses 

(duration: 0.5 ms), and an electrophysiological signal was detected at the contralateral side of 

the dorsal root (A) or at its sciatic nerves around the right ankle (B) in an anesthetized mouse. 

A red arrow showed an electrophysiological signal detected.  
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5. Conclusion 
l Surgical ablation or pharmacological inhibition of neural pathway at one side of ankle 

prevented inflammation development on the other side.  

l IL-6 amplifier-mediated ATP induction in collagen type 1+ non-immune cells in one side 

of ankle joint activates Nav1.8+ TRPV1+/- sensory neurons. 

l Nav1.8+ TRPV1+/- sensory neurons stimulates regional sensory neural pathway involving 

lower thoracic spinal cord that contains proenkephalin+ interneurons.  

l Response of sensory neurons in L4-L6 DRGs releases ATP on the contralateral side, and 

ipsilateral side stimulates collagen type 1+ non-immune cells (fibroblasts and endothelial 

cells) to induce cytokines and chemokines, resulting in activating the IL-6 amplifier. 

 

Neural circuits between lesions are one mechanism through which local inflammation spreads 

to remote positions. The present study shows the inflammatory signal on one side of the joint 

is spread to the other side via sensory neuron-interneuron crosstalk, with ATP at the core. 

Surgical ablation or pharmacological inhibition of this neural pathway prevented inflammation 

development on the other side. Mechanistic analysis showed that ATP serves as both a 

neurotransmitter and an inflammation enhancer, thus acting as an intermediary between the 

local inflammation and neural pathway that induces inflammation on the other side. These 

results suggest blockade of this neural pathway may have therapeutic value for inflammatory 

diseases, particularly those, such as RA, in which inflammation spreads to remote positions. 
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