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Abstract

Osteoarthritis is a chronic and painful disease of synovial joints. Chondrocytes, synovial cells and 

other cells in the joint can express and respond to cytokines and chemokines, and all of these 

molecules can also be detected in synovial fluid of patients with osteoarthritis. The presence of 

inflammatory cytokines in the osteoarthritic joint raises the question whether they may directly 

participate in pain generation by acting on innervating joint nociceptors. Here, we first provide a 

systematic discussion of the known proalgesic effects of cytokines and chemokines that have been 

detected in osteoarthritic joints, including TNF-α, IL-1, IL-6, IL-15, IL-10, and the chemokines, 

MCP-1 and fractalkine. Subsequently, we discuss what is known about their contribution to joint 

pain based on studies in animal models. Finally, we briefly discuss limited data available from 

clinical studies in human osteoarthritis.
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1. Osteoarthritis, a Painful Joint Disease

Osteoarthritis (OA), the most prevalent form of arthritis, is a chronic and painful disease of 

synovial joints, most commonly the knees, hips, and hands. The prevalence of OA increases 

with age. OA is a leading cause of disability among older adults in the US [1] and 

worldwide [2]. Obesity and joint injuries are other major risk factors [3]. The most 

prominent symptom of OA is pain. Since effective therapies for OA and the associated joint 

pain are not available, this disease represents an enormous unmet medical need [4, 5].

OA pathology is characterized by progressive cellular and molecular changes in all joint 

tissues, including articular cartilage, subchondral bone, synovium, ligaments, and peri-
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articular muscles (Fig.1) [3]. OA was long considered a quintessential “degenerative” joint 

disease, where mechanical stresses and ageing precipitate cartilage breakdown and bone 

remodeling – ultimately leading to joint dysfunction. In recent years, however, evidence has 

been mounting for a critical contribution of inflammatory mechanisms to OA pathogenesis, 

with a particular role for synovitis [6]. Indeed, synovitis has been shown to correlate with 

structural progression of OA (cartilage degeneration and osteophyte formation) [7]. 

Importantly, several studies have demonstrated that pain and joint dysfunction are increased 

in association with synovitis [7]. In posttraumatic OA, which develops after joint injury and 

tends to affect younger and middle-aged adults [8], research in animal models and human 

subjects indicates that several inflammatory cytokines and related inflammatory mediators 

are elevated following joint injury [9].

2. Cytokines in Osteoarthritis

Chondrocytes, synovial cells and other cells in the joint can express and respond to 

cytokines and chemokines, and cytokines can also be detected in synovial fluid of OA 

patients (reviewed in [10]). Cytokines that have been implicated in OA pathogenesis include 

tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, other common γ-chain cytokines 

such as IL-2, IL-7, IL-15, and IL-21, and chemokines (reviewed in [6, 10]). The presence of 

inflammatory cytokines in the OA joint raises the question whether they may directly 

participate in pain generation by acting on innervating joint nociceptors. In the current 

review, we first provide a systematic discussion of the known pro-algesic effects of these 

cytokines, and then discuss what is known about their contribution to joint pain, based on 

studies in animal models.

3. Nociceptive Actions Of Cytokines

Tissue injury generates noxious stimuli that are sensed by specialized receptors on 

nociceptors, which are small-diameter unmyelinated C-fiber or medium-diameter thinly 

myelinated Aδ-fiber sensory neurons that carry pain signals from peripheral tissues to the 

central nervous system (CNS) (Fig. 1). The cell bodies of these pseudo-unipolar nociceptors 

are located in the dorsal root ganglia (DRG) and trigeminal ganglia (TRG), and extend 

axons to the periphery and viscera as well as centrally to the dorsal horn of the spinal cord. 

The first synapse occurs in the dorsal horn either with interneurons or with supraspinally 

projecting neurons, which then carry nociceptive information to higher levels of the neuraxis 

such as the thalamus and cortex.

The major cytokines that are expressed in association with tissue damage and inflammation 

can affect the pain response at numerous points along the neuraxis. Many cytokines, for 

instance, can excite DRG neurons directly by a variety of mechanisms, often through very 

rapid effects that do not require gene transcription but are likely to involve regulation of 

important conductances such as voltage-gated sodium (VGS) and transient receptor potential 

(TRP) channels. Moreover, these same cytokines may also have rapid electrophysiological 

effects on second-order neurons in the dorsal horn. Molecules such as TNF-α, IL-1β, and 

IL-6 can be produced by cells in the joint, by sensory neurons or associated glial cells in the 

DRG, and by microglial cells in the dorsal horn. Whatever the cellular source of the 
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cytokines produced in response to injury, increases in sensory neuron excitability are likely 

to be one of the first cytokine-induced effects that underlie chronic pain. Below, we review 

the major biological effects on the pain pathway by those cytokines that have been 

implicated in OA pathogenesis.

3.1 TNF-α

TNF-α has been shown to influence and coordinate the inflammatory response in almost all 

tissues. Cytokine signaling is organized as a cascade (a primary cytokine acting upon a 

receptor that leads to expression of one or more secondary cytokines and so on), and TNF-α 

is often observed near the top of such signaling cascades. In addition to its effect on 

peripheral tissues, there is good evidence that TNF-α can influence the excitability of 

nociceptors either directly or through the expression of downstream cytokines – or both. 

TNF-α can be produced by DRG neurons and can also act on them through a variety of 

mechanisms, as will be discussed. Some of the long-term changes in nociceptor excitability 

require alterations in gene transcription and protein expression. However, it is also clear that 

TNF-α can produce very rapid changes in neuronal excitability that do not seem to require 

alterations in gene transcription [11] but are the result of the regulation of ion channels that 

in turn regulate nociceptor electrogenesis, including voltage-gated sodium channels (VGSC) 

and TRP channels expressed by sensory nerves [12]. Perfusion of DRG with TNF-α 

produces a rapid increase in the firing rate of both A- and C-fibers [13] and also elicits a 

rapid increase of calcitonin gene-related peptide (CGRP) release from the peripheral 

terminals of nociceptors [14]. It appears that the excitatory effects of TNF-α result from the 

modulation of several important conductances. For example, the ability of an intradermal 

injection of TNF-α into the plantar surface of the hindpaw to produce thermal, but not 

mechanical, sensitization is abolished in TRP subfamily V member 1 (TRPV1) knockout 

mice [11]. This suggests that another conductance might be responsible for the TNF-α-

induced mechanical pain hypersensitivity. Indeed, it was observed that application of TNF-α 

to DRG neurons in culture increased the amplitude of the tetrodotoxin (TTX)-resistant 

sodium current in these cells [11]. Activation of TNF-α receptors produces a wide array of 

signaling options, including activation of the MAPK pathway [11]. For example, inhibitors 

of p38 MAPK selectively abolished TNF-α induced mechanical pain hypersensitivity and 

enhancement of the DRG TTX-resistant sodium current suggesting a model in which the 

rapid effects of TNF-α might involve activation of TNFR1 expressed by nociceptors leading 

to enhanced mechanical hypersensitivity mediated by p38-induced phosphorylation of 

TTXresistant sodium current subunits, together with thermal hypersensitivity produced by 

actions on TRPV1. Although it is clear that TNF-α can rapidly excite nociceptors by a 

number of mechanisms, the cytokine also produced increased TRPV1 protein expression 

when applied to cultured DRG neurons through extracellular signal-related kinase rather 

than p38 signaling [15]. However, this effect required chronic treatment of the cells (more 

than 8 h). Thus, TNF-α can increase nociceptor excitability using both short- and long-term 

mechanisms.

The observation that TNF-α expression in DRG neurons, as well as in microglia [16], occurs 

immediately after injury suggests that rapid autocrine excitation of DRG nociceptors by 

TNF-α may initiate the cytokine-mediated cascade that generates hypersensitivity. 
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Additionally, TNF-α can produce long-term changes in the expression of other important 

molecules in sensory nerves. For example, one downstream target of the effects of TNF-α is 

the chemokine, monocyte chemoattractant protein-1 (MCP-1), which is synthesized by DRG 

neurons in an NFκB-dependent manner [17]. As MCP-1 is itself an important link in the 

pain behavior signaling pathway (discussed below), such effects are indicative of how a 

powerful upstream cytokine like TNF-α can manifest its influence in multiple ways. The 

numerous cellular sources of TNF-α together with the pleiotropic effects it can produce on 

DRG excitability over a broad time-course are a good illustration of the complex nature of 

the impact of inflammatory cytokines on the generation of pain.

3.2 Interleukins

As is the case with TNF-α, other important upstream cytokines may also produce rapid 

excitatory signaling in DRG neurons. Several interleukins have been observed to produce 

excitation of DRG neurons, including the proinflammatory interleukins IL-1, IL-6 and 

IL-17, whereas the anti-inflammatory cytokine IL-10 produced the opposite effects [18]. 

The molecular components of the receptors for all of these interleukins can be expressed by 

DRG neurons, further suggesting that these cytokines may exert direct effects on 

nociceptors.

3.2.1 IL-1—IL-1β has been reported to produce both rapid and delayed effects on DRG 

neurons. Incubation of DRG neurons with IL-1β for several days produced excitatory effects 

typified by a reduced threshold for depolarization in a subpopulation of DRG neurons [19], 

and downregulated G protein-coupled receptor kinase 2, thus increasing the responsiveness 

of multiple G protein– coupled receptors (GPCR) on DRG neurons [20]. Exposure of naïve 

DRG neurons to IL-1β over two days also resulted in upregulated expression of TRPV1, 

suggesting a mechanism by which IL-1 may participate in the persistence of thermal 

hyperalgesia in inflammatory states [21]. In contrast, acute exposure to IL-1β was reported 

to sensitize DRG neurons to noxious heat [22] and to stimulate heat-activated CGRP release 

[14], implying that IL-1β can also acutely transactivate TRPV1 expressed by DRG neurons. 

In the related trigeminal ganglia, the induction of inflammation with complete Freund’s 

adjuvant (CFA) resulted in expression of IL-1β and its receptor, IL-1R, by satellite glial cells 

and neuronal cell bodies, respectively [23]. IL-1β produced rapid excitation of these neurons 

[23] and an IL-1β antagonist reduced CFA-induced neuronal hyperexcitability. Again, this 

demonstrates how cytokine signaling can contribute to hyperexcitability of pain sensory 

neurons [23].

In addition to transactivation of TRPV1, IL-1β was also reported to rapidly excite DRG 

neurons by activating different components of voltage-dependent Na currents - probably 

consisting of NaV1.8 and NaV1.9. These effects were mediated through activation of p38 

kinase [24]. At any rate, IL-1β appears to generally produce excitatory effects although the 

entire spectrum of its effects may be quite diverse. Indeed, it appears that DRG neurons 

express all the molecular components required for IL-1β signaling and these can be 

upregulated in inflammatory pain states [25, 26]. As with TNF-α, IL-1β may also potentiate 

the production of other algogenic molecules. In particular, intraplantar injection of IL-1β 

produced thermal hyperalgesia and increased levels of the pro-algesic nerve growth factor 

Miller et al. Page 4

Cytokine. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(NGF), indicating that IL-1β may play a role in NGF upregulation associated with 

inflammation [27]. NGF has itself been implicated as a key pain regulator in a variety of 

models acting primarily through transactivation of TRPV1 [28], further illustrating the 

complexity of interactions that may occur in the inflammatory environment. Clinical trials 

testing the effectiveness of anti-NGF in treating osteoarthritis pain are currently ongoing (for 

review, see [29]).

3.2.2 IL-6—DRG neurons have been shown to express the glycoprotein 130 (gp130) 

cytokine receptor subunit, a common feature of all cytokine receptors in the IL-6 family 

[30]. Addition of IL-6 alone, without application of the soluble receptor, was able to acutely 

induce calcium mobilization in a subset (33%) of cultured DRG neurons, suggesting that 

this subset expresses IL-6R [31]. In addition, DRG cultures that were pre-treated with IL-6 

alone for two days had increased numbers of neurons responding to substance P as well as 

increased expression of neurokinin (NK)1 receptor [31], which is activated by substance P. 

In contrast, application of IL-6 to cultured DRG neurons was not effective by itself, but was 

able to rapidly (minutes) sensitize TRPV1 conductances to heat if the soluble fragment of its 

receptor was also applied [32]. Application of IL-6 and its soluble receptor to skin also 

stimulated CGRP release upon exposure to heat [14, 33]. The fact that IL-6 only facilitates 

sensitization to heat when added together with a soluble form of its binding subunit suggests 

that it may be activated “in trans” by soluble IL-6 receptors secreted from other cell types in 

the vicinity. Recently, mice in which the IL-6 family receptor subunit gp130 was selectively 

deleted from peripheral sensory NaV1.8-expressing neurons were examined in different 

models of chronic pain. These studies demonstrated that IL-6-induced nociceptor 

sensitization and transactivation of TRPV1 were absent in these mice [34]. The mice also 

displayed an ability to recover from mechanical allodynia following nerve injury as opposed 

to the sustained allodynia seen in wild-type mice [35].

3.2.3 IL-17—Interleukins of the IL-17 inflammatory cytokine family have also been shown 

to produce excitatory effects on nociceptors. Receptors for these molecules are widely 

expressed by lumbar DRG neurons [36, 37], and incubation with IL-17A results in a rapid 

phosphorylation of PKB/Akt and ERK-1/2 in DRG neurons [36]. In addition, experiments 

on cultured DRG neurons revealed that IL-17 could produce increased expression of 

TRPV4, whereas TRPV1 was unaffected. Reinforcing the possibility that TRPV4 may be 

important in mediating mechanical hyperalgesia, Il17a null mice showed protection against 

mechanical hyperalgesia, but not thermal hyperalgesia, in the zymosan inflammatory pain 

model [37].

3.2.4 Other common γ-chain cytokines—Two members of the γ-chain cytokine 

family, IL-2 and IL-15, have also been investigated for a role in generating pain 

hypersensitivity. IL-2 and its receptor, IL-2R, can be expressed by DRG neurons [38], but 

mixed effects on pain pathways have been reported. Intraplantar administration of IL-2 in 

the naïve hindpaw [38] and intrathecal injection post nerve injury [39] increased the time 

until paw withdrawal upon application of radiant heat. On the other hand, a different series 

of studies showed a dose-dependent effect of intrathecal IL-2 in naïve rats: a low dose 

increased heat sensitivity, while a higher dose decreased sensitivity [40]. In addition, the 
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lower dose of IL-2 increased mechanical sensitivity, while the higher dose had no effect 

[40]. IL-15 has been proposed as a pro-inflammatory cytokine that supports immune 

infiltration, with possible implications in the development of pain [41]. IL-15 and its 

receptor have been located on astrocytes and microglia in the spinal cord, and intrathecal 

injection of an IL-15 antibody prevented macrophage and T-cell recruitment into the sciatic 

nerve after nerve injury [42]. Intrathecal injection of IL-15 into naïve rats also induced 

mechanical and thermal sensitivity [40].

3.2.5 IL-10—In contrast to these algogenic actions of interleukins, the anti-inflammatory 

molecule IL-10 produces quite different effects. Western blot and immunofluorescence have 

shown that IL-10 receptors are expressed by DRG neurons [43]. Recombinant rat IL-10 not 

only reduced the densities of TTX-sensitive and insensitive Na currents in control DRG 

neurons, but also reversed the increase in Na current density induced by rat recombinant 

TNF-α [43]. Consistent with the electrophysiological results, IL-10 reduced the increase in 

Na channel expression induced by TNF-α [43]. Moreover, repetitive intrathecal 

administration of IL-10 for 3 days temporarily attenuated mechanical allodynia in a sciatic 

nerve chronic constriction injury (CCI) model [44] and profoundly inhibited the excitability 

of DRG neurons in an L5 spinal nerve ligation model [43]. These results suggest that the 

down-regulation of the Na channels in DRG neurons might contribute to the therapeutic 

effect of IL-10 on neuropathic pain.

3.3 Chemokines

The family of cytokines known as CHEMOtactic cytoKINES or chemokines were first 

described because of their central role in the organization of leukocyte migration and the 

inflammatory response. It subsequently proved to be the case that some chemokines play an 

essential role in the development of many tissues including the nervous system. In addition, 

chemokines and their receptors can be expressed by neurons and can directly affect neuronal 

excitability. One manifestation of such properties is the proposed role of chemokine 

signaling in the genesis of chronic pain [45].

Chemokines represent a large family of proteins including several subfamilies. As far as is 

known all the actions of chemokines are transduced through the activation of a family of G-

protein coupled receptors (GPCRs). Originally, Oh et al demonstrated that several different 

chemokines could excite DRG neurons in culture, indicating the expression of a number of 

different chemokine receptors by these cells [46]. These original observations suggested that 

chemokine signaling might play a role in pain behavior and subsequent observations in vivo 

have supported this hypothesis. Although many chemokines can be synthesized as part of 

the innate immune response and many of these appear to be able to act directly upon DRG 

neurons, most investigations have centered on the role of Chemokine (C-C motif) ligand 2 

(CCL2 or MCP-1) and its receptor, CCR2. When applied to intact DRG or to acutely 

isolated DRG neurons after chronic compression of the DRG (CCD model), MCP-1 

produced a decrease in the depolarization threshold of DRG neurons [47] and some cells 

became spontaneously active at resting potential [48]. In voltage clamp, MCP-1 induced an 

inward current that was not voltage-dependent [48]. The properties of this current were 

consistent with the possibility that it could represent a TRP channel. In another report, 
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whole-cell patch-clamp recordings demonstrated that MCP-1 concentration-dependently 

increased TTX-resistant NaV1.8 current densities in both small- and medium-diameter naïve 

sensory neurons [49]. Incubation with MCP-1 also shifted the activation and steady-state 

inactivation curves of NaV1.8 in a hyperpolarizing direction in small sensory neurons [49]. 

As with other cytokines, MCP-1 also produced long-term effects on DRG neuron 

excitability. Pretreatment with MCP-1 for 24 hours increased the density of capsaicin-

induced currents (presumably TRPV1) in small putative DRG nociceptive neurons [50]. 

MCP-1 also increased the density of TTX-resistant NaV1.8 currents [50]. Neither of these 

effects was observed in the presence of a specific phosphatidylinositol-3 kinase (PI3K) 

inhibitor or Akt inhibitor. Although DRG neurons do not normally express MCP-1 or CCR2, 

MCP-1 and CCR2 expression is upregulated by DRG neurons in association with many 

different types of experimental pain, and one early investigation demonstrated that chronic 

pain associated with several different models was ameliorated in Ccr2 null mice [51]. 

Observations using transgenic reporter mice have demonstrated that in the context of 

chronic pain, MCP-1 can be released by the cell bodies of DRG neurons within the DRG 

and activate CCR2 on the same or adjacent cells, thereby spreading excitation throughout 

the ganglion [52].

The literature makes it clear that MCP-1 may not be the only chemokine involved in states 

of chronic pain. Other chemokines and their receptors are also upregulated under similar 

conditions to MCP-1/CCR2 depending on the pain model employed. For instance, the 

chemokine SDF-1/CXCL12 and its receptor CXCR4 appear to be of particular importance 

in a number of scenarios such as HIV-1 related pain, opiate-induced hyperalgesia [12] and 

painful diabetic neuropathy (D. Menichella et al, personal communication). Further, 

CX3CL1 (fractalkine) appears to have a unique role in the genesis of chronic pain. CX3CL1 

is mostly expressed by neurons and exists in a membrane-bound form, which can be cleaved 

to produce a soluble form of the chemokine by metalloproteinases (ADAM10, ADAM17) 

[53–55] and cathepsin S [56]. Receptors for CX3CL1, CX3CR1, are generally expressed by 

microglia in the spinal cord [57]. Indeed, it has been suggested that cathepsin S-mediated 

cleavage of CX3CL1 in the spinal cord and subsequent activation of CX3CR1 on microglia 

is an important link in the sequence of events that lead from acute to chronic pain 

phenotypes [58].

4. Cytokines and Joint Pain: Studies in Animal Models (Table 1)

In order to explore how cytokines may contribute to the sensitization of joint afferents, 

researchers have injected them directly into the joint cavity of laboratory animals. The main 

method for determining sensitization is by recording action potentials from innervating 

nerve fibers while the anesthetized animal is undergoing either innocuous (movement within 

the normal range) or noxious rotation of the knee joint. TNF-α injected intra-articularly (IA) 

into rat knees rapidly (1–3 hours) sensitized nociceptive C-fibers in response to both 

innocuous and noxious outward joint rotation [59]. This also resulted in a small but 

significant increase in the response of Aδ-fibers to noxious rotation. Coinjection of the 

recombinant TNF receptor (p75)-Fc fusion protein, etanercept, with TNF-α prevented this 

increase in sensitivity. Likewise, IA administration of etanercept 90 minutes after injection 

of TNF-α was able to reverse this sensitization. In addition, a recent follow-up study has 
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demonstrated that IA injection of TNF-α, but not of a vehicle control, increased the response 

of spinal cord neurons to both innocuous and noxious force applied to knee joint [60]. In the 

naïve rat knee joint, IL-1β was also able to sensitize nociceptive C-fibers to noxious joint 

rotation, but it decreased the sensitivity of Aδ-fibers to both innocuous and noxious rotation 

[21]. Like TNF-α and IL-1β, IA delivery of IL-6 sensitized nociceptive C fibers to noxious 

joint rotation [61]. Co-administration with the soluble IL-6 receptor significantly increased 

this response in nociceptors [61]. Unlike for TNF-α/etanercept, only co-delivery of soluble 

gp130 with IL-6/sIL-6R could prevent these increased responses; if soluble gp130 was 

delivered after IL-6/sIL-6R, no decrease in nociceptor firing was detected [61]. A single 

injection of IL-6/sIL-6R into the rat knee joint was also shown to sensitize spinal neurons to 

both innocuous and noxious joint rotation [62]. Finally, injection of IL9 17 into the knee 

joint cavity sensitized nociceptive C fibers to both innocuous and noxious joint rotation 

through neuronal IL-17 receptors [36]. The IL-17A receptor was visualized in most rat DRG 

neurons while in cultured rat DRG neurons, IL-17A caused rapid phosphorylation of protein 

kinase B and ERK, and it rapidly enhanced excitability [36]. In addition to TNF-α and the 

interleukins, excitatory amino acids have also been implicated in promoting joint 

inflammation through stimulation of cytokine production [63], and in directly inducing pain 

in the joint. To test the latter hypothesis, glutamate (Glu), aspartate (Asp), and arginate 

(Arg) were injected intra-articularly into naïve rat knee joints, either separately, or in 

combination. Injections of these amino acids separately had no effect on hyperalgesia or 

allodynia. In contrast, within ten minutes of injection of combinations of Asp/Glu, Asp/Arg, 

or Asp/Glu/Arg, secondary thermal hyperalgesia and mechanical allodynia developed, and 

these effects lasted for five hours, suggesting that these amino acid combinations may act as 

chemical mediators of nociception [64]. These in vivo experiments clearly demonstrate that 

several cytokines rapidly produce pain and hyperalgesia following their injection into joints, 

suggesting that cytokines can interact with joint nociceptors. Data on the temporospatial 

distribution of cytokines and chemokines and their receptors in the sensory innervation of 

the healthy or diseased joint are not yet available.

In order to elucidate the contribution of cytokines to OA joint pain, studies in disease-

specific animal models and in human tissues will be needed, but current information on this 

is still scant. More data have been published using the antigen-induced model of 

inflammatory arthritis (AIA) [65], which is characterized by acute inflammation leading to 

rapid joint destruction. In rat AIA, animals display guarding behavior, primary hyperalgesia, 

and secondary thermal hyperalgesia over the first 14 days post induction [66]. Systemic 

delivery (beginning 6 hours after induction) of either etanercept or the monoclonal 

antihuman TNF antibody, infliximab, was able to reduce pain behaviors associated with 

AIA, but neither significantly inhibited joint damage by day 21 [66]. During the acute phase 

(day 3), IA etanercept also inhibited C-fiber responses to innocuous and noxious joint 

rotation [66]. Further, 3 days after induction, lumbar DRG were massively infiltrated with 

macrophages, and TNF-α blockade was able to inhibit this macrophage infiltration. This 

indicates that inflammatory arthritis causes TNF-α-dependent infiltration of macrophages 

into DRG, which correlates with pain-related behavior [67]. By day 7 of the AIA model, 

IL-1R1 protein expression increased in DRG neurons, and systemic treatment (beginning 5 

days prior to induction) with the IL-1 receptor antagonist, anakinra, prevented thermal, but 
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not mechanical, hyperalgesia [21]. Anakinra also reduced TRPV1 expression on DRG 

neurons by day 21. Intra-articular delivery of soluble gp130 at the time of induction resulted 

in significantly reduced joint destruction by day 21 of the model, and reduced primary 

mechanical hyperalgesia at days 3 and 7 [68]. In contrast, multiple systemic injections of 

soluble gp130 (beginning 6 hours after induction) did not protect against joint damage, but 

attenuated primary mechanical hyperalgesia at days 14 and 21 [68]. These studies reinforce 

the fact that the method and timing of inhibiting IL-6 along with the other inflammatory 

cytokines can have marked effects on structural and symptomatic benefits. Systemic 

administration of anti-IL-17 mAb prior to induction of the AIA model improved the 

guarding score and reduced secondary mechanical hyperalgesia during the acute phase of 

murine AIA [36, 69], but it did not significantly inhibit joint swelling [36]. Finally, intra-

articular injection of a glutamate receptor antagonist at the time of induction of the AIA 

model was able to restore weight-bearing on days 1 and 2 and to reduce knee swelling, 

synovial inflammation, cartilage degradation, and subchondral bone remodeling through day 

21 [70].

While these studies in the AIA model clearly show an important role for selected cytokines 

in driving inflammatory joint pain, AIA is not a model of OA and it cannot be used to model 

chronic OA pain due to its very rapid progression, aggressive joint destruction, and 

excessive inflammation. Studies in disease-specific animal models of OA that capture the 

slow progression of this disease and the mild inflammation associated with it, are few and 

far between. The small animal models most commonly used to model pain in association 

with knee OA are, firstly, the mono-iodoacetate (MIA) model, where IA injection of MIA 

leads to a chemically induced OA-like pathology, and, secondly, surgical models where 

instability induced in the knee leads to OA-like structural joint damage (reviewed in [71]). 

While there is a rapidly growing literature on pain behaviors and associated pathways in 

these models, studies that evaluate the contribution of cytokines and chemokines are limited. 

One surgical model that has recently been employed to mimic the slow progression of joint 

damage in OA is the destabilization of the medial meniscus (DMM) in the mouse knee [72]. 

Surgical instability triggered by DMM results in a slowly progressive joint damage with 

histopathological changes in articular cartilage, subchondral bone and synovium that mimic 

human OA. When monitored over 16 weeks after surgery, mice show longitudinal changes 

in pain-related behaviors: mechanical allodynia in the ipsilateral hindpaw progresses up to 4 

weeks after DMM [73] and is maintained throughout the 16-week follow-up period [74]; 

locomotive changes indicative of “movement-provoked” pain are first apparent 8 weeks 

after DMM and continue until week 16 [74, 75]; weight-bearing asymmetry starts around 

week 12 after surgery [75]. In this model, a soluble receptor to TNF-α reduced NGF mRNA 

expression in the joint and restored weight-bearing deficits in the first 3 days post surgery, 

but it had no effect when administered at 16 weeks after surgery [76]. This correlated with 

TNF-α mRNA expression in the knee joint: levels were elevated in the operated knee 3 days 

after surgery compared to the contralateral knee, but by 16 weeks post surgery, TNF-α 

expression levels were not different between both knees [76]. Another 16-week DMM study 

focused on MCP-1/CCR2 expression in the knee-innervating DRG. Starting at 8 weeks after 

surgery, DRG neurons showed increased MCP-1/CCR2 production, and this correlated with 

the development of movement-induced pain [74]. Ccr2 null mice were protected from 
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developing movement-induced pain after DMM surgery and also from maintained 

secondary mechanical allodynia despite developing similar levels of joint damage. Unlike 

wild-type mice, Ccr2 null mice displayed no macrophage infiltration into the DRG at 8 and 

16 weeks post surgery. Interestingly, a CCR2 receptor antagonist, administered systemically 

9 weeks after DMM in wild type mice, was able to reverse movement-provoked pain [74]. 

As with cytokine receptors, it is not yet known whether peripheral terminals of sensory 

neurons in the joint express CCR2 (or other chemokine receptors). From studies in animal 

models, it appears that OA joints produce increased MCP-1 early in the disease 

(demonstrated as mRNA in the DMM model [77] and as protein in the DMM [78] and MIA 

models [79]), raising the interesting possibility that locally produced MCP-1 may indeed 

contribute to driving peripheral sensitization in the OA joint.

5. Cytokines and OA Joint Pain: Evidence From Human Studies

All the cytokines and chemokines discussed above can be produced by joint cells or affect 

them [10]. Many of them have been detected in synovial fluids of OA patients and subjects 

suffering from ligament or meniscal damage, including the classic inflammatory cytokines 

[7] as well as the chemokines, MCP- 1 [80], SDF-1 [81] and fractalkine [80, 82], and the 

excitatory amino acids glutamate and aspartate [83], but only a limited number of studies 

report correlations of these protein levels to levels of pain. TNF-α was reportedly correlated 

with the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain 

score in a group of 47 knee OA patients who had not received prior treatment [84]. In 

addition, synovial fluid levels of IL-6 and MCP-1 were correlated with patient-reported pain 

scores in 32 patients suffering from acute knee pain believed to be secondary to meniscal 

damage [85].

The ability of TNF-α and IL-1 inhibitors to abate OA pain has also been tested in small 

clinical trials, with mixed results to date [86]. Adalimumab, a fully human IgG1 monoclonal 

antibody directed against TNF-α, was found to reduce pain in an open-label 12-week 

evaluation of 20 patients with symptomatic radiographic knee OA and evidence of knee 

effusion [87]. Adalimumab was, however, not efficacious in a randomized, placebo-

controlled trial in patients with hand OA who were unresponsive to analgesics and NSAIDs 

[88]. The primary outcome measure, the response rate (defined as a >50% decrease in pain 

intensity 6 weeks after the second injection), was not significantly different between the 

adalimumab-treated (35.1%) and placebo-treated (27.3%) groups (P = 0.48). Likewise, in a 

multicenter, randomized, double-blind, placebo-controlled study using two different doses 

of intra-articular IL-1 receptor antagonist, anakinra, 101 patients with symptomatic 

radiographic knee OA did not significantly benefit over a period of 12 weeks [89]. In a 

different randomized controlled pilot trial, 6 patients suffering from an acute anterior 

cruciate ligament (ACL) tear, a condition that represents a strong risk factor for developing 

post-traumatic OA, reported improved pain over 14 days after IA injection of anakinra [90]. 

Thus, it is conceivable that early inhibition of the intra-articular inflammatory response after 

joint injury may improve clinical outcomes for this population.
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Lastly, clinical trials.gov lists a randomized, double-blind, placebo-controlled phase 2 study 

in subjects with osteoarthritic pain of the knee, using a selective CCR2 antagonist [91] but 

trial resulted are not reported.

Lack of efficacy of cytokine inhibition in OA [86] is in sharp contrast to rheumatoid 

arthritis, where biologics targeting one cytokine (notably TNF-α) can demonstrate 

remarkable clinical efficacy [92]. In addition to the anti-inflammatory action of TNF-

blockade, functional MRI studies of the brain have suggested that neutralization of TNF-α 

may affect pain responses in the brain in the context of arthritis, long before it achieves anti-

inflammatory effects in the joints [93].

6. Future Directions

In spite of the frequent occurrence of pain in association with OA, there is little information 

as to the cellular and molecular elements that are responsible for this phenomenon. Current 

evidence supports the idea that OA pain is generated and maintained through continuous 

nociceptive peripheral input from the OA joint (reviewed in [4]). Therefore, it is of great 

interest to define the mediators in the joint that contribute to the sensitization of joint 

nociceptors, and locally produced inflammatory cytokines and chemokines are certainly 

likely candidates for this.

To fully appreciate the actual role of cytokine and chemokine signaling in the genesis of OA 

pain will require elucidating the precise juxtaposition of cells that make and respond to these 

molecules. For this, we will need detailed analysis of the sensory innervation of the OA 

joint, and of the temporo-spatial distribution of receptors on these neurons. With the 

exception of articular cartilage, which is aneural, joint tissues are richly innervated and 

sensory Aδ and C-fibers terminate as free nerve endings in the fibrous capsule, adipose 

tissue, ligaments, menisci, and the adjacent periosteum [94]. The sensory innervation of the 

synovium is less well described, but immunostaining for neuropeptides like CGRP and 

substance P suggests the presence of sensory fibers [95–99]. Since OA affects all joint 

tissues, it is likely that nerve endings in these tissues are also affected by the pathology. It 

has been suggested that inflammatory changes in the OA synovium are associated with 

destruction of the capillary and neuronal network that is present in normal synovium [100]. 

Also, osteochondral channels carrying blood vessels and CGRP positive fibres breaching the 

tidemark and invading the articular cartilage have been demonstrated in human OA joints as 

well as in animal models [101] – thus, nerves may actually be in direct contact with diseased 

cartilage. More detailed anatomical studies to map changes in innervation in different joint 

tissues during OA progression should help unravel how nociceptors are activated by locally 

generated cytokines and chemokines to generate pain signals.

In conclusion, OA is a chronic slowly progressive painful joint disease, where all joint 

tissues participate in driving the disease [3]. The microenvironment of the OA joint will 

therefore be one of great complexity with most of the cell types both producing and 

responding to inflammatory cytokines and chemokines and other mediators (Fig. 1). 

Cytokines and chemokines present in the OA joint may not only promote synovitis and joint 

destruction, they may also directly activate innervating nociceptors. Understanding how 
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these mediators produced at the level of the compromised joint can initiate changes in the 

DRG and spinal cord, and thus contribute to the pain pathway, is a subject of considerable 

interest. It can be expected that careful studies of these pathways in disease-specific animal 

models and human tissues will lead to identification of novel analgesic targets. However, the 

complex and diverse actions of these molecules on a variety of cell types indicate that the 

mode of delivery, timing of treatment, and target population must be carefully delineated in 

order to produce beneficial effects for the patient.

Acknowledgments

The authors would like to thank Dr. Carla Scanzello (University of Pennsylvania) for the histology picture of 
inflamed human OA synovium (in Fig. 1). REM is supported by an Arthritis Foundation Post-Doctoral Fellowship 
and by grant F32AR062927 from the National Institutes of Health/National Institute of Arthritis and 
Musculoskeletal and Skin Diseases. AMM is supported by grant R01AR064251 from the National Institutes of 
Health/National Institute of Arthritis and Musculoskeletal and Skin Diseases. RJM is supported by 2 R01 
DA013141.

Abbreviations

AIA antigen-induced arthritis

CNS central nervous system

DMM destabilization of the medial meniscus

DRG dorsal root ganglia

GPCR G-protein coupled receptor

IL interleukin

MCP-1 monocyte chemoattractant protein-1

MIA monoiodoacetate model

NGF nerve growth factor
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• Osteoarthritis is a chronic and painful disease of synovial joints.

• Osteoarthritic joint tissues produce and respond to cytokines and chemokines.

• Cytokines promote joint destruction and directly activate innervating 

nociceptors.
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Figure 1. 
Nociceptors (medium-sized myelinated Aδ fibers and small unmyelinated C-fibers) detect 

noxious signals in the innervated tissues and carry them to the dorsal horn of the spinal cord. 

The cell bodies of these pseudounipolar nociceptors are located in the dorsal root ganglia 

(DRG) and extend axons to the periphery as well as centrally to the dorsal horn, where the 

first synapse occurs. In osteoarthritis, all joint tissues participate in driving progressive 

structural joint damage, including the articular cartilage, subchondral bone, and the synovial 

membrane. Ongoing chronic tissue damage and low-level inflammation generates cytokines 

and chemokines that may directly act on innervating nociceptors. The precise nature of this 

interaction in the arthritic joint has not been elucidated Osteoarthritis is a chronic and 

painful disease of synovial joints. Osteoarthritic joint tissues produce and respond to 

cytokines and chemokines. Cytokines promote joint destruction and directly activate 

innervating nociceptors.
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Table 1

Cytokines and Joint Pain: Studies in Animal Models

Type of study Cytokines Studied Results References

Intra-articular cytokine injections TNF-α, IL-1β, IL-6, IL-17 Sensitized nociceptive C-fibers to 
innocuous and noxious knee rotation

Richter et al, 2010; 
Ebbinghaus et al, 
2012; Brenn et al, 
2007; Richter et al, 
2012

Antigen-induced arthritis (AIA) 
model

systemic infliximab or etanercept 
(blocks TNF-α)

Reduced pain behaviors associated with 
AIA, but neither significantly inhibited 
joint damage

Boettger et al, 2008

systemic anakinra (blocks IL-1) Prevented thermal, but not mechanical, 
hyperalgesia

Ebbinghaus et al, 
2012

systemic soluble gp130 (blocks 
IL-6)

Attenuated primary mechanical 
hyperalgesia at days 14 and 21, but did 
not protect against joint damage

Boettger et al, 2010

intra-articular soluble gp130 Significantly reduced joint destruction 
by day 21 of the model, and reduced 
primary mechanical hyperalgesia at 
days 3 and 7

Boettger et al, 2010

systemic anti-IL-17 mAb Improved the guarding score and 
reduced secondary mechanical 
hyperalgesia during the acute phase of 
murine AIA, but it did not significantly 
inhibit joint swelling

Richter et al, 2012 
Pinto et al, 2010

Destabilization of the medial 
meniscus (DMM) model

systemic soluble receptor to TNF-α Reduced NGF mRNA expression in the 
joint and restored weight-bearing 
deficits in the first 3 days post surgery, 
but it had no effect when administered 
at 16 weeks after surgery

McNamee et al, 2010

systemic CCR2 receptor antagonist Reversed movement-provoked pain at 9 
weeks post surgery

Miller et al, 2012
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