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1. INTRODUCTION

Physiological pain is a protective mechanism that involves the detection of stimuli that have 

a potentially damaging effect on an organism [1]. Pain-producing noxious stimuli are 

commonly mechanical, chemical, or thermal in origin and activate the peripheral nerve 

terminals of specialized sensory neurons that innervate tissues and whose cell bodies are 

localized in the dorsal root and trigeminal ganglia. These pain-sensing afferents are called 

nociceptors, and depolarization of their nerve terminals initiates the firing of action 

potentials that invade the dorsal root ganglia (DRG) [2]. Studies of the electrophysiological 

properties of nociceptors have demonstrated that electrogenesis in these neurons requires the 

activation of specific types of voltage-gated sodium channels (NaV), NaV1.7, NaV1.8, and 

NaV1.9. In humans, both gain-of-function and loss-of-function mutations in these genes 

have been described, and these result in marked pain phenotypes including congenital 

insensitivity to pain or erythromelalgia (a rare syndrome characterized by episodes of severe, 

burning pain, redness and increased skin temperature, mostly in the feet) among other 

syndromes (reviewed in [3] [4]).

The normal processing of pain is substantively altered in response to pathology. In many 

instances, such as in inflammation or tissue injury, pain pathways become sensitized so that 

stimuli that were previously innocuous now trigger painful responses [2]. In some cases, 

these pain responses become dissociated from their protective functions and ongoing pain is 

experienced in the absence of physiologically appropriate stimuli. The molecular and 

cellular mechanisms that mediate pain in association with pathology involve changes to the 

properties of neurons at all levels of the neuraxis, both in the periphery and in the central 

nervous system (CNS) [2, 5].
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Osteoarthritis (OA) is one of the major causes of chronic pain in the world [6]. Pain in OA is 

typically mechanical in nature – for example, patients with knee OA complain that it hurts to 

climb stairs [7]. In addition to the symptom of pain, OA patients show signs of peripheral 

and central sensitization, which can be detected by quantitative sensory testing (QST), 

including reduced pressure pain thresholds and increased temporal summation, both at the 

OA joint as well as at anatomical sites away from the joint [8] [9]. In the majority of 

patients, OA joint pain is relieved by joint replacement surgery, strongly suggesting that pain 

signaling in OA continues to be dependent on peripheral triggers throughout the disease 

process. Mechanistically, this involves the detection of painful stimuli by joint-innervating 

nociceptors. In mice, chemogenetic methods involving the expression of “Designer receptors 

exclusively activated by designer drugs” (DREADDs) in specific nerve populations, can be 

used to selectively stimulate Gi/o protein signaling in order to reduce peripheral sensory 

nerve activity [10], and this results in inhibition of pain behaviors in experimental OA 

models, particularly in early phases of disease [11, 12]. On the other hand, acute 

chemogenetic inhibition of nociceptor function has been reported to be ineffective in 

ameliorating pain behaviors at late stages of murine experimental OA in one study [11], 

indicating that other factors that affect pain signaling may be of overriding importance in 

late-stage disease. This may be important for understanding underlying mechanisms for 

those patients who experience little pain relief from joint replacement (around 20% of 

patients with knee OA, fewer for hip OA [13]), suggesting that central sensitization in those 

patients is no longer dependent on peripheral input [14].

Understanding the mechanisms that underlie OA pain requires, first and foremost, a 

complete description of the properties of the neuronal pathways that mediate pain signaling 

in the joint. In the course of chronic progressive disease, these pathways are altered and 

modified by interaction with the degenerating and remodelling tissues they innervate, and 

with immune and inflammatory cells that react to the disease [15] [16] [17]. The specific 

changes in the peripheral neuronal pathways underlying joint pain in OA are the focus of 

this narrative review (for discussion on central mechanisms, we refer the reader to other 

reviews [18] [19] [8]. We searched PubMed for the following terms: “osteoarthritis”, “pain”, 

“sensitization”, “DRG neurons”, “nociceptors”, “mechanosensation”, “animal models”, 

“NGF”, “DAMPs”, “TLR”. First, we describe the sensory nervous system in OA with a 

focus on recent discoveries, driven by new molecular technologies such as single cell RNA 

sequencing (scRNAseq) that are revealing that DRG neurons can be classified into distinct 

functional classes characterized by expression of selected marker molecules. We discuss 

how these discoveries may be relevant for joint pain in OA. Then, we briefly summarize how 

the sensory nervous system interacts with its environment in the OA joint, and how this 

modulates pain processing in OA.

2. THE NERVOUS SYSTEM IN OSTEOARTHRITIS.

It should be realized -and this cannot be stressed too strongly- that because of the chronic 

nature of OA, the anatomy and physiology of nociception undergoes considerable plasticity 

during the course of the disease. Hence, it is important to understand the pharmacology and 

physiology of pain as it is manifest during progressive disease rather than in unaffected 

animals or human subjects. As we shall discuss, the plasticity of the nociceptive system in 
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OA involves changes in the structural, physiological and genetic properties of neurons in 

pain pathways. Understanding the exact nature of this plasticity, and how it comes about, are 

key issues if we are to progress in the treatment of OA-associated pain.

2.1. Types of DRG neurons.

Primary sensory afferent neurons, including nociceptors, are pseudo-unipolar in structure, 

with one process attached to the cell body that bifurcates into two branches. The peripheral 

or distal processes of these neurons project to the cutaneous or deep peripheral tissues they 

innervate, and the other branch, referred to as the proximal process, terminates in the dorsal 

horn of the spinal cord or sensory nuclei of the brain stem. These sensory neurons are 

responsible for mediating diverse aspects of somatosensory physiology and are quite 

heterogeneous anatomically, physiologically, and biochemically. There are clearly distinct 

types of sensory neurons with different response profiles that underlie their ability to 

discriminate between different types of sensations, such as heat, cold, pain, itch, as well as 

mechanical sensations like touch and proprioception [20]. Numerous investigations have 

sought to answer the question as to the precise properties of each set of neurons that mediate 

particular somatosensory functions, including nociception, and how the properties of these 

neurons change in the face of pathology.

How then do we describe the class of sensory neurons that may mediate OA pain? The first 

way that sensory neuron subtypes were categorized was according to their degree of 

myelination and associated electrophysiological properties such as conduction velocity. 

Sensory neurons were shown to be heavily and moderately myelinated Aα and Aβ fibers, 

thinly myelinated Aδ-fibers and unmyelinated C-fibers. The degree of myelination has 

functional consequences determining the speed of action potential conduction, with heavily 

myelinated A-fibers conducting action potentials the most rapidly [21]. These 

neurophysiological differences in conduction velocity have also been associated with 

discrete functions. Heavily and moderately myelinated A-fibers are thought to be generally 

associated with light touch and proprioception, while thinly myelinated Aδ-fibers detect 

innocuous and noxious stimuli. C-fibers are unmyelinated and mostly involved in detecting 

painful stimuli, although some C-fibers, termed low threshold mechanoreceptors (C-LTMR), 

are also responsible for relaying innocuous light touch stimulation (such as pleasant touch 

elicited by the stoking of a soft brush). Nociceptors, the C and Aδ-fibers which detect 

noxious stimuli, can be either polymodal, responding to a variety of noxious stimuli (i.e., 
mechanical and thermal), or unimodal, responding to only a single type of noxious 

stimulation [22].

It has, however, become clear that fiber classification alone does not provide a sufficient 

means of predicting neuronal function [23]. This has led to other complementary methods of 

sensory neuron classification that depend on the expression of selected marker molecules 

such as peptidergic neurotransmitters, ion channels, calcium binding proteins and receptors, 

which indicate some specific function associated with each neuron type. Such markers also 

allow the identification of sensory neuron types using histological methods such as in situ 
hybridization or immunohistochemistry. From the histological perspective, large light and 

the small dark neurons were originally recognized. Large light neurons were shown to stain 
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for neurofilament (NF) 200 and are mostly Aα/β, whereas the small dark neurons are 

neurofilament 200 negative and mostly correspond to unmyelinated nociceptive C fibers 

[24]. Additionally, nociceptors can be subdivided based on a limited number of 

neurochemical features particularly a division between peptidergic and non-peptidergic 

classes, the former being defined by containing neuropeptides such as substance P and 

calcitonin-gene related peptide (CGRP), while non-peptidergics traditionally do not contain 

these neuropeptides, but bind the plant lectin Griffonia simplicifolia I-B4 (IB4). The 

peptidergic neurons are either C- or Aδ-fiber neurons, while non-peptidergic neurons are all 

C-fibers. Of importance for a discussion of OA pain, it was also originally proposed that the 

majority of peptidergic neurons express tropomyosin receptor kinase A (TrkA), the high 

affinity receptor for the pain-producing neurotrophin, nerve growth factor (NGF), while non-

peptidergic neurons do not [25], although this conclusion may have to be revised based on 

single cell RNA sequencing data (see below). In recent years, more advanced molecular 

biology techniques have led to the discovery of an increased number of marker molecules, 

resulting in the further devolution of these categories into ever more diverse groups. For 

example, subpopulations of nonpeptidergic neurons express the Mas-related G protein–

coupled receptors, which define at least three subgroups of IB4-binding and Ret-expressing 

nonpeptidergic neurons, Mrgprd (Mas1-related G protein–coupled receptor D), MrgprA3/

MrgprC11, and MrgprB4 [26]. These genetically defined subpopulations also appear 

functionally relevant, as Mrgprd+ neurons are mechanically responsive [27], while 

Mrgpra3+ neurons have been linked to response to itch [28], and Mrgprb4+ neurons appear 

to play a role in response to light touch of hairy skin [29].

Although the traditional classification of nociceptors has been an important aid to our 

understanding of pain mechanisms, sensory neuron biology has recently entered the age of 

microanatomy and function based on the revolutionary use of powerful nucleic sequencing 

techniques. Single-cell RNA sequencing of large numbers of cells and their transcripts 

together with bioinformatic procedures enable the unbiased identification of categories of 

neurons based on their transcriptome profiles [30, 31]. These techniques can provide 

extremely valuable data as to the precise molecular identity of DRG neurons, and their 

specific somatosensory specialization. There is not yet a complete consensus as to the 

number of DRG neuron classes and their functional specializations, but according to a recent 

review that parsed the currently published data sets, there may be a total of 18 

somatosensory DRG neuron subtypes [23], which define functional specificity (Figure 1). It 

has also become clear that all nociceptors, except NP1.1 and NP1.2 can express 

neuropeptides [23]. Suffice it to say that the precise number of types of DRG neurons and 

their respective functions are likely to be much greater than originally anticipated. 

Importantly, these current classifications are based on studies in young adult healthy mice. 

Now, these advanced molecular and genetic techniques can be used to explore how the 

molecular and functional identity of DRG neurons is altered during the course of chronic 

painful diseases such as OA. Such studies will provide a basis for rational experiments to 

explore how these different subsets of nociceptors relate to pain in joints affected OA, for 

example through functional manipulation of subsets of sensory neurons. It can be expected 

that this will lead to the identification of specific neuronal targets and development of novel 

targeted analgesic therapies.
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2.2. Joint innervation in OA

A critical step in unravelling the contribution of sensory neurons to joint pain in OA is to 

precisely describe where different relevant subsets of neurons are located in the joint. OA 

pathology affects all joint tissues, including articular cartilage, subchondral bone, synovium, 

menisci, and ligaments and many of these tissues are innervated by free nerve endings of 

nociceptors. Indeed, in healthy joints, the capsule, ligaments, menisci, periosteum and 

subchondral bone – but not articular cartilage – have all been shown to be richly innervated 

by sensory and sympathetic neurons, with the vast majority of sensory afferents being 

nociceptors [32] [33] [34]. It has also emerged that in the course of OA, the innervation may 

change - for example, anatomical studies in human OA knee joints and in rat models have 

revealed vascular penetration and nerve growth in the menisci, in osteophytes, and in the 

subchondral bone [35, 36]. Importantly, the appearance of osteochondral channels that 

breach the tidemark between the subchondral bone and the articular cartilage was described 

many years ago in human subjects with OA, as well as in rat models of OA, with evidence 

that these channels contain neurons (PGP9.5 staining) and blood vessels [35] [37] [38]. 

More recently, the authors expanded their work to show that the presence of CGRP-

immunoreactive nociceptors in these osteochondral channels was associated with pain in 

human OA knees, as well as in a rat meniscal transection model [39].

Recent identification of specific molecular markers for different types of DRG neurons, as 

described above, enables the selective genetic labeling of these neurons in mice using 

appropriate Cre-recombinase driver lines to produce the expression of fluorescent markers in 

selected types of neurons. The resulting mice can be used for examining the precise 

innervation of the knee joint and whether this is altered during the development of OA in 

mouse models, something that has never previously been examined. In order to define 

changes in joint innervation that might contribute to OA pain, we employed fluorescently 

labeled NaV1.8 expressing neurons to investigate the nociceptive innervation of the mouse 

knee [40]. NaV1.8, in particular, is highly localized to nociceptors [41] and, therefore, 

NaV1.8-Cre can be used to label most of these neurons in mice. In young male mice (10 

weeks old), innervation was observed in the lateral synovium, the connective tissue layer 

(the epiligament) surrounding the cruciate ligaments, and the insertion sites of the cruciate 

ligaments, as well as dense innervation of bone marrow cavities. These neurons are likely to 

be mostly Aδ/C-type nociceptors as reported previously in the literature [41]. Important 

changes in this pattern were observed 16 weeks after destabilization of the medial meniscus 

(DMM) surgery, a procedure that produces slowly developing OA-like joint damage and 

accompanying pain behaviors [42]. In association with joint damage in the medial 

compartment of the operated knee, fluorescently labelled nerves were noted in the 

synovium, as well as increased innervation of the meniscus and major changes in the 

innervation of the subchondral bone. In particular, remodeling in the sclerotic subchondral 

bone was accompanied by densely innervated subchondral bone channels in the tibial 

plateaux and femoral condyles (for an example, see Figure 2). Thus, these studies confirm 

immunohistochemical studies in human knees with end-stage knee OA, and show that 

genetically labelled mice such as these can be used to document changes in joint innervation 

over time.
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In recent years, Ca2+ imaging techniques of DRGs in live mice have been developed [43], 

enabling visualization as a marker of electrical activity of L4-DRG neurons (where the 

majority of cell bodies of afferents coming from the knee and paw are located) in response 

to mechanical stimuli applied to the knee [44]. It is interesting to note that when the activity 

of knee-innervating DRG neurons is examined using this in vivo Ca2+ imaging technique, a 

noxious knee twist or knee pinch produces an increased number of activated neurons 8 

weeks following DMM in comparison to sham surgery, indicating that this stimulus now 

recruits a population of newly sensitized neurons - possibly representing a category of 

previously silent nociceptors [45] [46] [44]. Increased responses to knee pinch have also 

been observed using this technique in the mouse anterior cruciate ligament transection 

(ACLT) model [47]. An important question is whether any of the plastic changes in knee 

innervation observed in OA, such as the neurons present in the subchondral bone channels, 

or in the synovium and meniscus, correspond to these newly recruited previously “silent” 

nociceptors. If this is the case, they would provide a defined target for therapeutic 

intervention in OA pain, and their subtype could be molecularly defined, as above, in order 

to identify druggable targets expressed by these newly recruited neurons.

3. THE ROLE OF NGF IN OSTEOARTHRITIS PAIN

An important development that has illuminated mechanisms underlying OA pain has been 

the discovery of the involvement of nerve growth factor (NGF) signaling. The neurotrophin, 

NGF, was first identified as an important factor that regulates the growth and survival of 

both sympathetic and sensory neurons [48]. Mice where the Ngf gene is deleted show an 

extensive loss of sensory and sympathetic innervation, and diminished response to noxious 

stimuli [49]. In humans, several mutations have been described in the NGF gene, as well as 

in the gene encoding TrkA (NTRK1), and these mutations are associated with congenital 

insensitivity to pain, complicated by severe musculoskeletal manifestations such as fractures 

and neuropathic joints (reviewed in [3]). After development, NGF has been shown to have a 

number of important functions, both within and outside of the nervous system; most notably, 

it is a key protein for producing pain (reviewed in [50, 51]). NGF can exert its pro-algesic 

actions through a number of different mechanisms. For example, it produces rapid excitatory 

effects in a subset of nociceptors that express its high-affinity receptor, TrkA. Activation of 

this receptor produces several rapid excitatory signaling events such as transactivation and 

increased expression of a variety of ion channels and receptors including the transient 

receptor vanilloid 1 (TRPV1), voltage-gated sodium and calcium channels, acid-sensing ion 

channels and mechanosensitive channels (see below).

Consistent with these effects, local injection of NGF produces immediate and often long-

lasting pain responses in animals and humans (reviewed in [52]). In healthy adults, for 

example, a single subcutaneous injection of recombinant NGF has been shown to elicit rapid 

onset local injection-site hyperalgesia. Interestingly, this effect persists for up to 7 weeks 

[53]. Likewise, intradermal injection of NGF produces long-lasting local pressure allodynia 

[54]. The long-lasting effects suggest that they might be mediated by new nerve growth, and 

it was hypothesized that NGF-induced nerve growth might produce beneficial effects in 

certain neurodegenerative diseases, for example in diabetic neuropathy, in which there is a 

marked degeneration of the cutaneous innervation [55]. However, the painful effects of NGF 
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following injection in patients resulted in cancellation of clinical trials that explored the use 

of NGF for this indication [56]. NGF produces pain upon injection into the cervical facet 

joints of the spine [57]. When injected intra-articularly into the knee joints of healthy rats, it 

rapidly causes acute swelling and pain behaviors, including mechanical allodynia and 

weightbearing deficits [58] [59]. Interestingly, OA knees are more sensitive to the pain-

inducing effects of NGF than healthy knees [58].

Because of the clear ability of NGF to produce pain behaviors it has been considered to be a 

good candidate as an essential algogenic mediator involved in several chronic painful 

diseases in humans. Consequently, neutralizing antibodies that sequester NGF and prevent it 

from binding to TrkA were developed, and clinical trials testing these antibodies have been 

going on for over 20 years in conditions such as chronic low back pain and OA (reviewed in 

[52]). Of all these efforts, the beneficial effects of anti-NGF in OA have proved to be 

particularly marked. The anti-NGF antibody, tanezumab, is expected to be approved by the 

US Food and Drug Administration (FDA) for the treatment of OA pain in the very near 

future, in spite of the occurrence of rapidly progressive OA as a poorly understood side-

effect in a small percentage of people receiving the antibody (discussed in [52]). Very 

recently (October 1 2020), anti-NGF Abs were approved in Europe for alleviation of OA 

pain in dogs (https://www.ema.europa.eu/en/medicines/veterinary/summaries-opinion/

librela). Blockade of NGF-TrkAs signaling has also shown analgesic effects in several 

rodent models of OA, with varying effects on joint health - although in depth studies are 

lacking (reviewed in [52] [60]). Irrespective of anything else, these observations clearly 

indicate that NGF signaling does play a role in enabling chronic OA pain. In addition, since 

these antibodies do not cross the blood-brain barrier, these findings further strongly support 

the idea that peripheral drive maintains pain in this disease. Consequently, elucidating how 

exactly NGF contributes to OA pain, and how inhibiting its biological effects modifies pain 

pathways in OA- and may also affect joint integrity - will be of great importance for 

understanding the entire disease.

Clearly, NGF is present in joints affected by OA – for example, levels are higher in the 

synovial fluid in patients with knee OA than in controls [61], and synovial fluid levels have 

been correlated with poor knee function [62]. However, while it is known that many cell 

types – including joint cells such as chondrocytes, fibroblasts, and innate immune cells can 

produce NGF in response to cytokine stimulation [63] (reviewed in [50]), it is not clear 

exactly which cells in osteoarthritic joints produce the neurotrophin. In surgical mouse 

models of OA, Ngf mRNA is upregulated in the whole joint [64], specifically in articular 

cartilage [65] immediately after surgery and also in the late stage of the model, when mice 

show chronic pain. Recent work in human OA knee joints has reported NGF-

immunoreactivity in specific localizations to be associated with knee pain. Specifically, 

NGF-immunoreactivity in the synovium, mostly in synovial fibroblasts and to a lesser extent 

in macrophages was associated with pain [66]. Importantly, NGF expression in 

osteochondral channels as well as increased osteoclast density were associated with 

symptomatic knee OA, independently of synovitis or chondropathy [67]. NGF-like 

immunoreactivity in the subchondral bone was predominantly found associated with 

osteoclasts and mononuclear cells [67].

Malfait et al. Page 7

Rheum Dis Clin North Am. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ema.europa.eu/en/medicines/veterinary/summaries-opinion/librela
https://www.ema.europa.eu/en/medicines/veterinary/summaries-opinion/librela


There are several mechanisms through which anti-NGF antibodies could produce relief of 

OA pain. It is clear from studies using in vivo Ca2+ imaging to monitor the activity of 

NaV1.8 expressing nociceptors that injection of NGF into the mouse knee produces 

immediate nociceptor excitation [68], presumably due to its ability to depolarize these 

neurons through mechanisms such as the transactivation of TRPV1 (see above). In addition, 

NGF signaling modifies the properties of nociceptor ion channels resulting in sensitization 

so that nerves are more likely to fire in response to normal mechanically driven stimuli 

associated with joint usage. Hence, ongoing release of NGF in OA can be expected to 

produce pain and inhibiting these actions will block these effects. During the past two 

decades, numerous ion channels, including ASIC channels, TRPA1, TRPC3, TRPC6, 

TACAN (aka Tmem120A), and PIEZO2, have been proposed to contribute to 

mechanosensitivity of sensory neurons. Interestingly, the biophysical properties of PIEZO2 

appear well suited for mediating light touch (low threshold of activation, rapidly 

inactivating) and proprioception [69] rather than pain, whereas a channel with a high 

activation threshold which exhibits slow inactivation such as TACAN would seem more 

appropriate [70]. However, PIEZO2 has been shown to be expressed by nociceptors and to 

play a role in mediating mechanical pain associated with models of inflammation and nerve 

injury [46, 71–73], and so how it may contribute to mechanical pain, particularly in disease 

states, is an area of active investigation. Indeed, at this time it is unclear which channels 

mediate mechanical depolarization of the nociceptor population involved in OA and how 

these may be related to the effects of NGF. An interesting set of observations demonstrated 

that application of NGF to DRG neurons in culture greatly increased their 

mechanosensitivity by sensitizing the activity of PIEZO2 mechanoreceptors in neurons [46]. 

These observations might therefore correspond to the increased activity of previously silent 

nociceptors observed in in vivo Ca2+ imaging studies referred to above. A precise 

description of the cellular populations of DRG neurons that express mechanosensitive 

channels such as PIEZO2 and TACAN as well as their co-localization with TrkA would 

clearly be of interest, in order to increase our understanding of the role NGF plays in the 

mechanical pain that is a feature of OA.

In addition to its acute actions that result in the functional sensitization of nociceptor 

populations, the continuous action of NGF in OA might well be responsible for the 

remodeling of the joint innervation observed in OA – although this has not yet directly been 

investigated. We recently found that injection of NGF into the mouse knee produces marked 

NaV1.8-hyper-innervation of joint tissues, most notably the synovium and the subchondral 

bone (Obeidat et al., manuscript in preparation) - effects that are not surprising considering 

the well known ability of NGF to support growth and survival of sensory neurons. The 

purpose of the anatomical remodeling of joint nociceptors in the OA joint, as described 

above, is unclear. It may represent an attempt to produce neurogenic repair of the joint in the 

face of ongoing bone and cartilage degradation. At the same time, this enhanced nerve 

growth may provide a substrate for increased nociceptor activation and pain, which may be 

regarded as an injury-related signal for preventing joint usage and thus promote healing. If 

anti-NGF treatment also reduces enhanced nerve innervation of the joint then this may well 

contribute to its antinociceptive actions, particularly with regard to the long-lasting nature of 

its effects in humans. Interestingly, it has been reported that administration of the small 

Malfait et al. Page 8

Rheum Dis Clin North Am. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecule TrkA inhibitor, AR786, reversed the appearance of CGRP-immunoreactive nerves 

in the osteochondral channels, and reduced pain behaviors in rats with surgically induced 

OA [39], an observation that further suggests the importance of these structures in OA pain.

It is not known at this point which of these NGF actions are most important for the observed 

analgesic effects of anti-NGF in OA, and it is conceivable that they are both involved during 

the progression of the disease. Furthermore, it is also possible that NGF sensitizes 

nociceptors indirectly through actions on non-neuronal cells in the joint. Not only do some 

populations of immune cells produce NGF – for example, in OA knee joints, NGF 

immunoreactive macrophages have been detected in the synovium, and this was correlated 

with pain [66]- but others express TrkA and respond to NGF by releasing inflammatory 

cytokines, which can then further enhance nociceptor excitability by directly activating these 

neurons, or through an action on other non-neuronal cells further elaborating an ever 

expanding excitatory cytokine cascade. For example, in response to NGF, mast cells produce 

prostaglandin D2 that can then act on nociceptors, a mechanism which may contribute to 

mechanical allodynia in a mouse model of OA [74]. NGF has also been found to be present 

in, and released from, human CD14+ T cell clones and human monocytes. NGF has been 

shown to increase the release of mediators including IL-1β, bradykinin, histamine, ATP, 

serotonin, and protons from inflammatory cells. It is interesting to note that many non-

neuronal cells, including bone and chondrocytes also express mechanosensitive PIEZO 

channels whose activation may be linked to the synthesis and release of inflammatory 

cytokines [75–77]. Whether these PIEZO channels can also be sensitized by NGF as in 

sensory neurons (see above) is not yet known, but this should be an important question to 

address in the context of a mechanically driven diseases such as OA.

Study of the current literature therefore reveals that knowledge of the expression patterns 

and precise biological effects of NGF-TrkA signaling in the OA joint is rather limited. 

Importantly, the clinical trials with anti-NGF revealed that a small percentage of patients 

treated with the antibody developed rapidly progressive OA, which resulted in the need for 

joint replacement [78] [52]. In view of this unexplained side effect, going forward it will 

clearly be important to paint an accurate picture of the entire NGF-TrkA “interactome” in 

the OA joint, detailing which cells express NGF and TrkA at which points in time during the 

development of the disease. Because the pain-relieving effects of anti-NGF are not in doubt, 

a detailed understanding of its mechanism of action will certainly help to understand the 

basis of OA pain, and may also provide insight into the relationship between pain and joint 

damage. Furthermore, the observed analgesic effects with targeting NGF-TrkA may also 

suggest novel strategies for targeting OA pain. Indeed, if the precise identity of the neuronal 

subtypes involved in OA pain can be defined - and these may well be TrkA expressing 

neurons (Figure1)- then, because single cell RNA sequencing can identify the receptome of 

these DRG neurons, targeting receptors that are particularly associated with these specific 

neurons may enable the selective inhibition of OA pain.

4. NEUROIMMUNE INVOLVEMENT IN OSTEOARTHRITIS PAIN

As described above, the sensory nervous system is designed to perform its function of 

detecting potentially noxious stimuli, and producing pain in order to help maintain 
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homeostasis in the face of danger. One aspect of this response is that the nervous system is 

in constant communication not only with innervated tissues but also with the immune 

system - which also plays a vital role in the protection of organisms and the maintenance of 

homeostasis. The bi-directional crosstalk between the nervous system and the immune 

system is currently the focus of intense investigation as a major pathogenic contributor to the 

establishment and maintenance of chronic pain [15] [79]. In the case of OA, emphasis is on 

the innate immune system, which is increasingly appreciated to play a role in driving joint 

damage and pain, as discussed in depth in several recent reviews [80] [17]. One particular 

pathway that is shared by the innate immune and the sensory nervous system is mediated by 

Pattern Recognition Receptors (PRRs) that can respond to signals provided by pathogens 

(Pathogen Associated Molecular Patterns or PAMPs, such as microbial nucleic acids, 

lipoproteins, and carbohydrates) or Damage-Associated Molecular Patterns (DAMPs, a.k.a. 

“alarmins”, such as S100A8/9). These molecular patterns bind PRRs such as toll-like 

receptors (TLRs), NOD-like receptors (NLRs), and the intracellular RNA-sensing retinoic 

acid-inducible gene I (RIG-I)-like receptors, resulting in cellular responses that try to re-

establish tissue homeostasis through triggering the synthesis of inflammatory cytokines and 

chemokines [81]. In the context of OA, it has been proposed that molecules arising from the 

degradation of joint tissues may activate TLRs expressed by nociceptors, resulting in direct 

excitation, and pain. This has been shown for the TLR4 ligand, S100A8/9 [82] [83], as well 

as for a 32-amino-acid aggrecan fragment that is released from cartilage when ADAMTS4/5 

and MMPs degrade aggrecan in the interglobular domain [84]. This 32-mer aggrecan 

fragment can activate nociceptors through TLR2, and produce hyperalgesia following its 

injection into the knee cavity of naive mice. In vivo studies in mice have revealed that Tlr4 
null or Tlr2 null mice develop joint damage after DMM surgery, but they are protected from 

knee hyperalgesia ([84]and unpublished data). These data therefore exemplify how a DAMP 

that is specific to OA cartilage damage can produce pain behavior through direct activation 

of DRG neurons. In contrast, Tlr2 and Tlr4 null mice are not protected from developing 

persistent mechanical allodynia, suggesting that many different pathways further contribute 

to the chronification of pain. Neuroimmune crosstalk at the level of the DRGs is thought to 

be key in maintenance of pain [85], and in the context of the DMM model, we recently 

reported a microarray study of the knee-innervating DRGs, where pathway analysis 

suggested a role for immune cell recruitment in this model [86].

Neuroimmune pathways of pain generation can be further amplified when inflammatory 

cytokines synthesized as a result of TLR-activation in resident and infiltrating joint cells, 

such as chondrocytes and macrophages, act upon joint nociceptors directly - or on other joint 

tissues and immune cells, triggering further elements of an inflammatory cascade. Indeed, it 

is quite clear that cytokines like interleukin (IL)-1, IL-6, IL-17, TNF-α, and chemokines 

such as CCL2 can engage receptors expressed by nociceptors and trigger excitation and 

sensitization through variety of mechanisms, including TRP channel and voltage gated 

sodium channel transactivation [87].In the case of CCL2 and its receptor CCR2, a series of 

studies have demonstrated that these molecules are upregulated following DMM and 

contribute to OA pain at defined points in the progression of the disease in this model [88–

90].
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The possible role of DAMPs as mediators of OA pain is clearly an attractive possibility but 

needs further confirmation in both mice and humans. Furthermore, it is important to try and 

understand how such DAMP mediated effects might be integrated into the developing 

narrative of NGF signaling in OA pain. In fact, this is generally true of all investigations 

directed at understanding the mechanisms of OA pain. Traditionally, the pharmacology of 

OA pain has been envisaged as developing particular “targets” which can be modified by 

highly specific drugs and clearly this is part of the process. However, it is important to 

understand that all of these targets operate in the context of constantly shifting joint biology. 

Observations from human subjects and from animals using models such as the DMM and 

MIA models, have clearly indicated that the establishment of OA pain is a time-dependent 

process and that different biological processes, involving different molecular targets are 

operating during different phases of the disease (these temporal considerations were recently 

elegantly reviewed in [91]). Drugs that modify NGF-dependent joint innervation and drugs 

that modify neuroimmune or other influences may be appropriate at different stages of the 

disease in different patient populations. Future treatment of OA pain may constitute an array 

of targeted interventions designed to treat specific populations of patients. In order to 

develop these effective therapeutic approaches to OA pain we must continue to establish an 

accurate description of exactly how the disease develops from a cellular, molecular and 

genetic perspective and how different populations of joint cells communicate with one 

another across space and time.
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Synopsis:

The specific changes in the peripheral neuronal pathways underlying joint pain in 

osteoarthritis are the focus of this narrative review. We discuss the plasticity of the 

nociceptive system in osteoarthritis, and how this involves changes in the structural, 

physiological and genetic properties of neurons in pain pathways. We discuss the role of 

the neurotrophin, nerve growth factor, in these pathogenic processes. Finally, we briefly 

consider how neuronal pathways are modified by interaction with the degenerating joint 

tissues they innervate, and with the innate immune system. These extensive cellular 

interactions will provide a substrate for identification of targets for osteoarthritis pain.
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Clinics Care Points (evidence-based pearls and pitfalls relevant to the point 
of care)

• Osteoarthritis (OA) is worldwide one of the major causes of chronic pain. 

Currently available analgesic drugs fall short of patients’ needs.

• Neutralizing antibodies targeting the neurotrophin, NGF, are in clinical 

development for OA pain. Trial results indicate that this is a highly promising 

biological therapy for OA pain, but a small proportion of patients treated with 

the antibodies develop rapidly progressive OA. The mechanism underlying 

this side effect is not understood.

• Neuroimmune interactions provide a rich substrate of potential targets for the 

development of new drugs for OA pain.

• Future treatment of OA pain may constitute an array of targeted interventions 

designed to treat specific populations of patients with OA.
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Fig 1. 
Classification of DRG sensory neurons, based on reference 23. We used http://

mousebrain.org/genesearch.html, which shows gene expression throughout the mouse 

nervous system based on single-cell RNA-seq profiling, to determine Ntrk1 (TrkA) 

expression in each subtype. High expression of Ntrk1 is found in sympathetic neurons, while 

C and Aδ nociceptors show low to medium expression. A-LTMR neurons and TH C-LTMRs 

do not express Ntrk1.

LTMR= low threshold mechanoreceptor; PEP=peptidergic; NF= neurofilament; NP= non 

peptidergic; Mrgpr= Mas-related g-protein receptor; Sst= somatostatin; TH, tyrosine 

hydroxylase.
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Fig. 2. 
A. Using NaV1.8 tdTomato reporter mice, H&E staining shows osteoarthritis joint damage 

in the medial compartment 16 weeks after destabilization of the medial meniscus; B. New 

nociceptors are present in the medial synovium; C. Subchondral bone channels (left, yellow 

arrow) contain NaV1.8 nociceptors (right, yellow arrow). The white arrow points to bone 

marrow cavities, which are also innervated.

(Data from Obeidat AM, Miller RE, Miller RJ, Malfait AM: The nociceptive innervation of 

the normal and osteoarthritic mouse knee. Osteoarthritis Cartilage 2019, 27(11):1669-1679.)
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